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RESUMO

Introducgédo: Apds o infarto agudo do miocardio, inicia no coracdo um processo
de remodelamento mal-adaptativo, ocasionando dilatacdo ventricular, perda da
espessura de parede e prejuizo na fungéo cardiaca. Este quadro culmina com o
desenvolvimento de insuficiéncia cardiaca. Nesse processo, ocorre um aumento
na geracdo de espécies reativas de oxigénio (EROs), uma diminuicdo na
biodisponibilidade do o6xido nitrico (NO) e uma maior expressdo de proteinas
pro-apoptoéticas no tecido cardiaco. Em relacdo a isso, muitos estudos
demonstram um efeito benéfico dos horménios da tireoide, atenuando os
mecanismos envolvidos na progressédo do infarto para a insuficiéncia cardiaca.
No entanto, ndo existem trabalhos avaliando se estes horménios poderiam
modular a geracdo de EROs ou a biodisponibilidade de NO no tecido cardiaco
infartado. N&o existem também dados na literatura avaliando se estes hormonios
poderiam modular o processo de apoptose em um periodo apés o infarto.
Objetivos: O objetivo deste estudo foi avaliar o efeito da administracdo dos
hormonios da tireoide sobre a morfologia e a fungéo cardiaca, sobre parametros
de estresse oxidativo e sobre parametros que avaliam a biodisponibilidade do
NO, ao longo de 28 dias apds o infarto. Aléem disso, este estudo teve como
objetivo avaliar os efeitos dos horménios da tireoide sobre a morfologia e a
funcdo cardiaca, sobre parametros de estresse oxidativo e sobre a expressao de
proteinas relacionadas ao processo de apoptose no tecido cardiaco aos 14 dias
pés-infarto.

Materiais e Métodos: Ratos Wistar machos foram divididos em quatro grupos:
grupo sham (SHAM), grupo infarto (IAM), grupo sham tratado (SHAMT) e grupo
infarto tratado (IAMT). Os animais dos grupos IAM e IAMT foram submetidos a
cirurgia de infarto através da ligadura da artéria coronaria, ao passo que e 0s
animais dos grupos SHAM e SHAMT foram submetidos a todas as etapas da
cirurgia exceto a ligadura da artéria coronaria. Os grupos SHAMT e IAMT
receberam T3 e T4 nas doses de 2 e 8 ug/100g por dia, respectivamente, por
gavagem, enquanto que os animais dos grupo SHAM e IAM receberam apenas
salina. Aos 14 ou aos 28 dias ap6s a cirurgia, os animais foram avaliados por
ecocardiografia, foi realizada a coleta de sangue e 0s mesmos foram
eutanasiados. O coracéo foi retirado para realizacdo de analises morfométricas,
bioquimicas e moleculares. Analise estatistica: ANOVA de uma ou duas vias
seguida dos pos-teste de Student-Newmann-Keuls. O projeto para a realizacao
deste estudo foi aprovado pela Comissdo de Etica No Uso de Animais da
UFRGS sob o0 numero de 23262.

Resultados e Discussédo: Os animais do grupo IAM apresentaram, tanto aos 14
como aos 28 dias pos-infarto, dilatacdo da camara cardiaca, perda da espessura
de parede e diminuicdo da fracao de ejecéo, indicando o desenvolvimento de um
remodelamento cardiaco mal-adaptativo. Em relacdo aos parametros de
estresse oxidativo, 28 dias pos-infarto, os animais infartados apresentaram um
aumento de 38% nos niveis de EROs, além de desequilibrio redox e dano
oxidativo a lipidios. Analisando os parametros de biodisponibilidade do NO, nao
houve modificacbes na atividade da enzima oOxido nitrico sintase (NOS), na
expressao da isoforma endotelial desta enzima (eNOS) e nem nos niveis de
nitritos no coracdo destes animais. J4 aos 14 dias poés-infarto, os animais IAM
apresentaram um aumento de 111% e de 71% na expresséo das proteinas pro-
apoptoticas p53 e JNK, respectivamente, indicando uma maior sinalizagdo para
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a morte celular. A administracdo dos hormodnios da tireoide no grupo IAMT
promoveu efeitos benéficos sobre o remodelamento cardiaco, prevenindo a
dilatacdo cardiaca e a perda da espessura de parede aos 28 dias pdOs-infarto.
Além disso, o tratamento hormonal promoveu uma melhora em parametros de
funcd@o cardiaca aos 14 e aos 28 dias pOs-infarto. Em relacdo as andlises de
estresse oxidativo, o grupo IAMT nao apresentou aumento nos niveis de EROs
nem no dano oxidativo a lipidios. Nestes animais houve diminuicdo da expressao
da enzima xantina oxidase, uma importante fonte de EROs no coracéo, 28 dias
apos o infarto. Além disso, este grupo apresentou aumento da atividade da NOS,
bem como da expressdo da eNOS, ocasionando um aumento nos niveis de
nitritos no coracdo. O aumento nos niveis de NO juntamente com a diminuigao
nos niveis de EROs pode indicar uma melhora na biodisponibilidade do NO no
coracdo dos animais IAMT, aos 28 dias pos-infarto. Além disso, estes animais
apresentaram maior expressao da proteina PGC-1a, um importante fator
regulador do metabolismo mitocondrial no coracdo. Ja aos 14 dias, 0os animais
IAMT apresentaram menor expressao das proteinas p53 e JNK no tecido
cardiaco, indicando um efeito benéfico dos horménios da tireoide sobre a
sinalizacdo para apoptose.

Conclusdo: O presente estudo demonstrou, pela primeira vez, que a
administracdo dos hormoénios da tireoide em ratos, ao longo de 28 dias apds o
infarto, apresenta efeitos positivos sobre parametros de estresse oxidativo no
tecido cardiaco, além de melhorar parametros morfolégicos e funcionais. Além
disso, estes hormdnios promovem um aumento na biodisponibilidade do NO no
coracdo. JA em um periodo mais precoce pos-infarto (14 dias), essa
administracdo hormonal também apresenta efeitos positivos sobre a morfologia
e a funcao cardiaca, além de diminuir a expresséo de proteinas envolvidas com
a sinalizacao para apoptose. Estes resultados corroboram estudos prévios que
demonstram efeitos benéficos da administracdo dos horménios da tireoide no
periodo pos-infarto.



ABSTRACT

Introduction: Myocardial infarction causes a remodeling process in the heart,
leading to cardiac dilatation, loss of ventricular wall thickness and prejudice in the
function. This scenario leads to the development of heart failure. In this process,
there are an increased reactive oxygen species (ROS) levels, a decreased nitric
oxide (NO) bioavailability and an induction of proapoptotic proteins expression in
the heart. Several studies have demonstrated a positive effect of thyroid
hormones, attenuating the progression of myocardial infarction to heart failure.
However, there are no studies evaluating whether these hormones could
modulate ROS generation or NO bioavailability in the heart tissue. Besides that,
there are no data in the literature evaluating whether these hormones could affect
the apoptotic process in an early period after infarction.

Aim: The aim of the present study was to evaluate the effect of thyroid hormones
administration on parameters of cardiac morphology and function, on oxidative
stress and on NO bioavailability parameters, 28 days after myocardial infarction
in rats. Besides that, this study also aims to evaluate the effect of thyroid
hormones on parameters of cardiac morphology and function, on parameters of
oxidative stress and on the expression of proapoptotic proteins in the heart
tissue, 14 days after myocardial infarction.

Material and Methods: Male Wistar rats were divided into four groups: Sham-
operated (SHAM), infarcted (AMI), sham-operated + TH (SHAMT), and infarcted
+ TH (AMIT). The animals from SHAMT and AMIT received T3 (2 ug/100 g/day)
and T4 (8 ug/100 g/day) by gavage. SHAM and AMI groups received saline by
gavage. Echocardiographic parameters were assessed 14 and 28 days after the
surgery. Blood was collected for hormonal measurements and heart was
collected for morphometric, biochemical and molecular analisys. Statistic
analysis: One or two way ANOVA with Student-Newmann-Keuls post-hoc test.
The study and animal care procedures were approved by the Ethics Committee
for animal research at UFRGS; process number 23262.

Results and Discussion: The animals in the AMI group showed cardiac
dilatation, loss of ventricular wall thickness and decreased ejection fraction, in 14
and 28 days after infarction, indicating the development of a maladaptive cardiac
remodeling. Regarding oxidative stress parameters, AMI animals showed
increased ROS levels (38%), redox imbalance and oxidative damage to lipids, 28
days after the injury. In terms of NO bioavailability parameters, there were no
changes in nitric oxide synthase (NOS) enzymatic activity, in the endothelial
isoform of NOS (eNOS) expression or in nitrites levels in the heart of these
animals. In 14 days post-infarction, AMI animals showed an increase in p53
(111%) and JNK (71%) expression, indicating higher signaling for cell death. In
AMIT rats, thyroid hormones administration promoted benefic effects on cardiac
remodeling, preventing the dilatation and the loss of ventricular wall thickness, 28
days post-infarction. In addition, the hormonal treatment promoted an
improvement in cardiac function parameters, 14 and 28 days post-infarction. In
relation to oxidative stress, the AMIT group did not show increase in ROS levels
or in oxidative damage to lipids, 28 days after the infarction. These animals
showed decreased xanthine oxidase expression, which is an important source of
ROS in the heart. In addition, these animals present an increase in NOS activity
and in eNOS expression, leading to higher nitrite levels in the heart. The increase
in NO and the decrease in ROS levels may indicate an improvement in NO



bioavailability in the heart of AMIT animals at 28 days post-infarction. Moreover,
these animals showed increased PGC-1a expression, which is an important
factor related with mitochondrial metabolism in the heart. In 14 days after the
infarction, the AMIT group showed lower expression of p53 and JNK proteins in
the cardiac tissue, indicating a benefic effect of thyroid hormones on signaling to
apoptosis.

Conclusion: The present study showed, for the fist time, that thyroid hormones
administration has positive effects in terms of oxidative stress in the heart tissue
and improve morphological and functional parameters. In addition, these
hormones promote and increase in NO bioavailability in the heart, 28 days after
the infarction. In an early period of cardiac injury (14 days), the hormonal
administration presents positive effects in terms of cardiac morphology and
function and decrease proapoptotic proteins expression. These results
corroborate previous studies that showed a benefic effect of thyroid hormones
after myocardial infaraction.
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1. INTRODUCAO

1.1.Infarto agudo do miocardico e remodelamento cardiaco

No Brasil, as doencgas cardiovasculares sao a principal causa de
mortalidade (DATASUS 2012). Entre essas doencas, destaca-se o infarto agudo
do miocardio, como a principal causa de morte isolada no pais (DATASUS
2012). Alem disto, esta doenca isquémica é responsavel por grande parte dos
casos de insuficiéncia cardiaca, um problema de saude publica que acarreta
muitos custos para o Sistema Unico de Salde (SUS) (DATASUS 2012).

O infarto do miocardio (IM) é uma cardiopatia isquémica e ocorre por uma
deficiéncia na perfusdo do tecido cardiaco, levando a necrose dos cardiomiécitos
(PFEFFER et al., 1985). Em resposta a esta leséo isquémica, o tecido cardiaco
necrotico é substituido por tecido cicatricial, fazendo com que as células
cardiacas remanescentes sejam expostas a uma maior carga de trabalho. O
aumento da demanda sobre estas células desencadeia, entdo, uma resposta de
hipertrofia adaptativa, visando a manutencdo do débito cardiaco (FRANCIS et
al., 2001; LIBBY et al.,, 2007). Simultaneamente a este processo inicial de
remodelamento cardiaco, os cardiomidcitos passam a expressar genes do
periodo fetal, os quais permitem uma maior economia de energia (ALPERT et al.
2002). No entanto, o longo periodo de hipertrofia pés-infarto mostrou-se estar
relacionado ao posterior desenvolvimento de um remodelamento mal adaptativo,
levando a disfungcédo ventricular e a progressao para a insuficiéncia cardiaca
(PFEFFER et al.,, 1985). Nessa situacdo, os cardiomiécitos remanescentes
sofrem apoptose, ocasionando disfuncdo contratil do coracdo (BAINES et al.,
2005). Além disso, a morte dessas células leva a uma reducéo da espessura das
paredes ventriculares e ao processo de dilatacdo, dois fatores que acabam por
aumentar o estresse de parede da camara cardiaca (GROSSMAN et al., 1975;
PANTOS et al.,, 2008). O conjunto destas alteracOes estruturais e funcionais
resulta no aumento do risco de desenvolvimento de arritmias e de
tromboembolismo e na progressdo para a insuficiéncia cardiaca congestiva
(FRANCIS et al., 2001; LIBBY et al., 2007).

Para o estudo experimental da insuficiéncia cardiaca poés-infarto, John &

Olson, e posteriormente Pfeffer e colaboradores, desenvolveram e
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aperfeicoaram a cirurgia de ligadura da artéria coronaria descendente anterior
em ratos (JOHN & OLSON, 1954; PFEFFER et al., 1985). Através deste modelo
em animais, € possivel estudar as diferentes etapas do processo de
remodelamento cardiaco e a progressdo para a insuficiéncia cardiaca
(SCHENKEL et al., 2010; TAVARES et al., 2012). Um estudo avaliando ratos
infartados, 28 dias ap0s a injuria, demonstrou que 0S mesmos apresentavam
diminuicdo significativa da fracdo de ejecdo do ventriculo esquerdo e dilatacdo
cardiaca, juntamente com alteracdes hemodinamicas na pressao sistolica e na
pressao diastolica final da cAmara esquerda (PANTOS et al., 2010, SCHENKEL
et al., 2012;). Neste periodo pos-infarto (28 dias) é possivel também evidenciar
hipertrofia cardiaca e congestdo pulmonar nestes animais (SCHENKEL et al.,
2010). Estudos realizados em ratos aos 14 dias pds-infarto demonstraram
resultados semelhantes em termos de alteracbes em parametros
ecocardiograficos e hemodinamicos (PANTOS et al., 2007). Cabe salientar, no
entanto, que neste periodo mais precoce poés-infarto (14 dias), os animais nao
apresentaram hipertrofia do ventriculo esquerdo (PANTOS et al., 2007). Outros
estudos em ratos também demonstram diferencas morfoldgicas e funcionais do
coracdo entre um periodo precoce e um periodo mais tardio pdés-infarto
(SCHENKEL et al., 2012). Estes dados salientam a importancia de avaliar o
remodelamento cardiaco em diferentes momentos pés-injdria. Em relacéo a este
processo de remodelamento, muitos estudos tem avaliado também a influéncia
das espécies reativas de oxigénio e do estresse oxidativo nas diferentes etapas
da progressdo do infarto para a insuficiéncia cardiaca (SINGH et al., 1985;
SCHENKEL et al., 2012).

1.2. Estresse oxidativo

1.2.1. Espécies reativas de oxigénio

Os radicais livres sdo espécies quimicas capazes de existir de forma
independente, que contém um ou mais elétrons desemparelhados (HALLIWELL
e GUTTERIDGE, 2006). Por esse motivo, 0s mesmos sofrem uma atracao por
campos magnéticos, o que pode torna-los altamente reativos, capazes de reagir

com qualquer composto situado préximo a sua Orbita externa, tendo uma fungéo
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oxidante ou redutora (HALLIWELL e GUTTERIDGE, 2006). Os radicais livres
podem ser formados pela adicdo de um elétron a um elemento ndo radical ou
através da quebra homolitica de uma ligacdo covalente (SYMONS, 1996). As
espécies quimicas geradas a partir do oxigénio sao, coletivamente,
denominadas espécies reativas de oxigénio (EROs). A molécula de O, é
considerada um radical livre, pois a mesma possui dois elétrons
desemparelhados, os quais estdo em spins paralelos. Nesse sentido, o oxigénio
€ um potente agente oxidante (HALLIWELL e GUTTERIDGE, 2006). Essas
espécies sdo continuamente produzidas no organismo durante o metabolismo
celular e podem desempenhar funcgdes fisiologicas importantes quando em
concentracdes baixas ou moderadas. As principais fontes de radicais livres sé&o
as organelas citoplasméticas que metabolizam o oxigénio, o nitrogénio e o cloro
(HALLIWELL e GUTTERIDGE, 2006). Nesse sentido, o metabolismo
mitocondrial é uma importante fonte de EROs nas células. O processo de
reducdo do oxigénio a &gua ocorre em grande escala na mitocéndria, e é
realizado com a participacdo da enzima citocromo oxidase (BABCOCK, 1999). O
oxigénio, no entanto, pode sofrer uma reducédo univalente, recebendo apenas
um elétron. Nesse processo, pode ocorrer a formacéo de outra forma de ERO, o
radical anion superéxido (O,*). A adicdo de outro elétron a esse anion leva, por
sua vez, a formacdo do fon peréxido (0.2), gerando peréxido de hidrogénio
(H20,). Esta reacdo é catalisada pela enzima superoxido dismutase (SOD). O
peréxido de hidrogénio, na presenca de metais, tais como os fons Fe*?, pode
sofrer uma reacdo ndo enziméatica chamada reacdo de Fenton, gerando uma das
mais potentes EROs, o radical hidroxila (OH) (FRIDOVICH, 1995).

As EROs sao capazes de desfazer ligacdes entre atomos de carbono e
hidrogénio presentes em acidos graxos poliinsaturados. Ao reagirem com essas
moléculas, deixam-nas com elétrons desemparelhados, gerando o radical
peroxil. Esses radicais sdo reativos o suficiente para oxidar outros lipidios
insaturados adjacentes, presentes nas membranas celulares, gerando uma
reacdo em cadeia. Esse processo é conhecido como peroxidacao lipidica (FAM
e MORROW, 2003). As consequéncias da peroxidacéo lipidica sdo a diminuicao
na fluidez da membrana celular, o aumento da sua permeabilidade e danos a
proteinas, receptores e canais idnicos (HALLIWELL e GUTTERIDGE, 1984). A

continuacdo do processo de oxidagdo das cadeias de acidos graxos presentes
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nos fosfolipidios de membrana pode levar a perda da integridade da membrana
celular, assim como da membrana de organelas, tais como lisossomos e
mitocbndria (FAM e MORROW, 2003). O dano lipidico na membrana
mitocondrial promove a formacdo de poros nessa membrana, 0s quais estdo
associados a liberacdo de fatores pro-apoptéticos, levando a morte celular
(TRACHOOTHAM et al., 2008).

1.2.2. Defesas antioxidantes e estresse oxidativo

Por causa dos danos do processo oxidativo, 0s organismos aerdbicos
desenvolveram um conjunto complexo de sistemas antioxidantes para controlar
essas reaclOes e reparar ou substituir as moléculas danificadas. As defesas
antioxidantes existentes sdo constituidas de elementos enziméticos e néo-
enzimaticos (DEAN e JONES, 2006). Entre as defesas enzimaticas existentes,
uma importante defesa é a enzima superéxido dismutase (SOD). Em animais, ha
duas isoformas dessa enzima: uma isoforma que contém sitios de ligacdo ao
manganés, presente na matriz mitocondrial, e outra que contém sitios de ligacéo
ao cobre e ao zinco, presente no citosol. Essas enzimas sao responsaveis pela
conversdo do radical superoxido em peroxido de hidrogénio (FRIDOVICH, 1995).
O H,0,, por sua vez, € metabolizado pela enzima catalase, outra importante
enzima antioxidante, gerando H,O e O,. Esse processo € importante, pois
previne a formacédo do radical OH", através das reacdes de Fenton ou de Haber-
Weiss (HALLIWELL e GUTTERIDGE, 2006). Outras proteinas antioxidantes
importantes para 0s sistemas bioldgicos sdo a peroxirredoxina (PRX), a
tiorredoxina (TRX) e a glutarredoxina (GRX) (RHEE et al., 2005). A PRX atua na
remocao do peroxido de hidrogénio, visto que essa espécie reativa é capaz de
oxidar os grupos tiolicos dessa proteina. Nesse processo, o H,O; é reduzido e a
PRX € recuperada através da reducdo dos seus grupos tidlicos pela TRX. Este
processo gera tiorredoxina oxidada, a qual é renegerada pela enzima
tiorredoxina redutase (RHEE et al., 2005). Em mamiferos, é possivel encontrar
uma isoforma citoplasmatica da enzima tireorredoxina (TRX 1) e uma isoforma
mitocondrial (TRX 2) (BERNDT et al., 2007). Semelhante a TRX, a enzima GRX
também €& essencial para a recuperacdo de grupos tidlicos presentes em

residuos de cisteina de diversas proteinas celulares (TAO et al.,, 2006). Esta
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enzima pode catalisar tanto a formacdo como a reducédo de dissulfetos (S-S)
mistos entre estes grupos tidis proteicos e a forma reduzida do tripeptideo
glutationa (GSH). Em mamiferos, existem trés isoformas desta enzima, que sao
as seguintes: GRX1 e GRX 3 (isoformas citoplasmatica) e GRX2 (isoforma
mitocondrial) (BERNDT et al., 2007).

Em relacdo a expressao destas enzimas antioxidantes, a mesma pode ser
controlada pelo fator nuclear eritrdide relacionado ao fator 2 (NrF2)
(FERNANDES et al., 2015). Em relagao a isso, a geragao de EROs pode levar a
ativacdo do NrF2 (ISHII, 2000; FERNANDES et al.,, 2015). Este fator de
transcricdo encontra-se no citoplasma associado a proteina Keap1l, a qual inibe
a sua translocacdo para o nucleo. Na presenca de EROSs, ocorre a oxidacéo dos
residuos de cisteina da proteina Keapl, a qual se dissocia do NrF2, permitindo a
migracdo deste fator para o ndcleo. A ligacdo do NrF2 com sequéncias génicas
denominadas elementos responsivos aos antioxidantes (do inglés antioxidant
reponsive elements ou ARE) promove a transcricdo de diversas enzimas
antioxidantes essenciais para o equilibrio redox da célula (ISHII, 2000).

Além das defesas antioxidantes enzimaticas, existem também nas células
as defesas antioxidantes ndo-enzimaticas (HALLIWELL e GUTTERIDGE 2006).
Entre as defesas antioxidantes ndo-enziméaticas, o tripeptideo glutationa € um
dos principais mecanismos de remoc¢ao do peroxido de hidrogénio e de outros
radicais livres. Composta por aminoacidos que contém grupos tidis (glutamato,
cisteina e glicina), a GSH sofre a acdo da enzima glutationa peroxidase (GPx),
sendo convertida em glutationa oxidada (GSSG). Nessa reagdo ocorre a
reducdo do peréxido de hidrogénio em agua e oxigénio, protegendo a célula do
dano oxidativo gerado por essa espécie reativa (BRIGELIUS-FLOHE 1999).
Através da enzima glutationa redutase (GR), ocorre, posteriormente, a
transferéncia de elétrons para a GSSG, dessa forma recuperando a GSH
(HALLIWELL e GUTTERIDGE 2006). Além da glutationa, outras defesas néo
enzimaticas sdo a vitamina C e a vitamina E (HALLIWELL e GUTTERIDGE
2006).

Nesse contexto, o estresse oxidativo € caracterizado pelo aumento
significativo da concentracao intracelular de espécies oxidantes, acompanhado
simultaneamente pela diminuicdo das defesas antioxidantes (HALLIWELL e
GUTTERIDGE, 2006). O mesmo pode, também, ser definido como um
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desequilibrio entre fatores pro-oxidantes e antioxidantes, com um aumento dos
primeiros, levando a um potencial dano a célula (SIES, 1991). Diferentes
estudos mostram que as alteragcdes no estado redox contribuem para muitas
consequéncias do envelhecimento e para muitos processos patologicos,
incluindo doencas cardiovasculares (SANTILLI et al., 2015), doencas
pulmonares (COLOMBO et al., 2015), diabetes (ROBERTSON e HAMON, 2006),
doencas neurodegenerativas (BAHT et al., 2015) e cancer (PINTI et al., 2015).

1.3. Espécies reativas de oxigénio e infarto agudo do miocardio

ApoOs o infarto agudo do miocardio, estudos demonstraram um aumento da
producdo de EROs e a geracdo de estresse oxidativo no tecido cardiaco (SINGH
et al., 1985; SCHENKEL et al., 2012). A injaria isquémica leva a degradac¢éo do
conteudo celular de adenosina trifosfato, deixando os carreadores de elétrons da
mitocondria em um estado reduzido. Neste contexto, ocorre um desvio de
elétrons da cadeia respiratoria, 0s quais reagem com 0 oxigénio mitocondrial,
levando a producao de espécies reativas (SINGH et al., 1985).

Trabalhos avaliando a progressédo do infarto para a insuficiéncia cardiaca
demonstram um papel relevante das EROs neste processo (HILL et al., 2005;
SCHENKEL et al.,, 2012). Em um estagio compensado do remodelamento
cardiaco, a reserva antioxidante tecidual € aumentada, enquanto que, em um
estagio descompensado/insuficiente do remodelamento do musculo cardiaco,
essa reserva encontra-se reduzida. Essa reducdo compromete o balango redox,
e consequentemente, favorece o estresse oxidativo (SINGAL et al. 1999).
Corroborando com isso, um estudo avaliando um periodo precoce poés-infarto (2
dias apods a injuria) demonstrou niveis reduzidos de H,O, no tecido cardiaco,
provavelmente em funcdo de um aumento adaptativo da enzima TRX-1. No
entanto, em um periodo mais tardio (28 dias pos-infarto), houve uma reducao na
expressao da TRX-1, levando a um aumento dos niveis de EROs e ao dano
oxidativo cardiaco (SCHENKEL et al. 2012).

Os niveis elevados de EROs, ap0s o infarto, estdo diretamente
relacionados com os processos de fibrose cardiaca, de hipertrofia e de apoptose
dos cardiomiocitos (ZHANG et al.,, 2012). Em relacdo a fibrose, um estudo

demonstrou o papel dessas espécies reativas na modulacao de fibroblastos e na
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sintese de colageno no tecido cardiaco pds-infarto, promovendo o processo de
remodelamento da matriz extracelular (SIWIK et al., 2004). Além disso, proteinas
envolvidas com o processo de hipertrofia cardiaca pés-injaria isquémica, tais
como a enzima cinase regulada por sinal extracelular (ERK1/2) e a proteina
cinase B (AKT/PKB), sédo diretamente moduladas pelos niveis de HO,
(SCHENKEL et al.,, 2010). Em relacdo ao processo de morte celular, baixas
concentragbes de H,O, sdo capazes de ativar vias de sobrevivéncia nos
cardiomidcitos, enquanto que altas concentracbes podem ativar proteinas
envolvidas com o processo de apoptose, tais como a enzima JNK (c-Jun N-
terminal kinases) e as proteinas p38 e p53 (KUSTER et al., 2005; CHATTERJEE
et al., 2010).

Uma importante fonte de EROs no coracéo infartado é a enzima xantina
oxidorredutase (NISHINO et al., 2008). Esta enzima pode existir nas seguintes
formas: xantina desidrogenase e xantina oxidase (XO). Apenas a forma XO é
capaz de gerar espécies reativas, produzindo mais O, ou H,O, dependendo de
fatores como hipoxia, dano celular, etc. (KELLEY et al., 2010). Estudos em
modelos animais de infarto e em pacientes com insuficiéncia cardiaca
demonstraram que a inibicdo da XO € capaz de melhorar parametros de
remodelamento cardiaco (SAAVEDRA et al., 2002, MINHAS et al., 2006).

Além das espécies reativas de oxigénio, o oxido nitrico (NO) € outra
molécula considerada essencial para a homeostase do sistema cardiovascular
(BAUERSACHS et al., 1999). Esta molécula é considerada uma espécie reativa
de nitrogénio e apresenta importantes implicac6es para o coracdo pos-infarto
(HEUSCH et al., 2000).

1.4. Oxido nitrico

A sintese do NO ocorre nas células endoteliais dos vasos sanguineos
através da oxidagéo da regido n-terminal do amino&cido L-arginina pela enzima
oxido nitrico sintase (NOS), resultando no aminoacido L-citrulina e em NO
(HEUSCH et al., 2000). Os principais estimulos para a sintese do NO sédo a
ativacdo de receptores de mediadores quimicos, tais como a acetilcolina e a
bradicinina, nas células endoteliais, ou 0 aumento no estresse de cisalhamento

do vaso. Estas situagOes levam a ativacdo da isoforma endotelial da enzima
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NOS (eNOS), a qual fica ancorada na membrana plasmatica da célula endotelial
(LI et al., 2002). Apos a sua sintese, o0 NO é capaz de se difundir das células
endoteliais em direcdo as células da musculatura lisa dos vasos. Nestas células,
esta molécula interage com o grupo heme da enzima guanilato ciclase, ativando-
a e gerando a sintese de guanosina monofosfato ciclico, um importante segundo
mensageiro intracelular. A sintese desta molécula resulta em uma menor
liberacéo de calcio do reticulo endoplasmatico, levando ao relaxamento da célula
muscular lisa do vaso e a vasodilatacdo (FORSTERMANN et al., 2004).

Em relacdo a enzima NOS, além da isoforma endotelial (eNOS ou tipo Ill),
existem outras duas isoformas importantes, que sao as seguintes: a NOS
induzivel (iNOS ou tipo Il) e a NOS neuronal (nNOS ou tipo I). Destas isoformas,
a NNOS esta presente principalmente em células nervosas, enquanto que a
INOS é produzida em macréfagos e outras células do sistema imune, tendo a
sua expressao induzida por citocinas (FORSTERMANN et al., 1994; LI et al.,
2002).

Além de suas funcdes nos vasos sanguineos, tais como o efeito
vasodilatador, o efeito antiplaquetario, a acdo inibitéria sobre a agregacdo de
mondcitos e neutréfilos no endotélio e o efeito antiproliferativo, o NO também
apresenta um efeito antioxidante, estimulando a expressédo da enzima SOD e,
consequentemente, reduzindo os niveis do anion superoxido (FORSTERMANN
et al., 2006). Além disso, Cote e colaboradores demonstraram o papel inibitério
do NO sobre a atividade da enzima xantina oxidase, uma importante fonte de
espécies reativas no coracdo (COTE et al., 1996). Este é um efeito protetor, uma
vez gue altos niveis de espécies reativas de oxigénio podem levar a uma maior
degradacdo do NO, podendo acarretar em um prejuizo importante para a funcéo
vascular (BAUERSACHS et al., 1999). Por outro lado, ao combinar-se com o
anion superoxido, o NO €& convertido a peroxido nitrito, um potente agente
oxidante, podendo levar a um dano celular (FORSTERMANN et al., 2006). O
balanco entre os niveis de NO e 0s niveis de espécies reativas de oxigénio
podem, portanto, determinar a biodisponibilidade do NO (ARAUJO et al., 2011).
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1.5.0xido nitrico e infarto agudo do miocardio

Além de sua acdo protetora sobre o vaso, o0 NO apresenta importantes
acOes sobre o tecido cardiaco, principalmente no contexto da doenca isquémica
(HEUSCH et al., 2000). No coragdo, o NO é capaz de regular a funcdo dos
cardiomiécitos, a vascularizacdo e a perfusdo tecidual. Em condigbes
fisiologicas, a enzima eNOS é a principal fonte de NO para o tecido cardiaco. No
entanto, apos o infarto ocorre uma reducéo significativa da biodisponibilidade do
NO sintetizado pela eNOS (HEUSCH et al., 2000). Este quadro leva a disfungéo
endotelial da circulagédo coronariana e ao prejuizo na angiogénese cardiaca (SHI
et al., 2012). Este cenario foi associado a uma maior progressao do infarto do
miocardio para a insuficiéncia cardiaca (SHI et al., 2012). Corroborando com
isto, um estudo em camundongos infartados knockout para enzima eNOS
demonstrou um aumento no didmetro sistoélico e no volume diastélico do coracao
destes animais, assim como um prejuizo significativo na funcao sistélica e na
contratilidade do ventriculo esquerdo, em comparacdo com 0S animais que
expressavam normalmente este enzima (SCHERRER-CROSBIE et al., 2001).
Além disso, os animais knockout apresentaram ndo somente menor densidade
capilar, mas também hipertensdo arterial pulmonar (SCHERRER-CROSBIE et
al., 2001).

Em animais infartados, estudos demonstram que 0 aumento ha expressao
da enzima eNOS ocasiona efeitos protetores sobre o coracdo (BRUNNER et al.,
2003; SMITH et al., 2005). Em ratos infartados, uma maior expressédo da eNOS
resultou em uma menor geracdo de anion superoéxido, através da inibicdo da
atividade da enzima NADPH oxidase. Além disso, estes animais apresentaram
um melhor remodelamento cardiaco e uma menor expressao de proteinas pro-
apoptéticas (SMITH et al., 2005). Em um estudo que realizou o transplante de
células-tronco derivadas de adipdcitos que superexpressavam a eNOS no tecido
cardiaco evidenciou-se uma melhora na vascularizacdo corondria dos animais
infartados, resultando em uma reducéo significativa na area de infarto (SHI et al.,
2012).

Além de suas acOes sobre a vascularizacdo e 0 estresse oxidativo
cardiaco, o NO também é capaz de atuar sobre a fungdo mitocondrial,

estimulando a expressdo do coativador 1-a do receptor gama ativador da
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proliferacdo de peroxissomos (PGC-1a) (NISOLI et al., 2003). Este € um fator de
transcricdo importante para os cardiomiécitos, uma vez que ele € um potente
promotor da biogénese mitocondrial (NISOLI et al., 2003). A sua maior
expressao esta relacionada com uma reducéo na apoptose das células cardiaca
(FORINI et al., 2011; FERNANDES et al., 2015) e com uma melhora sobre o

remodelamento cardiaco pés-infarto (FORINI et al., 2011).

1.6. Apoptose

Apoptose, ou morte celular programada, € um processo fisiolégico muito
importante para a regulacdo do numero de células de um tecido, assim como
para a eliminacdo de células velhas ou danificadas (WHELAN et al., 2010).
Nesta forma de morte celular, as células sofrem um processo de fragmentacéo,
o qual ndo gera inflamacéo tecidual (WHELAN et al., 2010).

O processo de apoptose pode ser ativado por duas vias, quais sejam: a via
extrinseca, ativada pela interacdo de ligantes com receptores de membrana, e a
via intrinseca, ativada por proteinas presentes na mitocéndria ou no reticulo
endoplasmatico (WHELAN et al., 2010). Em relac&o a via intrinseca, a ativacao
de proteinas da familia bcl-2 controla a permeabilidade da membrana
mitocondrial, impedindo que fatores pré-apoptoticos saiam da mitocondria para o
citoplasma da célula (ASSALY et al., 2012). Caso haja um dano a membrana
mitocondrial, a proteina pro-apoptética bax pode ocasionar a liberacdo do
citocromo c. Este é um fator pré-apoptético, responsavel por ativar a via das
caspases e ocasionar a apoptose (ASSALY et al., 2012). A proteina mitocondrial
bcl-2, no entanto, € um fator antiapoptotico, responsavel por impedir a liberacdo
do citocromo c da mitocondria. O balanco entre as proteinas bax e bcl-2,
portanto, € um importante parametro para determinar a ativacdo ou ndo da via
intrinseca (BAINES, 2010).

Outras proteinas pré-apoptoticas sdo a p53 e a JNK. A proteina p53 é
codificada por um gene supressor de tumor e pode ser ativada por estimulos
como o dano ao DNA, a hipOxia e o estresse oxidativo. Esta proteina € capaz de
ativar a bax e iniciar a via intrinseca da apoptose (SAHA et al., 2015). A proteina

JNK, por sua vez, pode ser ativada diretamente pela p53 ou também pelo
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estresse oxidativo celular. Esta enzima cinase € capaz de fosforilar a proteina
bax, ativando a apoptose (MIYASHITA et al., 1995; SAHA et al., 2015).

1.7. Apoptose e infarto agudo do miocardio

Estudos demonstram um papel central da via intrinseca da apoptose na
fisiopatologia do infarto agudo do miocardio. Em relacdo a isso, Chen e
colaboradores demonstraram que a maior expressao da proteina bcl-2 esta
relacionada a reducéo significativa da area de infarto e da disfungéo cardiaca em
um modelo animal de isquemia e reperfusdo (CHEN et al., 2001). Além disso,
outro estudo mostrou que a delecdo do gene da proteina bax ocasionou uma
menor area de infarto em camundongos (HOCHHAUSER et al., 2007). Em
relacdo as proteinas JNK e p53, um trabalho evidenciou, minutos apds o infarto,
um aumento na expressdo de ambas as proteinas pré-apoptéticas, tanto no
tecido cardiaco isquémico como no ndo isquémico (YOSHIDA et al., 2001). Esta
expressdo aumentada, apos o infarto, foi correlacionada com maior apoptose
dos cardiomiécitos, levando a dilatacdo cardiaca e a um remodelamento mal-
adaptativo (MATSUMOTO-IDA et al., 2006).

No momento inicial apés o infarto, os cardiomiocitos da zona préxima a
lesdo se encontram mais suscetiveis a apoptose. Com o tempo, as células
cardiacas da zona mais remota ao infarto também passam a apresentar uma
maior tendéncia a morte celular programada (OLIVETTI et al., 1996; BUSSANI et
al., 2003). Em relacéo a isso, a taxa de apoptose nas primeiras semanas apos 0
infarto parece ser preditiva da severidade do remodelamento cardiaco patolégico
e, consequentemente, da insuficiéncia cardiaca. Quanto maior esta taxa, pior é
este processo de remodelamento (ABBATE et al., 2002).

Apesar da importancia do processo de apoptose para a progressdo do
infarto para a insuficiéncia cardiaca, existem poucos agentes terapéuticos para
doenca cardiaca capazes de atuar sobre o processo de morte programada do
cardiomidécito. Nesse sentido, diversos trabalhos demonstram um papel positivo
dos horménios da tireoide, atuando como um agente terapéutico no periodo pés-
infarto (PANTOS et al., 2008; FORINI et al., 2014).
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1.8. Hormoénios da tireoide

A tireoide é uma das maiores glandulas endocrinas e € responsavel pela
sintese de trés hormoénios: T4 (tiroxina ou tretraiodotironina), T3 (triiodotironina)
e a calcitonina. O T4 representa o principal horménio liberado por essa glandula,
apesar de possuir uma poténcia biologica inferior ao T3 (KOHRLE, 2000). Por
esse motivo, o T4 é transformado perifericamente em T3 através das enzimas
deiodinases, presentes nas células-alvo desses horménios (KOHRLE, 2000). Os
horménios da tireoide, por sua natureza lipofilica, sdo capazes de atravessar a
membrana plasmética e interagir com receptores nucleares. A ligacdo do T3 a
esses receptores leva ao recrutamento de proteinas co-ativadoras da transcri¢cao
génica, levando ao aumento na expressdao de inumeros genes (YEN et al.,
2006). Os genes responsivos a esses horménios possuem sequencias de
nucleotideos em sua regido promotora, denominadas elementos de resposta aos
horménios da tireoide (TRE) (BASSET et al., 2003). Os receptores nucleares dos
horménios da tireoide (TRs) séo codificados por dois genes, TRa e TR[. Esses
genes levam a sintese de diferentes isoformas do receptor nuclear (a1, B1, B2 e
B3) que variam conforme o tecido em que estdo sendo expressas (BASSET et
al., 2003).

Os hormonios da tireoide possuem importantes acdes no tecido cardiaco,
podendo ocasionar modificacbes hemodinamicas, tais como a reducdo da
resisténcia vascular sistémica, 0 aumento da contratilidade cardiaca e do débito
cardiaco (KLEIN e OJAMAA, 2001). Muitos dos efeitos destes horménios sobre
os cardiomidcitos ocorrem ndo somente pela modulacdo na expressao génica,
mas também pela acdo mediada por receptores de membrana (KLEIN e
OJAMAA 2001). Estudos avaliando a expressao génica em células musculares
cardiacas demonstraram a influéncia da tiroxina na expressdo de proteinas
importantes para o processo contratil, tais como a bomba de calcio do reticulo
sarcoplasmatico, a proteina fosfolambam, os receptores de rianodina e a cadeia
pesada da miosina (KAHALY e DILLMANN, 2005). Esses horménios séo
igualmente importantes no processo de maturagdo do miocardio durante a fase
de desenvolvimento fetal (PANTOS et al., 2008).
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1.9. Horménios da Tireoide e Infarto Agudo do miocardio

Um fenbmeno bem descrito na literatura médica € que, na primeira semana
apos o infarto, muitos pacientes apresentam um rapido declinio nos niveis
séricos de T3, desenvolvendo a chamada sindrome do eutireoidiano doente ou
sindrome do baixo T3 (GERDES e IERVASI, 2010). Nestes pacientes, 0s niveis
séricos de T3 reverso encontram-se aumentados e 0s niveis de T4 normais.
Esta reducéo nos niveis de T3 foi correlacionada com uma maior mortalidade e
com um pior prognostico apos o infarto (COCEANI et al., 2009). Em relagdo a
isso, Pingitore e colaboradores demonstraram que os niveis séricos de T3 sdo
preditores independentes de mortalidade cardiaca em pacientes com
cardiomiopatia dilatada (PINGITORE et al., 2005).

Uma possivel explicacdo para esta sindrome seria uma reducao pés-infarto
na atividade da enzima deiodinase-1, responsavel por converter o hormoénio T4
em T3 (OLIVARES et al., 2007). Durante o periodo de remodelamento cardiaco
pos-infarto, estudos em ratos também identificaram uma reducdo nas
concentracfes séricas dos hormonios da tireoide e/ou alteragdes na expressao
dos receptores nucleares desses hormdnios (PANTOS et al., 2008; PANTOS et
al., 2010; FORINI et al., 2011). Avaliando a expressdo desses receptores no
miocardio de ratos infartados, Pantos e colaboradores demonstraram niveis
reduzidos de TRB1, sem alteracdo nos niveis de TRa1, em uma fase de
remodelamento cardiaco compensado, na qual 0s animais apresentavam
hipertrofia cardiaca, porém ndo haviam desenvolvido ainda insuficiéncia
cardiaca congestiva (ICC). JA em uma fase em que os ratos desenvolveram ICC,
ambos os receptores (TRB1 e TRa1) apresentaram uma menor expressao,
caracterizando um quadro de “hipotireocidismo” tecidual. Estes resultados
demonstraram que a reducdo na expressao de TRa1 pode estar implicada na
progressao da fase hipertréfica compensatoria pés-infarto para a insuficiéncia
cardiaca (PANTOS et al., 2010). De fato, na fase de hipertrofia pés-infarto, a
expressdo apenas do receptor TRa1 no coracdo e a reducdo dos niveis de T3
levam este receptor a apresentar uma atividade independente de ligante
(PANTOS et al., 2008). Este processo € semelhante ao que ocorre no miocardio
durante o periodo fetal. Neste momento, o receptor TRa1 estimula a expressao

de proteinas relacionadas com a hipertrofia cardiaca patologica (exemplo: ERK

25



1/2). Além disso, este receptor leva ao aumento da expressdao de proteinas
presentes no periodo fetal, tal como a isoforma 3 da cadeia pesada da miosina,
e ao aumento da expressdo da proteina fosfolambam, ocasionando uma
reducdo na contratilidade cardiaca (TAVI et al., 2005). Apesar de inicialmente
serem adaptativas, estas alteracfes aceleram a progressado para um estagio de
insuficiéncia cardiaca, na qual ha uma redugcdo na expressdo do TRa1l. Os
niveis reduzidos deste receptor estdo relacionados a dilatacdo da camara do
ventriculo esquerdo, a um prejuizo do fluxo sanguineo para o miocardio e a
perda de funcéo sistolica (KHALIFE et al., 2005). Em funcéo disso, estudos tém
avaliado os efeitos do uso dos horménios da tireoide no periodo pos-infarto
(PANTOS et al., 2008; FORINI et al., 2011). A utilizacdo destes hormdnios teria
como objetivo prevenir a instalacdo do “hipotireoidismo” tecidual e, dessa forma,
atenuar as alteracfes deletérias no coracdo (PANTOS et al., 2008; PANTOS et
al., 2010).

Trabalhos avaliando um efeito destes hormonios sobre o coracao infartado
demonstraram que a administracdo de T3 e T4 pode levar a mudanca no padrao
de hipertrofia cardiaca, alterando de uma forma patolégica para uma forma
fisiolégica (PANTOS et al.,, 2008). Este mesmo estudo mostrou que a
administracdo destes hormdnios pode melhorar a funcdo contratil, através de
alteracdes na expressao das proteinas de manejo do calcio no tecido cardiaco
(PANTOS et al.,, 2008). Além disso, trabalhos avaliando as alteragbes na
geometria do ventriculo esquerdo no periodo pds-isquemia mostraram que 0S
horménios da tireoide sdo capazes de prevenir muitas das modificacdes
patolégicas desta camara cardiaca. Os mesmos sao capazes de normalizar o
estresse de parede através do aumento da massa cardiaca (PANTOS et al.,
2007; PANTOS et al., 2008). Em um trabalho com ratos infartados, analises
ecocardiograficas revelaram um aumento na espessura da parede posterior do
ventriculo esquerdo dos animais tratados com T3 e T4, duas semanas apos a
lesdo. JA nos animais infartados nado tratados, somente apds treze semanas
constatou esse aumento. Nestes mesmos animais, observou-se um aumento no
indice de tensdo de parede apds duas semanas de infarto. Nos ratos tratados,
esse indice aumentou somente treze semanas apo6s o infarto (PANTOS et al.,
2008). Além disso, em estagios mais avangcados do remodelamento cardiaco,

esses horménios induzem mudancas favoraveis na geometria cardiaca,

26



impedindo que a camara do ventriculo esquerdo assuma uma forma esférica
(PANTOS et al., 2008).

Trabalhos analisando o efeito dos hormoénios da tireoide sobre a deposicéo
de colageno no tecido cardiaco demonstraram que 0S mesmos reduzem a
sintese das fibras de colageno tipo 1 e previnem a fibrose cardiaca durante o
processo de hipertrofia (YAO et al., 1992). Além dos efeitos sobre o colageno, os
hormbnios da tireoide apresentam um efeito pré-angiogénico no miocardio
infartado, tanto através de receptores nucleares (TRP), como através de
receptores de membrana (LUIDENS et al.,, 2010). A administracdo de doses
baixas de T3 foi capaz de restaurar a expressao do TRB e do receptor do fator
de crescimento vascular endotelial, assim como aumentar a densidade capilar e
o fluxo sanguineo coronariano no coracdo de camundongos com hipertrofia
cardiaca patoldgica (MAKINO et al., 2009).

Estudos clinicos igualmente demonstram efeitos positivos da administracédo
dos hormonios da tireoide. Em pacientes com cardiomiopatia dilatada idiopatica,
a administracao de T4 por trés meses ocasionou a melhora de parametros como
a fracdo de ejecdo, o débito cardiaco e as dimensdes diastolicas do ventriculo
esquerdo. Além disso, esses pacientes apresentaram uma reducdo na
resisténcia vascular sistémica. Neste estudo, ndo foram encontrados efeitos
adversos da administracao hormonal (MORUZZI et al., 1996). Avaliando o efeito
e a seguranca do tratamento hormonal, Hamilton e colaboradores realizaram a
administragao intravenosa de T3 em bolus, durante 6 a 12 horas, em pacientes
com insuficiéncia cardiaca severa. Estes pacientes ndo apresentaram efeitos
adversos como o aumento da frequéncia cardiaca ou arritmias. Como efeito do
tratamento houve um aumento significativo do débito cardiaco juntamente com
uma redugdo na resisténcia vascular periférica. Como concluséo, este trabalho
sugere o uso de T3, juntamente com agentes inotropicos, em pacientes com
insuficiéncia cardiaca avancada (HAMILTON et al., 1998). Em outro estudo,
pacientes com cardiomiopatia dilatada isquémica e nao isquémica, que
apresentaram a sindrome do eutireoidiano doente, foram submetidos a trés dias
de infusdo com T3. Este trabalho encontrou um aumento no deébito sistolico dos
pacientes, além de uma melhora em parametros neuroenddcrinos, tais como a
reducdo nos niveis de noradrenalina e de aldosterona. Neste estudo, 0s

pacientes apresentaram uma reducdo na frequéncia cardiaca, provavelmente
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relacionada aos baixos niveis de noradrenalina (PINGITORE et al., 2008).
Apesar dos estudos em humanos apresentarem efeitos protetores destes
hormdnios sobre o coragdo, ndo existe nenhum estudo clinico avaliando a
administracdo dos hormoénios da tireoide no periodo pés-infarto (GERDES e
IERVASI, 2010).

Além de trabalhos avaliando diretamente o efeito dos hormdnios da
tireoide, existem estudos utilizando anélogos destes horménios, tal como o acido
3,5-diiodotiropropiénico (DITPA), para o tratamento de cardiopatias (SPOONER
et al., 2004; GOLDMAN et al., 2009). Em um trabalho utilizando ratos infartados,
a administracdo do DITPA por trés semanas promoveu um aumento dos niveis
da enzima eNOS na aorta, aumentando a vasodilatacdo adrtica, e ocasionou
uma reducdo na pressao diastolica do ventriculo esquerdo (SPOONER et al.,
2004). Apesar dos efeitos demonstrados em animais, estudos em humanos nao
encontraram resultados semelhantes. Em um estudo multicéntrico, randomizado,
duplo-cego e placebo-controlado, Goldman e colaboradores avaliaram 86
pacientes com insuficiéncia cardiaca, tratados por seis meses com DITPA
(GOLDMAN et al.,, 2009). Este trabalho demonstrou que o0s pacientes
apresentaram uma baixa tolerdncia ao analogo hormonal, principalmente em
funcdo de sintomas como fadiga, perda de peso e desconforto gastrointestinal.
Aléem disto, ndo houve melhora dos sintomas de insuficiéncia cardiaca
(GOLDMAN et al., 2009).

Apesar de diversos estudos, tanto em modelos animais como em
humanos, demonstrarem um efeito positivo dos horménios da tireoide, na
cardiopatia dilatada e no infarto do miocardio (PANTOS et al., 2008; PINGITORE
et al., 2008; FORINI et al., 2011), muitos aspectos da a¢cédo destes hormonios no
coracao ainda precisam ser esclarecidos. Um desses aspectos € o0 envolvimento
das EROs na acao cardioprotetora dos hormonios da tireoide. Apesar de essas
espécies reativas apresentarem um papel essencial no processo de
remodelamento cardiaco poés-infarto (SCHENKEL et al., 2012; ZHANG et al.,
2012), ndo ha trabalhos avaliando se a administracdo do T3 e do T4 pode
modular os niveis de EROs e prevenir o dano oxidativo no coragéo infartado.
Além das EROs, o NO também apresenta um papel fundamental no miocardio
pos-infarto (SHI et al., 2012). Em relacdo a isso, Spooner e colaboradores

evidenciaram que o DITPA pode atuar modulando os niveis de eNOS na aorta
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(SPOONER et al., 2009), no entanto, ndo existem trabalhos que avaliam o efeito
do T3 e do T4 sobre a biodisponibilidade do NO no coracédo infartado. Outro
topico importante que deve ser esclarecido é qual é o efeito destes horménios no
processo de apoptose apoés o infarto. Em relacdo a isso, um trabalho de Forini e
colaboradores demonstrou um papel antiapoptético do T3 em um periodo tardio
(28 dias) poés-infarto (FORINI et al., 2011). Além disso, um estudo utilizando um
modelo de isquemia e reperfusdo demonstrou que o tratamento com T3 e T4 é
capaz de diminuir a expressdo da proteina p53 no coracao (FORINI et al., 2014).
Apesar destes dados, ndo existem estudos avaliando se a administracdo dos
hormonios da tireoide é capaz de influenciar o processo apoptético que ocorre
em uma fase mais precoce da injuria isquémica. Nesta fase precoce, a apoptose
dos cardiomiocitos parece ser um evento chave para a progressdo de um
estagio de remodelamento cardiaco compensado para a insuficiéncia cardiaca
(ABBATE et al., 2002; QIN et al., 2005).
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2. HIPOTESE

A hipotese deste estudo foi que os hormdnios da tireoide promovem um
efeito cardioprotetor, no periodo pos-infarto, através da reducdo do estresse
oxidativo cardiaco e do aumento da biodisponibilidade do 6xido nitrico. Além
disso, estes hormdénios exercem efeitos benéficos poés-infarto regulando o

processo de apoptose no coragao.

3. OBJETIVOS

3.1. Objetivo geral

O objetivo deste estudo foi avaliar o efeito dos hormoénios da tireoide sobre
0 estresse oxidativo e a biodisponibilidade do 6xido nitrico no tecido cardiaco
apos o infarto agudo do miocéardio. Além disso, avaliar o efeito desses hormdnios

sobre a expressao de proteinas pré-apoptoéticas apos o infarto.

3.2. Objetivos especificos

o Estabelecer um protocolo de tratamento por gavage com os horménios da
tireoide em ratos infartados e em ratos sham.

o Avaliar o desenvolvimento de hipertrofia cardiaca e de congestdo de
orgdos em ratos infartados e em ratos sham, submetidos ao tratamento
hormonal.

o Avaliar pardmetros ecocardiogréficos de ratos infartados e de ratos sham,
submetidos ao tratamento hormonal.

o Avaliar parametros hemodindmicos de ratos infartados e de ratos sham,
submetidos ao tratamento hormonal.

o Avaliar parametros de estresse oxidativo no tecido cardiaco de ratos
infartados e de ratos sham, submetidos ao tratamento hormonal.

o Avaliar a expressdo de enzimas antioxidantes e pré-oxidantes no tecido
cardiaco de ratos infartados e de ratos sham, submetidos ao tratamento

hormonal.
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o Avaliar a expresséo dos receptores nucleares dos hormoénios da tireoide no
tecido cardiaco de ratos infartados e de ratos sham, submetidos ao tratamento
hormonal.

o Avaliar parametros de biodisponibilidade do 6xido nitrico no tecido cardiaco
de ratos infartados e de ratos sham, submetidos ao tratamento hormonal.

o Avaliar a expresséo do fator de transcricdo PGC-1a no tecido cardiaco de
ratos infartados e de ratos sham, submetidos ao tratamento hormonal.

o Avaliar a expressdo de proteinas pro-apoptéticas e antiapoptéticas no
tecido cardiaco de ratos infartados e de ratos sham, submetidos ao tratamento

hormonal.
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4. MATERIAIS E METODOS

Nota: Os métodos descritos abaixo incluem o protocolo experimental e as
analises realizadas nos trés estudos que compfe esta tese, que Sao 0s
seguintes:

e Estudo 1: Efeito dos hormdnios da tireoide sobre parametros de estresse
oxidativo no coracao de ratos infartados.

e Estudo 2: Efeito dos hormdénios da tireoide sobre a biodisponibilidade do
oxido nitrico no coracgao de ratos infartados.

e Estudo 3: Efeito dos horménios da tireoide sobre a expressao de proteinas
pro-apoptéticas e antiapoptéticas no coracdo de ratos infartados.

Nos estudos 1 e 2 foi utilizado um protocolo experimental de 28 dias e no

estudo 3 foi utilizado um protocolo experimental de 14 dias.

4.1. Animais

Foram utilizados ratos Wistar machos com 90 dias de idade, com peso
médio de 347 + 48 gramas. Os animais foram provenientes do Centro de
Reproducado e Experimentacdo de Animais de Laboratorio (CREAL) da UFRGS.
Durante os dois protocolos experimentais (estudo 1: protocolo de 28 dias pos-
infarto; estudo 2: protocolo de 14 dias pés-infarto), os animais foram alojados no
Biotério Setorial do Departamento de Morfologia do Instituto de Ciéncias Basicas
da Saude (ICBS) da UFRGS, sendo mantidos em caixas plasticas de 270 x 260
x 310 mm, com trés ratos cada, com o assoalho recoberto com serragem.
Receberam alimentacdo e agua a vontade e foram mantidos em periodos de 12

horas luz/ 12 horas escuro e em temperatura de 22°C.
4.2. Grupos experimentais
Os animais foram divididos em quatro grupos:
e Grupo sham (SHAM) — foi submetido a todos 0s processos cirdrgicos, com

excecdo da ligadura da artéria coronaria descendente anterior.
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e Grupo infarto do miocardio (IAM) — foi submetido ao infarto pela ligadura da
artéria coronaria descendente anterior.

e Grupo sham + tratamento com os hormoénios da tireoide (SHAMT) — foi
submetido a todos o0s processos cirlirgicos, com excecdo da ligadura da
artéria coronaria descendente anterior, juntamente ao tratamento com T3 e
TA4.

e Grupo infarto do miocéardio + tratamento com os horménios da tireoide (IAMT)
— foi submetido ao infarto pela ligadura da artéria coronaria descendente

anterior juntamente ao tratamento com T3 e T4.

4.3. Procedimentos cirurgicos

O infarto agudo do miocardio (IAM) foi induzido por um método adaptado
ao descrito por Johns e Olson em 1954 (JOHNS e OLSON 1954), no qual foi
realizada a ligadura da artéria coronaria descendente anterior. Para isso, 0s
animais foram mantidos anestesiados (quetamina (90 mg/kg) e xilazina (20
mg/kg) por via intraperitonial) e foram tricotomizados. Os mesmos foram entéo
colocados em decubito dorsal e entubados (Gelko-14G). Um pequeno corte foi
realizado na pele e os musculos peitorais foram afastados. Os animais foram
submetidos a ventilacao artificial (Intermed, Inter 3, Sdo Paulo, SP, Brasil) e foi
realizada uma toracotomia esquerda no quarto espaco intercostal, sendo
colocado um afastador de térax entre as costelas para permitir a melhor
visualizacdo. O pericardio foi seccionado e o atrio esquerdo afastado para a
visualizacdo da artéria coronaria esquerda. Esta foi ligada (fio mononylon 6.0)
provocando a isquemia miocardica. Apdés a ligadura da coronaria, a incisdo
toracica foi fechada (fio mononylon 5.0) e o pneumotoérax retirado mediante a
succao do ar com uma agulha (5x7) conectada a uma seringa de 10 mL. Logo
apos, os animais foram retirados da ventilagédo artificial e foi estimulada a sua
respiracdo espontanea. Os musculos afastados foram reposicionados e a pele
foi suturada (fio mononylon 5.0). Os ratos foram colocados em local aquecido, e
foi iniciada intervencéo analgésica para alivio da dor e desconforto. Foi utilizada
analgesia opioide com tramadol (5mg/Kg, 8-8horas, i.p.), durante os primeiros 3
dias poés-cirargico (SANTOS et al., 2012). A taxa de mortalidade no presente
estudo foi de 40%, as quais ocorreram principalmente nas primeiras 24 horas
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apos o procedimento cirargico. Os animais do grupo SHAM e SHAMT foram
submetidos a uma cirurgia que consistiu dos mesmos procedimentos cirurgicos,

com excecao da oclusao coronariana (SCHENKEL et al., 2010).

4.4. Protocolo experimental

O desenho experimental dos Estudos 1 e 2 abrangeu um periodo de 28
dias (Figura 1), nos quais foram realizados os seguintes procedimentos:

1° dia: Os animais dos grupos IAM e IAMT foram submetidos ao infarto
pela ligadura da artéria coronaria descendente anterior. Os animais dos grupos
SHAM e SHAMT foram submetidos a cirurgia sham, que consistiu dos mesmos
procedimentos cirdrgicos, com exce¢do da ligadura da artéria coronaria
descendente anterior.

48 horas pos-cirurgia: Apés a cirurgia, 0s animais permaneceram 48 horas
em recuperacdo e, apos isso, foi realizada a andlise ecocardiogréfica para
confirmacéo do infarto e iniciada a administracdo dos hormonios da tireoide. Os
animais dos grupos IAMT e SHAMT receberam diariamente, por gavage, 2
Hg/100 g/dia de T3 e 8 ug/100 g/dia de T4 em solucdo aquosa (PANTOS et al.,
2007; PANTOS et al., 2008). Os animais dos grupos IAM e SHAM, por sua vez,
receberam diariamente apenas salina por gavage. Os animais foram pesados
semanalmente para o0 acompanhamento do ganho de peso corporal.

28° dia: Foi realizada a analises ecocardiografica nos animais. Apés essa
analise, com os animais anestesiados, foi realizada a coleta de sangue. Apés
isso, 0s animais foram eutanasiados e foram coletados os tecidos (coracéo,

pulm&o e figado) para posteriores analises.

Dial 48 horas pés-cirurgia Dia28
Periodo de recuperagdo cirurgica >
T e terapia analgésica T T
Procedimento cirdrgico:  Analise ecocardiogréfica para Eco final;
Cirurgia de Infarto confirmagéo do infarto; Final do protocplo_experimental:
Cirurgia Sham Inicio da administragéo de T3 morte dos animais, coleta de
e T4. sangue e tecidos.

Figura 1: Desenho experimental dos Estudos 1 e 2.
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O desenho experimental do Estudo 3 abrangeu um periodo de 14 dias

(Figura 2), nos quais foram realizados os seguintes procedimentos:

1° dia: Os animais dos grupos IAM e IAMT foram submetidos ao infarto
pela ligadura da artéria coronaria descendente anterior. Os animais dos grupos
SHAM e SHAMT foram submetidos a cirurgia sham, que consistiu dos mesmos
procedimentos cirargicos, com excecdo da ligadura da artéria corondria
descendente anterior.

48 horas pos-cirurgia: Apos a cirurgia, 0os animais permaneceram 48 horas
em recuperacdo e, apos isso, foi realizada a andlise ecocardiogréfica para
confirmagéo do infarto e iniciada a administragdo dos hormoénios da tireoide. Os
animais dos grupos IAMT e SHAMT receberam diariamente, por gavage, 2
Hg/100 g/dia de T3 e 8 ug/100 g/dia de T4 em solucdo aquosa. Os animais dos
grupos IAM e SHAM, por sua vez, receberam diariamente apenas salina por
gavage. Os animais foram pesados semanalmente para 0 acompanhamento do
ganho de peso corporal.

14° dia: Foram realizadas as andlises ecocardiografica e hemodinamica
nos animais. Apds essas analises, com os animais anestesiados, foi realizada a
coleta de sangue. Apds isso, os animais foram eutanasiados e foram coletados

os tecidos (coracédo, pulméo e figado) para posteriores analises.

Dial 48 horas pos-cirurgia Dia 14
Periodo de recuperagdo cirurgica >
T e terapia analgésica T T
Procedimento cirdrgico:  Andlise ecocardiografica para Eco final; Andlise hemodindmica
Cirurgia de Infarto confirmagéo do infarto; Final do protocolo experimental:
Cirurgia Sham Inicio da administrago de T3 morte dos animais, coleta de
e T4 (grupos SHAMT e sangue e tecidos.
IAMT) ou salina (SHAM e
1AM)

Figura 2: Desenho experimental do Estudo 3.
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4.5. Andlises ecocardiogréaficas

Os animais foram anestesiados com quetamina e xilazina e submetidos a
avaliacdo ecocardiografica. Os mesmos foram posicionados em decubito lateral
para a obtencdo das imagens. Foi utilizado o sistema de ultrassom Philips HD
XE com um transdutor de 12-13 MHz, numa profundidade de 3 cm, sendo as
imagens capturadas por um operador treinado com experiéncia em
ecocardiografia animal. Foram analisados parametros morfolégicos do ventriculo
esquerdo (espessura das paredes posterior e anterior, diametros e areas
transversais na sistole e diastole); parametros de funcdo sistélica (fracdo de
encurtamento e fracdo de ejecdo); frequéncia cardiaca; area de infarto; indice de
tensdo de parede e indice de performance do miocéardio (parametro de funcéo
global do coracao).

Foram avaliadas as &reas transversais do ventriculo esquerdo no final da
sistole e no final da diastole em trés planos: basal (ao nivel dos folhetos da
valvula mitral), medial (ao nivel dos musculos papilares) e apical (abaixo dos
musculos papilares). A area transversal na diastole e na sistole foi calculada
utilizando a média dos trés planos. Os diametros sistélicos e diastdlicos, assim
como a espessura das paredes cardiacas e a frequéncia cardiaca, foram
igualmente avaliados nesses trés planos, através do modo-M. Através da média
dos didametros foi calculada a Fracdo de Encurtamento do ventriculo esquerdo
(FenVE), utilizando a seguinte equacdo: FenVE = (média dos diametros
diastolicos — média dos diametros sistolicos / média dos didmetros diastolicos x
100) (NOZAWA et al., 2006). Foi calculado também o indice de tensdo de
parede (ITP), através da seguinte férmula: ITP = (média dos diametros
diastolicos / 2 x média das espessuras da parede posterior na diastole)
(PANTOS et al. 2008).

Os volumes cardiacos (volume diastélico final (VDF) e volume sistélico final
(VSF)) foram calculados através do método de Simpson modificado (MERCIER
et al.,, 1982). A fracdo de ejecdo (FE) foi calculada utilizando os valores dos
volumes cardiacos, através da seguinte equacéo: FE = (VDF-VSF/VDF x 100).
Através das analises de fluxo por Eco Doppler, foi medido o tempo entre o final
da onda A do fluxo mitral e o inicio da onda E subsequente (tempo de

fechamento da valvula mitral (TFM)) e o tempo de ejecdo da aorta (TEA). Com
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essas medidas foi calculado o indice de performance miocardica (IPM): IPM =
(TFM-TEA/TEA) (SALEMI et al., 2008). Para a medida da area de infarto (Al) foi
utilizado o perimetro correspondente ao segmento infartado (regido acinética ou
hipocinética (RAH)) e o perimetro endocardico total (PET). Esses perimetros
foram analisados durante a diastole em cada um dos planos ecocardiograficos
transversos utilizados (basal, medial e apical). A area de infarto foi calculada
através da seguinte equacado: Al = (RAH/PET x 100) (NOZAWA et al., 2006). As
imagens bi-dimensionais e os tracados do modulo-M e das curvas Doppler foram

registrados em CD para posteriores analises.

4.6. Andlises hemodinamicas

No Estudo 3, foram avaliados parametros hemodinamicos dos animais, 14
dias apos a cirurgia de ligadura da artéria coronéria descendente anterior ou a
cirurgia ficticia. Para esse procedimento, os ratos foram anestesiados
(quetamina (90 mg/kg) e xilazina (20 mg/kg)) e a artéria carotida direita foi
canulada com um cateter PE 50 conectado a um transdutor Strain Gauge (Narco
Biosystem Pulse Transducer RP-155, Houston, Texas, USA), ligado a um
amplificador de pressdo (HP 8805C, Hewlett Packard, USA). As analises de
pressdo foram armazenadas em um computador equipado com uma placa de
conversao analégico-digital (Biopac 1 kHz sampling frequency, Biopac Systems,
Inc., Goleta, California,USA). O cateter foi posicionado no ventriculo esquerdo
para 0s seguintes registros: a pressao sistélica do ventriculo esquerdo (PSVE), a
pressdo diastolica final do ventriculo esquerdo (PDFVE) e as derivadas de
presséo positivas e negativas (dP/dtmavmin) (SCHENKEL et al., 2010).

4.7. Morte dos animais e coleta de sangue e tecidos

Apds as andlises ecocardiograficas e hemodindmicas, com 0s animais
anestesiados, foi realizada a coleta de sangue retrorbital (volume de
aproximadamente 1,5 mL) em tubos com heparina. Os animais foram mortos
através de decapitacdo por guilhotina, procedimento realizado por pessoa
treinada. Apos isso, o coracdo, o pulméo e o figado foram retirados para as

analises morfométricas. O tecido cardiaco foi lavado em solucdo gelada de KCI
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1,15%, os atrios foram removidos e a cicatriz da regido infartada foi separada e
pesada. Os ventriculos direito e esquerdo foram separados e pesados,
acondicionados em nitrogénio liquido e posteriormente armazenados em freezer
— 80°C. O ventriculo esquerdo foi utilizado para as analises bioquimicas e para a

analise de expressao proteica por western blot.

4.8. Dosagem séricade T4e T3

O sangue coletado com heparina foi centrifugado por 10 minutos a 1000 X
g em centrifuga refrigerada (Sorvall RC 5B — Rotor SM 24), e o plasma separado
e congelado em freezer a - 80°C para a dosagem dos hormonios tireoidianos.
Nos estudos 1 e 2 foi utilizado o método de imunoquimioluminescéncia para a
dosagem de T3 e T4, realizado no Laboratorio Veterinario TECSA, utilizando o
sistema automatizado ROCHE, modelo COBAS E-411. Os resultados de T4
foram expressos em pg/dL e os de T3 em ng/dL. No estudo 3, a dosagem dos
niveis séricos de T4 foi feita através da técnica de radioimunoensaio realizada

no Laboratorio Antonello. O resultado do T4 foi expresso em pg/dL.

4.9. Indices de hipertrofia cardiaca

Apds a morte dos animais foi retirado o tecido cardiaco e pesado para a
analise do peso total do coragdo, peso do ventriculo esquerdo e peso da area de
infarto. Foi retirada também a tibia dos animais para o calculo do indice de
hipertrofia. Para a andlise da hipertrofia cardiaca foram utilizados os seguintes
indices: a razdo do peso de tecido cardiaco (mg) pelo peso corporal (g) e a
razdo do peso de tecido cardiaco (mg) pelo comprimento da tibia (cm). Foi
calculada também a hipertrofia do ventriculo esquerdo, utilizando os seguintes
indices: a razéo entre o peso do ventriculo esquerdo (mg) e o peso corporal (g) e
a razao entre o peso do ventriculo esquerdo (mg) e o comprimento da tibia (cm)
(SCHENKEL et al., 2010)
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4.10. indices de congestdo pulmonar e hepéatica

Apds a morte dos animais, o figado e o pulmao foram retirados, pesados e
acondicionados em estufa em uma temperatura de 65°C. Esses 6rgdos foram
pesados diariamente até atingirem um peso constante para a obtencdo do peso
seco. Apos isso, foram calculadas a congestdo pulmonar e a congestdo hepética
pela razdo entre 0 peso seco e 0 peso umido desses 6rgdos (SINGAL et al.,
1999).

4.11. Analises Bioquimicas

4.11.1. Medida de pero6xido de hidrogénio

O método esta baseado na oxidacdo do vermelho de fenol pelo peréxido de
hidrogénio mediado pela peroxidase de rabanete, resultando num produto que
absorve em 610 nm. Os resultados foram expressos em nmoles de H,O, por mg
de proteina (PICK e KEISARI, 1980).

4.11.2. Medida de espécies reativas de oxigénio totais

As espécies reativas de oxigénio totais foram avaliadas
espectrofluorimetricamente  através da oxidacdo do diacetato de
diclorofluoresceina (DCFH-DA) em 2,7-diclorofluoresceina na presenca dessas
espécies. As amostras foram excitadas em 488 nm e a emissdao foi coletada em
525 nm. Os resultados foram expressos em nmoles por mg de proteina (LEBEL
et al., 1992).

4.11.3. Determinacgéo da concentracdo de GSH e GSSG

Na determinacéo da glutationa total, o tecido cardiaco foi desproteinizado
com acido perclorico 2 mol/L e centrifugado por 10 min a 1000 g. O
sobrenadante foi neutralizado com hidréxido de potassio 2 mol/L. O meio de
reacdo continha tampéo fosfato 100 mmol/L (pH 7.2), acido nicotinamida

dinucleotideo fosfato 2 mmol/L, glutationa redutase 0.2 U/mL, 5,5’ ditiobis (2-nitro
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acido benzéico) 70 umol/L. A determinacdo da GSH baseou-se na reacdo do
sobrenadante neutralizado com 5,5’ ditiobis (2-nitro acido benzoico) 70 pmol/L,
catalisada pela enzima glutationa redutase, e a leitura foi efetuada a 420 nm.
Para medir a GSSG, n-etimaleimida foi adicionado ao sobrenadante
neutralizado para a realizacdo da reacdo acima descrita. Os resultados foram
expressos como GSH, GSSG e como a razdao GSH/GSSG (AKERBOOM e SIES,
1981).

4.11.4. Atividade da enzima glutationa peroxidase (GPx)

A atividade da enzima GPx foi determinada medindo-se o consumo de
NADPH na reacao de reducédo da GSSG a GSH. Foi observada a diminuicdo de
absorbancia do NADPH a 340nm. Os resultados foram expressos em nmoles
por minuto por mg de proteina (FLOHE e GUNZLER, 1984).

4.11.5. Atividade da enzima superoxido dismutase (SOD)

A medida da atividade desta enzima baseou-se na capacidade de inibicéo
da auto-oxidacao do pirogalol pela SOD. Portanto, quanto maior a concentragao
de SOD na amostra, menor a auto-oxidacdo do pirogalol. O resultado foi dado
em unidades de SOD por mg de proteina (MARKLUND, 1985).

4.11.6. Atividade da enzima catalase

A atividade da catalase foi medida através da avaliacdo do consumo do
peréxido de hidrogénio. O meétodo consistiu em avaliar a diminuicdo da
absorbéancia no comprimento de onda de 240 nm. Os resultados foram

expressos em pmoles por mg de proteina (AEBI, 1984).

4.11.7. Atividade da enzima 6xido nitrico sintase

A atividade da enzima Oxido nitrico sintase foi avaliada medindo a
conversdo de oxihemoglobina (HbO;) a metahemoglobina induzida pela

presenca do oxido nitrico como previamente descrito (VALDEZ et al., 2005).

40



4.11.8. Atividade da enzima glutarredoxina (GRX)

Para avaliar a atividade da enzima GRXfoi utillizado o protocolo
estabelecido por Holmgren e Aslund (1995). A glutationa reduzida foi adicionada
o hidroximetildisulfito em 100 mM de tampéo Tris/HCL (pH 7,8) contendo 1mM
de EDTA, sendo incubada por 2 minutos. Apds este procedimento, uma pequena
aliquota da amostra foi adicionada reagindo com a mistura pelo préximo minuto.
A quantidade de GSSG produzida sera medida a partir da adicdo de NADPH e
glutationa redutase de levedura a 340 nm. A atividade foi expressa em mmol/mg
de proteina (HOLMGREN e ASLUND, 1995).

4.11.9. Atividade da enzima tiorredoxina (TRX) redutase

A atividade da enzima TRX redutase foi realizada através de uma reduc¢éo
in vitro do acido ditionitrobenzdico (DTNB) ao acido 50-tionitrobenzoico (TNB). A
conversdo de DTNB a TNB foi medida espectrofotometricamente a 412 nm. Os
resultados foram expressos como unidades por minuto por miligrama de proteina
(HOLMEGREN & BJORNSTEDT, 1995).

4.11.10. Determinacéo dos niveis de nitritos totais (NOy)

Os niveis de nitritos no tecido cardiaco foram medidos pela reacdo das
amostras com o reagente de Griess, pelo método descrito por Granger e
colaboradores. (GRANGER et al., 1999).

4.11.11. Determinacéo da peroxidacao lipidica

Avaliacdo da peroxidacdo lipidica foi realizada através da técnica de
guimiluminescéncia iniciada por terc-butil-hidroperdoxido. O método consistiu na
adicdo de um hidroperédxido organico de origem sintética ao homogeneizado de
tecido, para avaliacdo da capacidade de resposta produzida pela amostra. Esta
analise baseou-se no fato de que os hidroperoxidos sdo espécies quimicas

bastante instaveis, reagindo com lipidios por um mecanismo radicalar que gera
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produtos que emitem luz pela amostra em estudo. A QL foi medida em um
contador beta (LKB Rack Beta Liquid Scintilation Spectrometer-1215; LKB
Produkter AB, Brommma, Sweden). Os resultados foram expressos em
contagens por segundo (cps) por miligrama (mg) de proteina (GONZALEZ et al.,
1991).

4.11.12. Dosagem de proteinas

As proteinas foram quantificadas pelo método descrito por Lowry e
colaboradores, utilizando como padrdao uma solugdo de albumina bovina na
concentracdo de 1 mg/mL. A medida foi efetuada em espectrofotdmetro a 625
nm e os resultados foram expressos em mg/mL (LOWRY et al., 1951).

4.12. Andlise da expressdao proteica por Western blot

A homogeneizacao do tecido, a eletroforese e a transferéncia de proteinas
foram realizadas conforme descrito anteriormente (ARAUJO et al., 2006). As
membranas foram processadas para a imunodeteccdo utilizando os seguintes
anticorpos primarios: superéxido dismutase (23 kDa), catalase (60 kDa),
glutationa peroxidase (22 kDa), fator nuclear eritrdide relacionado ao fator 2
(NrF2) (55 kDa), xantina oxidase (150 kDa), receptor nuclear dos horménios da
tireoide alfa (TRa) (47 kDa), receptor nuclear dos hormonios da tireoide beta
(TRB) (55 kDa), enzima oxido nitrico sintase endotelial (eNOS) (150 kDa);
glurarredoxina 3 (37 kDa), tiorredoxina 1 (12 kDa), coativador 1-a do receptor
gama ativador da proliferacdo de peroxissomos (PGC-1a) (90 kDa), p53 (53
kDa), JNK (54/46 kDa), bcl-2 (26 kDa) e bax (20 kDa) (Santa Cruz
Biotechnology, Santa Cruz, CA ou Cell Signaling Technology, Beverly, MA). Os
anticorpos primarios foram detectados utilizando-se anticorpos secundarios de
acordo com a origem dos primarios e as membranas foram reveladas por
guimiluminescéncia. Os filmes autorradiograficos foram quantitativamente
analisados no densitometro de imagem (Imagemaster VDS CI, Amersham
Biosciences, Europe, IT). Os pesos moleculares das bandas de proteinas foram
determinados em referéncia a um marcador de peso molecular (RPN 800

rainbow full range Bio-Rad, CA, USA). Os resultados de cada membrana foram
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normalizados pelo método de coloracdo com vermelho de Ponceau (KLEIN et
al., 1995).

4.13. Andlise estatistica

A avaliacdo da normalidade (distribuicdo Gaussiana) dos dados foi
realizada através do método de Shapiro-Wilk. Uma vez que os dados
apresentaram distribuicdo normal, a comparacdo entre grupos foi feita através
da analise de variancia (ANOVA) de uma ou de duas vias, complementada com
0 teste de Student-Newmann-Keuls. Para a comparagao entre dados de dois
grupos (por exemplo, a area de infarto), foi utilizado o teste t de Student. A
correlacdo entre duas variaveis foi analisada através do teste de correlacdo de
Pearson. As diferencas foram consideradas significativas quando a analise
estatistica apresentou um P<0.05. Os resultados foram apresentados como
média + desvio padrdo ou como média + erro padrdo da média. O software
Sigma Plot 11.0 para Windows foi utilizado como ferramenta computacional para

analise estatistica dos dados.

4.14. Descarte de materiais biolégicos e quimicos

As carcacas dos animais mortos e os demais residuos biolégicos foram
armazenados em sacos brancos, identificados e levados ao biotério setorial da
Morfologia, local onde ha um freezer onde s&@o acondicionadas as carcagas.
Apds isso, os técnicos do CREAL ficaram responsaveis por orientar o
recolhimento pela empresa especializada no servico de coleta de materiais
bioldgicos. Os materiais toéxicos foram usados na capela e encaminhados para o
Centro de Gestdo e Tratamento de Residuos Quimicos da UFRGS para sua
correta eliminagdo. Todos o0s procedimentos com 0s animais e analises
posteriores foram feitos com uso de avental, luva cirargica, mascara (se
necessario), respeitando os devidos cuidados para prote¢cdo tanto dos animais

como do pesquisador.
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4.15. Consideracdes Eticas

O projeto para a realizacao deste estudo foi aprovado pela Comisséo de
Etica No Uso de Animais da UFRGS sob o nimero de 23262. Todos o0s
procedimentos descritos nesse estudo levaram em consideracao as definicoes
da Lei 11.794/08 (conhecida como lei Arouca) e a Diretriz Brasileira para o
Cuidado e a Utilizacdo de Animais para Fins Cientificos e Didéaticos - DBCA do

Conselho Nacional de Controle de Experimentacdo Animal (CONCEA).
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5. RESULTADOS

Os resultados dos estudos 1, 2 e 3 estdo expressos na forma de artigo

(artigos 1, 1l e lll, respectivamente).

ARTIGO I: referente ao estudo 1

Cardioprotective effects of thyroid hormones in a rat model of myocardial

infarction are associated with oxidative stress reduction

Publicado: Molecular and Cellular Endocrinology 391 (2014) 22-29
DOI: 10.1016/j.mce.2014.04.010

ARTIGO lI: referente ao estudo 2

T3 and T4 decrease ROS levels and increase endothelial nitric oxide synthase

expression in the myocardium of infarcted rats

Publicado: Molecular and Cellular Biochemistry 408 (2015) 235-243
DOI: 10.1007/s11010-015-2501-4.

ARTIGO lll: referente ao estudo 3

Thyroid hormones improve cardiac function and decrease pro-apoptotic proteins

expression in the heart of rats 14 days after infarction

Submetido para a publicacdo: Apoptosis Journal
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Abstract

Reactive oxygen species (ROS) are involved with progression from infarction to
heart failure. Studies show that thyroid hormones (TH) present cardioprotective
effects. This study aims to evaluate whether TH effects after infarction are
associated to redox balance modulation. Male Wistar rats were divided into four
groups: Sham-operated (SHAM), infarcted (AMI), sham-operated + TH (SHAMT),
and infarcted + TH (AMIT). During 26 days, animals received T3 (2 pg/100 g/day)
and T4 (8 upg/100 g/day) by gavage. Echocardiographic parameters were
assessed and heart tissue was collected to biochemical analysis. AMIT rats
presented absence of lung congestion, less cardiac dilatation, and normalization
in myocardial performance index, compared with AMI. AMI rats presented an
increase in hydrogen peroxide levels and in lipid peroxidation and a decrease in
GSH/GSSG. TH prevented these alterations in AMIT. In conclusion, TH seem to
reduce the levels of ROS, preventing oxidative stress, and improving cardiac

function in infarcted rats.

Keywords: T3; T4; redox balance; reactive oxygen species.
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Introduction

Several studies have shown that reactive oxygen species (ROS) are
involved in the process of cardiac remodeling after acute myocardial infarction
(Schenkel et al., 2012, 2010; Singal et al., 1999). As early as 48 hours after the
ischemic event, there is evidence of changes in oxidative stress parameters in
the myocardial tissue (Tavares et al., 2012). After injury, neurohumoral
mechanisms start to act in order to maintain cardiac function and the heart goes
into a compensated stage of hypertrophy (Francis et al., 2001). In this phase,
cellular antioxidant reserve increases (Singal et al., 1999). However, in a
decompensated stage of heart muscle, this reserve is reduced, resulting in the
occurrence of oxidative stress (Singal et al., 1999). This was demonstrated in
experimental models of acute myocardial infarction, 28 days after the ischemic
insult (Schenkel et al., 2010). In this work, the reduction in the fractional area
change of the heart was positively correlated with a decrease in the reduced to
oxidized glutathione ratio (GSH/GSSG) in heart tissue (Schenkel et al., 2010).

It has been recently shown that thyroid hormones may present a protective
effect after myocardial infarction (Forini et al., 2011; Mourouzis et al., 2013b;
Pantos et al., 2008, 2007). In a heart failure stage, plasma levels of these
hormones decrease and/or the expression of both thyroid hormone receptors
(TRs), TRa, and TR}, in the myocardium decreases (Forini et al., 2011; Pantos
et al.,, 2011). This scenario is detrimental for the heart, since these receptors,
especially TRa1, seem to be relevant for the cardiomyocytes response against
stress (Mourouzis et al., 2013a). Based on this, many studies have evaluated the
hypothesis that the administration of thyroid hormones could exert beneficial
effects on the heart (Forini et al., 2011; Mourouzis et al., 2013b; Pantos et al.,
2008, 2007). Treatment with T3 and T4, in the post-infarction period, could
prevent the development of tissue hypothyroidism and, thereby, mitigate
deleterious changes in the cardiac tissue (Pantos et al., 2011, 2010). The main
mechanism through which thyroid hormones could promote a cardioprotective
effect is by a genomic action, involving the binding of these hormones to its
intracellular receptors and the modulation of protein synthesis in the
cardiomyocyte (Pantos et al., 2011, 2010). T3 and T4 administration, after
myocardial infarction, could reduce the expression of beta-myosin heavy chain
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(B-MHC) and increase the expression of alpha-myosin heavy chain (a-MHC),
preventing fetal-like phenotypic changes in the heart and improving cardiac
contractility (Pantos et al., 2008). These hormones can also increase the
expression of vascular endothelial growth factor (VEGF) receptor-2, inducing
angiogenesis in the ischemic heart (Makino et al., 2009), and decrease the
expression of collagen type |, preventing fibrosis (Ziegelhoffer-Mihalovicova et
al., 2003). Echocardiographic analysis of infarcted rats treated with thyroid
hormones revealed an improvement in the left ventricular ejection fraction two
weeks after the ischemic event (Pantos et al., 2008). Also, 28 days after the
infarction, rats treated with T3 presented a preserved left ventricular systolic
function, when compared with non-treated animals (Forini et al., 2011).

Although thyroid hormones modulate significantly cardiac tissue redox
balance (Araujo et al., 2006; Fernandes et al., 2011), to our knowledge, there are
no studies that show the participation of ROS and redox status in the
cardioprotective effect of these hormones after myocardial infarction. Due to the
significant role of ROS in the progression from infarction to heart failure (Singal et
al., 1999), it would be interesting to evaluate its involvement in T3 and T4 positive
effects. Based on this, in the present study, we investigated whether the
beneficial effects of the administration of T3 and T4, during the post-infarction
period, could involve a modulation of redox balance and levels of ROS in the

heart.

Material and Methods

Ethical approval

The study and animal care procedures were approved by the Ethics
Committee for animal research at this University (Universidade Federal do Rio
Grande do Sul — UFRGS; process number 23262).

Animals
Male Wistar rats (347 + 48 g) were obtained from the Central Animal

House of the Universidade Federal do Rio Grande do Sul, Brazil. Animals were
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housed in plastic cages and received water and pelleted food ad libitum. They
were maintained under standard laboratory conditions (controlled temperature of
21 °C, 12 h light/dark cycle). They were allocated into 4 groups: Sham-operated
(SHAM), infarcted (AMI), sham-operated plus treatment (SHAMT), and infarcted
plus treatment (AMIT).

Surgical procedure

Animals were anesthetized (ketamine 90 mg kg™; xylazine 20 mg kg™,
i.p.), and myocardial infarctions were produced by a method similar to that
previously described (Johns and Olson, 1954). Animals were submitted to a
surgical procedure of ligature of the descending anterior branches of the left
coronary artery, or to a sham-operation in which all surgical procedures were
performed, except the suture around the coronary artery. The mortality,
evaluated 24 hours after the surgical procedure and during the protocol period,
was approximately 40%.

Thyroid hormones administration

After surgery, animals were allowed to recover for 2 days. After this, the
treated groups, SHAMT and AMIT, received T3 (2 pg/100 g/day) and T4 (8
Hg/100 g/day), diluted in saline by gavage, while the control groups, SHAM and
AMI, received just saline. The period of treatment was 26 days after the recovery

period.

Measurement of thyroid hormones in plasma

Anesthetized animals were submitted to blood collection from retro-orbital
plexus. The blood was centrifuged at 1000 X g for 10 min. Plasma L-thyroxine
and 3,5,3 triiodothyronine quantitative measurements were performed by
chemiluminescence using ROCHE cobas e-411 analyzer kits at TECSA

Veterinary Laboratory.

Morphometric analysis
Anesthetized animals were killed by cervical dislocation. The heart, lungs,
and liver were rapidly excised and weighted. The cardiac hypertrophy was

evaluated by the heart weight (in mg) to body weight (in g) ratio (Araujo et al.,
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2006). The scar area of the left ventricle was removed and weighted. The left
ventricle was separated for biochemical and western blot analysis and was
immediately frozen in liquid nitrogen. Liver and lung congestion were evaluated

by wet to dry weight ratio (g/g) (Fernandes et al., 2011; Tavares et al., 2010).

Echocardiographic analysis

Cardiac function was analyzed by echocardiography, 28 days after the
surgery. Rats were anesthetized and placed in left lateral decubitus position (45°)
to obtain cardiac images. Philips HD7 XE ultrasound system with a L12-13 MHz
transducer was used. Left ventricular systolic and diastolic transverse areas
(cm?) were obtained by tracing the endocardial border at three levels: basal,
middle, and apical. Left ventricular posterior wall thickness (cm) and heart rate
(beats/min) were measured using the M-Mode, in the previously described three
planes (Nozawa et al., 2006). Left ventricular ejection fraction was calculated
using Simpson's rule (Nozawa et al., 2006; Tavares et al., 2010). On each
echocardiographic transverse plane the arch corresponding to the segments with
infarction (I) and the total endocardial perimeter (EP) were measured at end-
diastole. Infarction size (IS) was estimated as % IS=(I/EP)x100 (Peron et al.,
2006; Tavares et al., 2010). Final value for each animal was obtained by taking
the average of all three planes (Nozawa et al., 2006; Tavares et al., 2010). Left
ventricular myocardial performance index (MPI) was calculated through Doppler

echocardiography (Cury et al., 2005).

Tissue preparation

The left ventricle was homogenized (1.15% w/v KCI and phenyl methyl
sulphonyl fluoride PMSF 20 mmol/l) in Ultra-Turrax. The suspension was
centrifuged at 1000 X g for 10 min at 0—4°C to remove the nuclei and cell debris
and supernatants were used for the oxidative stress measurements (Llesuy et al.,
1985).

Determination of hydrogen peroxide levels
Hydrogen peroxide was measured via its horseradish peroxidase-
mediated oxidation of phenol red. The results were expressed in nmoles of H,O,

per milligram of protein (Pick and Keisari, 1980).
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Determination of oxidized and reduced glutathione concentration

To measure oxidized (GSSG) and reduced glutathione (GSH)
concentration, the heart tissue was deproteinized with 2 mol/L perchloric acid,
centrifuged for 10 min at 1000 X g, and the supernatant was neutralized with 2
mol/L potassium hydroxide. The determination of GSH was based on the reaction
with 5.50 dithiobis (2-nitrobenzoic acid), was catalyzed by glutathione reductase
and the absorbance values were measured at 420 nm. To measure GSSG, n-
ethylmaleimide was added to the neutralized supernatant to perform the reaction
above described (Akerboom and Sies, 1981).

Determination of lipid peroxidation using tert-butyl-hydroperoxide-initiated
chemiluminescence

Chemiluminescence was measured in a liquid scintillation counter in the
out-of-coincidence mode (LKB Rack Beta Liquid Scintillation Spectrometer 1215,
LKB —Produkter AB, Sweden). Homogenates were placed in low-potassium
vials at a protein concentration of 0.5-1.0 mg/mL in a reaction medium consisting
of 120 mmol/L KCI, 30 mmol/L phosphate buffer (pH = 7.4). Measurements were
initiated by the addition of 3 mmol/L tert-butyl hydroperoxide. Data was
expressed as counts per second per milligram of protein (cps/mg protein)
(Gonzalez et al., 1991).

Determination of antioxidant enzymes activity

Superoxide dismutase (SOD) activity was evaluated on the basis of the
inhibition of a superoxide radical reaction with pyrogallol, measured at 420 nm. It
was expressed as units per milligram of protein (Marklund, 1985). Catalase
activity was measured by following the decrease in hydrogen peroxide (H.0,)
absorbance at 240 nm. It was expressed as pmoles of H,O, reduced per minute
per milligram of protein (Aebi, 1984). Glutathione peroxidase (GPx) activity was
based on the consumption of NADPH and was measured at 340 nm. Mainly the
non-selenium glutathione peroxidase isoform was analyzed, since terc-butil was
used as a substrate. The activity was expressed as nmols of
peroxide/hydroperoxide reduced per minute per milligram of protein (Flohe and
Gunzler, 1984).
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Determination of protein concentration
Protein was measured through the method of Lowry (Lowry et al., 1951),

using bovine serum albumin as standard.

Western blot analysis

Tissue homogenization, electrophoresis, and protein transference were
performed as previously described (Laemmli, 1970; Araujo et al., 2006). Fifty
micrograms of protein was submitted to one-dimensional sodium docedyl
sulphate-polyacrylamide gel electrophoresis in a discontinuous system using 8-
12% (w/v) separating gel and stacking gel (Laemmli, 1970). The
immunodetection was processed using the following primary antibodies: SOD (23
kDa), catalase (64 kDa), GPx (22 kDa), nuclear factor erythroid-derived 2 (Nrf2)
(55 kDa), xanthine oxidase (XO) (150 kDa), thyroid hormones receptor alpha
(TRa) (47 kDa) and thyroid hormones receptor beta (TRB) (55 kDa) (Santa Cruz
Biotechnology, Santa Cruz, CA or Cell Signaling Technology, Beverly, MA). The
bound primary antibodies were detected using anti-rabbit or anti-mouse
horseradish peroxidase-conjugate secondary antibodies and the membranes
were developed wusing chemiluminescence detection reagents. The
autorradiographs generated were quantitatively measured with an image
densitometer (Imagemaster VDS Cl, Amersham Biosciences Europe, IT). The
molecular weights of the bands were determined by reference to a standard
molecular weight marker (RPN 800 rainbow full range Bio-Rad, CA, USA). The

results were normalized by Ponceau method (Klein et al., 1995).

Statistical analysis

Data were expressed as mean + SD. Two way ANOVA with Student-
Newmann-Keuls post hoc test was used to compare multiple groups. The
correlation between two variables was analyzed by Pearson’s correlation. Values

of P < 0.05 were considered statistically significant.
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Results

Thyroid hormone levels in plasma

After 26 days of thyroid hormones administration, the T3 plasma levels
was significantly increased in AMIT group when compared with AMI as shown in
Table A. In SHAMT rats, however, these levels were not statistically different
from other groups. There is also no difference in T3 levels between AMI and

SHAM. Levels of T4 were not different between the groups.

Morphometric analysis

Table A shows the morphometric measurements obtained at 28 days after
the surgery. The body weight was not different between the groups. There was
also no significant difference in the scar weight between AMI and AMIT groups.
The heart weight and the heart weight to body weight ratio, which evaluates heart
hypertrophy, were increased in AMI and SHAMT groups when compared with
SHAM. In AMIT rats, these parameters were increased when compared with AMI
and SHAMT. AMI rats presented an increase of 26% in the lung wet to dry weight
ratio when compared with SHAM rats, indicating the development of lung
congestion. Hormonal treatment prevented this increase in AMIT rats. In this
group, the value of this parameter was reduced compared to AMI and it was not
different from SHAMT rats (Table A). MPI was positively correlated with lung
congestion (r = 0.60, P = 0.013). The liver wet to dry weight ratio, which indicates
liver congestion, was not different between the groups.

Echocardiographic analysis

Table A shows echocardiographic measurements obtained 28 days after
surgery. There was no significant difference in the infarct size area between AMI
and AMIT groups. Infarcted animals showed a significant cardiac dilatation,
evaluated through the measurement of left ventricular systolic and diastolic
transverse areas. These parameters were increased in AMI and AMIT rats when

compared with SHAM and SHAMT, respectively. However, AMIT group
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presented smaller systolic and diastolic areas when compared with AMI (Table
A). Twenty-eight days after the surgery, AMI rats showed a decrease of 12% in
the left ventricular posterior wall thickness when compared with SHAM group.
Hormonal treatment prevented this decrease in AMIT rats (Table A). In this
group, this parameter was not different from SHAMT. Twenty-eight days after the
infarction, heart rate was not altered in AMI group when compared with SHAM.
However, AMIT and SHAMT rats presented an increase in heart rate when
compared with AMI and SHAM, respectively. Infarcted animals presented a
significant deterioration in cardiac systolic function, evaluated through ejection
fraction, when compared with SHAM animals (Table A). On the other hand,
global cardiac function, evaluated through MPI, was impaired only in AMI rats.
This group showed an increase of 102% in MPI when compared with SHAM
group. In AMIT group, however, this parameter was 23% reduced when
compared with AMI and was not statistically different from SHAMT (P = 0.062)
(Fig. A).

Oxidative stress analysis and protein expression

The levels of hydrogen peroxide were measured in the heart tissue. AMI
rats presented an increase in these levels when compared with SHAM group.
Treatment with thyroid hormones prevented this increase in AMIT rats (Fig. B.1).
The levels of GSH (Fig. B.2) were not different between the groups. GSSG
levels, however, were increased in AMI group compared with SHAM. T3 and T4
administration reduced significantly these levels in AMIT (Fig. B.3). The
GSH/GSSG ratio, representing redox balance, was significantly reduced in AMI
and SHAMT groups, when compared with SHAM. In AMIT rats, this ratio was
increased compared with AMI and SHAMT groups (Fig. B.4). Lipid peroxidation,
a marker of oxidative damage, was 52% increased in AMI when compared with
SHAM group. Hormonal treatment prevented this increase in AMIT rats (Fig.
B.5). The activity and expression of antioxidant enzymes were also measured in
the heart tissue. SOD activity and expression were increased in AMI when
compared with SHAM and AMIT groups (Fig. C.1 and C.2). This enzyme activity
was positively correlated with the levels of GSSG (r = 0.42, P = 0.021). The
activity and the expression of catalase, however, were not different between the

groups (Fig. C.3 and C.4). On the other hand, GPx activity was increased in AMI
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and AMIT rats compared with SHAM and SHAMT, respectively. There is no
difference in this enzyme activity between both infarcted groups. In SHAMT rats,
this enzyme activity was decreased compared to SHAM (Fig. C.5). GPx
expression was significantly increased in AMI rats when compared with SHAM
and AMIT (Fig. C.6). The expression of Nrf2, XO, and TRa were also analyzed.
Nrf2 expression was increased in AMI rats when compared with SHAM. In AMIT
rats, however, it was reduced when compared with AMI and it was not different
from SHAMT (Fig. D.1). The expression of XO was reduced in AMIT rats when
compared with AMI and SHAMT (Fig. D.2). TRa expression was not different
between the groups (Fig.D.3). TRB expression, however, was increased in AMIT
rats when compared with AMI and SHAMT. In AMI group, this receptor
expression was not different from SHAM (Fig. D.4).

Discussion

The main finding of this study was to demonstrate that treatment of
infarcted rats with thyroid hormones promoted beneficial effects in the left
ventricle, not only decreasing the levels of hydrogen peroxide, but also
preventing redox imbalance and lipid peroxidation. This was associated with
normalization in MPI, reduction in cardiac dilatation, and absence of lung
congestion 28 days after the ischemic insult.

The rats submitted to acute myocardial infarction showed impairment in
cardiac function and left ventricular dilatation. These findings are similar to what
was previously described (Schenkel et al., 2010; Tavares et al., 2010). The
similarity among infarcted areas exhibited in all animals is a good indicative of the
reproducibility of the surgical method used in the present study (Schenkel et al.,
2010; Tavares et al., 2010). The levels of T3 and T4 were not different in AMI
rats when compared with SHAM. Corroborating with this, several studies in rats
also did not demonstrate alteration in the plasma levels of these hormones after
myocardial infarction (Chen et al., 2013, Pantos et al., 2008, 2007). Analyzing the
morphometric measurements, it was found that AMI rats presented heart
hypertrophy and lung congestion. These results are in accordance with other
studies that found an increase in cardiac mass and a progression to heart failure
in this experimental model (Schenkel et al., 2012, 2010). In addition to

morphometric data, echocardiographic findings showed that AMI rats presented
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cardiac dilatation and loss of posterior wall thickness. This group seems to
present a pattern of eccentric pathological hypertrophy (Grossman et al., 1975).
These alterations in cardiac morphology were followed by a deterioration in
cardiac systolic function, evaluated through ejection fraction. MPI, which is an
index of cardiac global function (systolic and diastolic), was also impaired in
these animals. An increase in this parameter suggests an adaptive response of
the heart in an attempt to keep its pumping ability after myocardial injury (Cury et
al., 2005).

The hormonal treatment promoted higher plasma levels of T3 in AMIT rats
when compared with AMI. The levels of T4, however, were not increased in
treated animals. A conversion of T4 to T3 by deiodinases type-1 (D1) and type-2
(D2) may be a possible explanation for this result (Gereben et al., 2008).
However, since this mechanism was not evaluated, it is not possible to confirm it.
The higher levels of T3 seem to be the reason for the increase in heart rate found
in AMIT rats and it was also described previously (Pantos et al., 2008, 2007).
AMIT rats presented the highest values of cardiac hypertrophy when compared
with other groups. This finding probably reflects a synergistic effect of hormonal
treatment and post-infarction hypertrophic response. In this group, thyroid
hormones prevented the loss of the posterior wall thickness, resulting in higher
cardiac mass. Treatment with T3 and T4 also prevented the development of lung
congestion in infarcted rats (Table A). Similar results were found in infarcted mice
that received thyroid hormones (Mourouzis et al., 2012). AMIT rats showed a
reduction in cardiac dilatation when compared with AMI. Corroborating these
results, Pantos et al., (2008), demonstrated that thyroid hormones are capable of
promoting favorable ventricle remodeling and reducing left ventricular chamber
dilatation (Pantos et al. 2008). In the present study, the dose of thyroid hormones
administrated did not improve ejection fraction in AMIT rats. Nevertheless, many
studies have shown an improvement of this parameter in infarcted rats treated
with T3 and/or T4 (Pantos et al., 2008, 2007; Forini et al., 2011). The AMIT
group, however, presented a normalization in MPI. Since MPI is not influenced by
heart rate (Poulsen et al., 2000), which is increased by thyroid hormones, this
parameter could be an interesting tool to evaluate cardiac global function in this
experimental model. This functional improvement, evaluated through MPI, was

correlated with the absence of lung congestion in treated animals. Therefore, the
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administration of thyroid hormones produced an improvement in both
morphological and functional parameters, as was previously described by other
authors (Pantos et al., 2008; Mourouzis et al., 2012).

AMI rats presented an increase in the levels of hydrogen peroxide when
compared with other groups. This was associated with redox imbalance,
demonstrated through an increase in GSSG levels and a reduction in
GSH/GSSG ratio. High levels of hydrogen peroxide were also associated with
lipid peroxidation in AMI rats. Treatment with thyroid hormones normalized the
levels of hydrogen peroxide and the redox balance, and protected against lipid
peroxidation in infarcted rats. In SHAMT group, however, we verified a
deterioration in the redox status and a decrease in GPx activity when compared
with SHAM. These results demonstrate that positive effects of these hormones
occur mainly in a context of heart disease.

As a response to high levels of hydrogen peroxide and to oxidative stress,
cellular defenses need to become more activated (Halliwell, 2006). In this
scenario, an increase in ROS levels could induce the activation of the
transcription factor, Nrf2 (Itoh et al., 2004; Videla, 2010). In the presence of
oxidant molecules, the Nrf2 can translocate to the nucleus and interact with the
antioxidant response elements (ARES) localized in the promoter region of SOD
and GPx genes, increasing the expression of these enzymes (ltoh et al., 2004).
In fact, we found an increase in the expression of the Nrf2 and of the antioxidant
enzymes, SOD and GPx, in AMI rats. SOD and GPx activity was also higher in
this group. Since ROS are the main substrate for these enzymes, high levels of
these species may explain the increase in the enzymatic activity (Halliwell, 2006).
In AMIT rats, the expression of the Nrf2, and of the enzymes SOD and GPx were
not induced. The activity of SOD and catalase was also not increased in these
animals when compared with SHAMT. The low levels of hydrogen peroxide found
in this group is probably the explanation for these results. GPx activity, however,
was increased when compared with SHAMT and it was not different from AMI. In
view of that, GPx could present an important part in thyroid hormones protective
effect against oxidative stress.

Thyroid hormones administration reduced the expression of the enzyme
XO in AMIT rats when compared with AMI and SHAMT. Since XO is an important
source of ROS in the heart (Kelley et al., 2010), a decrease in the expression of
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this protein could be a possible explanation for the low levels of hydrogen
peroxide found in AMIT group. Under physiological conditions, xanthine
dehydrogenase form is predominant; however, it can be converted into XO by the
oxidation of sulfhydryl residues or by limited proteolysis. This enzyme can
generate hydrogen peroxide through the catalytic oxidative hydroxylation of
purine substrates (Kelley et al., 2010). An increase in the expression of XO was
demonstrated in rats with dilated cardiomyopathy and its inhibition was reported
to improve cardiac remodeling (Minhas et al., 2006). In the present study, the
decrease in XO expression in AMIT rats could be involved with the positive
effects in terms of cardiac remodeling found in this group. A decrease in the
levels of hydrogen peroxide promoted by thyroid hormones was also described in
the hepatic tissue of rats (Videla, 2010). In the liver, low doses of T3 could
stimulate an acceleration of substrate cycles, increasing mitochondrial oxidative
phosphorylation, and induce transcriptional upregulation of uncoupling protein
genes, leading to less mitochondrial ROS generation (Grant, 2007; Voci et al.,
2001). The importance of these mechanisms in the effects of T3 and T4 on
cardiac oxidative stress still needs to be investigated.

Thyroid hormones administration did not modify TRa expression in the
infarcted myocardium. Despite the fact that this receptor is relevant for T3 and T4
cardioprotective effect (Mourouzis et al., 2013a), the positive effects found in the
present study did not seem to involve a modulation of its expression. TR
expression, however, was increased in AMIT rats when compared with AMI and
SHAMT. This receptor was described to be decreased in an early phase of
myocardial infarction and this was related with a pathological hypertrophy of the
heart and with a progression to a heart failure state (Pantos et al., 2010b).
Although AMI group did not present a reduction in TRB levels, the hormonal
doses used in our protocol were able to increase this receptor expression in the
infarcted rats. This result could be involved with the positive effects of T3 and T4
found in AMIT group.

As a limitation of the present study, the lack of a control group using T3
and T4 alone did not permit to isolate the effects of each hormone in terms of
cardioprotection after myocardial infarction. Another weakness of this study is the
absence of an evaluation of the Nrf2 translocation process to the nuclear

compartment, which would add more information about the regulation of ARE-
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modulated gene expression. The expression of this transcription factor was
performed in cardiac tissue homogenate and cytosolic and nuclear expression
were not evaluated separately.

Conclusion

Taken together, our data suggest that hormonal treatment with T3 and T4
promotes an improvement in cardiac function and in redox balance, reducing the
levels of ROS and preventing the lipid peroxidation. It seems to be beneficial for
cardiomyocytes, since high levels of these species are involved with apoptosis
and heart failure (Singal et al., 1999). This process may have a significant
implication in the cardioprotective effect of thyroid hormones in the myocardial

infarction.
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Figure Captions

Figure A. Myocardial Performance Index, 28 days after myocardial infarction.
Values are expressed as mean + SD from 6-8 animals per group. Two way
ANOVA (Student Newman—Keuls post hoc test). ? Significantly different from
SHAM group (P < 0.05); ® significantly different from AMI group (P < 0.05). MPI (®
P <0.001, P = 0.010).

Figure B. Hydrogen peroxide levels, redox balance, and lipid peroxidation in
cardiac tissue, 28 days after myocardial infarction. Values are expressed as
mean +* SD from 6-8 animals per group. Two way ANOVA (Student Newman—
Keuls post hoc test). @ Significantly different from SHAM group (P < 0.05); °
significantly different from AMI group (P < 0.05); © significantly different from
SHAMT group (P < 0.05). (1) Hydrogen peroxide levels (* P = 0.010, ° P < 0.001).
(2) GSH. (3) GSSG (* P < 0.001, P P = 0.013). (4) GSH/GSSG (SHAM versus
AMI @ P < 0.001, SHAM versus SHAMT 2 P < 0.001, P = 0.012, °P = 0.034). (5)
Lipid Peroxidation (3 P < 0.001, °P = 0.015).

Figure C. Antioxidant enzymes activity and expression in cardiac tissue, 28 days
after myocardial infarction. Values are expressed as mean +SD from 6-8 animals
per group. Two way ANOVA (Student Newman-Keuls post hoc test). @
Significantly different from SHAM group (P < 0.05); ° significantly different from
AMI group (P < 0.05); € significantly different from SHAMT group (P < 0.05). (1)
SOD activity (® P = 0.009, ® P = 0.017) and (2) expression (* P = 0.007, ° P =
0.009). (3) Catalase activity and (4) expression. (5) GPx activity (SHAM versus
AMI @ P = 0.041, SHAM versus SHAMT 2 P = 0.016, * P = 0.005) and (6)

expression (¢ P = 0.002, P = 0.001).

Figure D. Nrf2, XO, TRa and TR expression in cardiac tissue, 28 days after
myocardial infarction. Values are expressed as mean £SD from 6-8 animals per
group. Two way ANOVA (Student Newman—Keuls post hoc test). ? Significantly
different from SHAM group (P < 0.05); b significantly different from AMI group (P
< 0.05); ¢ significantly different from SHAMT group (P < 0.05). (1) Nrf2 expression
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(G P =0.002, PP = 0.009). (2) XO expression (° P = 0.006, °P = 0.017). (3) TRa
expression. (4) TRB expression (b P =0.011, °P < 0.001).
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Table A: Thyroid hormones levels and morphometric and echocardiographic

parameters, 28 days after myocardial infarction.

Parameters Non-Treated Treated

SHAM AMI SHAMT AMIT
Thyroid hormones levels
T4 (ug/dL) 5.61+ 1.01 6.30+ 0.46 6.02+ 2.38 6.06+ 1.57
T3 (ng/dL) 109+ 21 114+ 19 235+ 172 200+ 59 b
Morphometric data
Scarweight (g) e 0.09+0.04 e 0.08+ 0.03
Body weight (g) 362+ 43 359+ 51 361+ 51 323+ 46
Heart weight (g) 0.87+0.05 1.04+0.12 a 1.01+0.12a  1.26+0.12 bc
Heart/body weight (mg/g) 2.43+0.24 3.00£0.43 a 2.88+044a  4.01+0.82bc
Lung wet/dry weight (9/g) 1.49+0.27 1.88+0.37 a 1.57+0.24 1.43+0.22 b
Liver wet/dry weight (g/g) 3.36+0.08 3.40+0.02 3.41+0.10 3.54+0.30
Echocardiographic data
Infarction size (%)  ----mmmemeeeee- 542+ 156 = - 52.7+ 8.7
LVDA (cm?) 0.40+ 0.06 0.83+0.04 a 0.44+0.12 0.72+ 0.10 bc
LVSA (cm?) 0.17+0.03 0.62+ 0.06 a 0.20+ 0.05 0.53+ 0.09 bc
LVPW (cm) 0.17+0.01 0.15+0.01 a 0.17+0.01 0.18+0.02 b
Ejection Fraction (%) 64.7+£7.18 38.5£9.23 a 63.0+7.88 38.319.84 ¢
HR (beats/min) 222+42 227+14 279+73 a 320+24 b

Values are expressed as mean + SD from 6-8 animals per group. LVDA (left ventricular diastolic area),
LVSA (left ventricular systolic area), LVPW (left ventricular posterior wall thickness), HR (heart rate).
Significantly different from SHAM group (P < 0.05); b significantly different from AMI group (P < 0.05); ©

significantlg/ different from SHAMT group (P < 0.05).
T3 levels (° P = 0.008); Heart weight (SHAM versus IAM P = 0.003, SHAM versus SHAMT #P = 0.010, bp
< 0.001, °P < 0.001); Heart/body weight (SHAM versus IAM 2P = 0.025, SHAM versus SHAMT P = 0.047,
P < 0.001, °P < 0.001); Lung wet/dry weight (* P = 0.017, P = 0.014); LVDA (*P < 0.001, ° P = 0.002, °P <
0.001); LVSA (*P < 0.001, °P = 0.017, °P < 0.001); LVPW (*P = 0.021, ° P = 0.002); Ejection Fraction (*P <
0.001, °P < 0.001); HR (*P = 0.022, °P = 0.003).

66



Figure A

o
[=-]
)

o
o
1

o
N
h

Myocardial Performance Index
o
B
1

o
o

T

Non-Treated

Treated

] SHAM
m AMI

67



Figure B
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Figure C
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Figure D
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Abstract

Myocardial infarction leads to a reduction in nitric oxide (NO) bioavailability and
an increase in reactive oxygen species (ROS) levels. This scenario has been
shown to be detrimental to the heart. Recent studies have shown that thyroid
hormone (TH) administration presents positive effects after ischemic injury.
Based on this, the aim of this study was to evaluate the effect of TH on NO
bioavailability as well as on endothelial nitric oxide synthase (eNOS) expression
after myocardial infarction. Male Wistar rats were divided into three groups:
Sham-operated (SHAM), infarcted (AMI) and infarcted + TH (AMIT). During 26
days, the AMIT group received T3 and T4 (2 and 8 ug/100g/day, respectively) by
gavage, while SHAM and AMI rats received saline. After this, the rats underwent
ecocardiographic analysis, were sacrificed and the left ventricle was collected for
biochemical and molecular analysis. Statistical analysis: one-way ANOVA with
Student-Newman-Keuls post test. AMI rats presented a 38% increase in ROS
levels. TH administration prevented these alterations in AMIT rats. The AMIT
group presented an increase in eNOS expression, in NOS activity and in nitrite
levels. TH administration also increased PGC-1a expression in the AMIT group.
In conclusion, TH effects seem to involve a modulation of eNOS expression and

an improvement in NO bioavailability in the infarcted heart.

Keywords: heart failure; thyroid hormones; oxidative stress; nitric oxide.
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Introduction

Myocardial infarction results in the loss of viable cardiomyocytes and the
development of heart failure, which is a major cause of mortality and morbidity
[1]. Much evidence suggests the involvement of reactive oxygen species (ROS)
in the impairment of cardiac function found in the post-infarction period [2, 3].
High levels of ROS are correlated with dilatation of the cardiac chambers and
with an increase in left ventricle end-diastolic pressure after ischemic injury [4].
Two important antioxidant defences against ROS in the heart are the thioredoxin
(TRX) and glutaredoxin (GRX) systems [5]. In the cells, TRX can act as an
antioxidant enzyme, donating hydrogen to oxidized proteins. In this process, this
enzyme becomes oxidized and in turn can be regenerated by TRX reductase [5].
In infarcted mice, the exogenous administration of TRX1 was shown to reduce
cardiomyocyte apoptosis [6]. GRX, in turn, can catalyse the reduction of mixed
disulphides, regenerating the activities of important cellular molecules [5, 7, 8].

Myocardial infarction has also been associated with a decrease in nitric
oxide (NO) bioavailability, which can be evaluated by the balance between ROS
and NO levels [9, 10]. In fact, high levels of ROS can cause an increase in the
ROS/NO balance, which seems to be detrimental to the heart [9]. In the cardiac
tissue, NO is mainly produced by endothelial nitric oxide synthase (eNOS), which
is an important enzyme in terms of cardioprotection [11]. One study showed that
transplantation of adipose tissue-derived stem cells embedded with eNOS was
capable of restoring NO bioavailability in the heart [12]. eNOS-derived NO can
cause beneficial effects such as an increase in guanosine 3,5-monophosphate
(cGMP)-dependent expression of peroxisome proliferator activated receptor
gamma (PPAR gamma) co-activator 1a (PGC-1a) [13]. This transcriptional factor
is a strong promoter of mitochondrial biogenesis and is related with positive
effects on cardiac cell metabolism [14].

Several studies have evaluated the use of thyroid hormones as a
therapeutic tool for the treatment of complications of acute myocardial infarction
[14-16]. In an experimental model of infarction, thyroid hormone administration
was capable of promoting favourable ventricle remodelling and decreasing

cardiac wall stress [15]. Recently, the effects of T3 and T4 after myocardial
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infarction were associated with an improvement in the redox status of the
myocardium [17].

Despite the fact that the ROS/NO balance seems to be relevant for the
infarcted heart [9-12], there are no studies evaluating the effects of T3 and T4 in
this balance, as well as on eNOS expression, after myocardial infarction. Based
on this, the aim of this study was to investigate the effects of thyroid hormones in

the ROS/NO balance as well as on eNOS expression after myocardial infarction.

Material and Methods

Ethical approval

The study and animal care procedures were approved by the Ethics
Committee for animal research at this University (Universidade Federal do Rio
Grande do Sul — UFRGS; process number 23262).

Animals

Male Wistar rats (354 + 47 g) were obtained from the Central Animal
House of the Universidade Federal do Rio Grande do Sul, Brazil. The animals
were housed in plastic cages and received water and pelleted food ad libitum.
They were maintained under standard laboratory conditions (controlled
temperature of 21 °C, 12 h light/dark cycle) and divided into 3 groups (5-7
animals per group): (SHAM), infarcted (AMI) and infarcted plus thyroid hormone
administration (AMIT).

Surgical Procedure for Myocardial Infarction

Rats were anesthetized with ketamine (90 mg kg™, i.p.) and xylazine (20
mg kg™, i.p.) and myocardial infarction was produced by a method similar to one
previously described [18]. Rats were submitted to a surgical ligature of the
descending anterior branches of the left coronary artery, or to a sham-operation.

The mortality of infarcted rats was approximately 40%.

T3 and T4 administration
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Rats were allowed to recover for 48 hours (2 days) after the surgery. After
this period, the AMIT group received T3 (2 pg/100 g/day) and T4 (8 pg/100
g/day), diluted in saline by gavage, while the SHAM and AMI groups received just
saline. The period of hormonal administration was 26 days after the recovery

period.

Measurement of T3 and T4 in plasma

Anesthetized rats were submitted to blood collection from the retro-orbital
plexus 28 days after the surgery. The blood was centrifuged at 1000 X g for 10
min. Quantitative plasma T3 and T4 measurements were performed by
chemiluminescence using ROCHE cobas e-411 analyser kits at TECSA

Veterinary Laboratory.

Morphometric analysis

Twenty-eight days after the surgery, anesthetized rats were killed by
cervical dislocation. The heart was rapidly excised and the scar area was
removed and discarded. The left ventricle (LV) was separated, weighed and
immediately frozen in liquid nitrogen. This tissue was used for biochemical and
western blot analysis. LV hypertrophy was evaluated by the LV weight (in mg) to
body weight (in g) ratio and the LV weight (in mg) to tibia length (in cm) ratio [19].

Echocardiographic analysis of infarction size

Rats were submitted to echocardiographic analysis 28 days after the
surgery. Rats were anesthetized and placed in the left lateral decubitus position
(45°) to obtain cardiac images. A Philips HD7 XE ultrasound system with a L2-13
MHz transducer was used. On each echocardiographic transverse plane, basal,
middle and apical, the arch corresponding to the segments with infarction (I) and
the total endocardial perimeter (EP) were measured at end-diastole. Infarction
size (IS) was estimated as % I1S=(I/EP)x100 [20, 21]. LV systolic and diastolic
diameters (cm) and systolic posterior wall thickness (cm) were measured using
the M-Mode in three planes: basal, middle and apical. A final value for each
animal was obtained by taking the average of all three planes [20, 21]. The wall

tension index was evaluated as previously described [15, 16].
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Tissue preparation

The LV was homogenized (1.15% w/v KCI and phenyl methyl sulfonyl
fluoride PMSF 20 mmol/L) in Ultra-Turrax. The suspension was centrifuged at
1000 X g for 10 min at 4°C to remove nuclei and cell debris and the supernatants

were used for biochemical measurements [22].

Determination of ROS levels

ROS generation was measured by 2',7'-dichlorofluorescin diacetate
(DCFH-DA) fluorescence emission (Sigma-Aldrich, USA). DCFH-DA s
membrane permeable and is rapidly oxidized to the highly fluorescent 2,7-
dichlorofluorescein (DCF) in the presence of intracellular ROS. The samples
were excited at 488 nm; emission was collected with a 525 nm long pass filter

and expressed as nmols per milligram of protein [23].

GRX activity

GRX activity was assayed through the protocol established by Holmgren
and Aslund [24]. The amount of GSSG produced was measured
spectrophotometrically at 340 nm after the addition of glutathione reductase and
NADPH. It was expressed as nmols per milligram of protein.

TRX reductase activity

TRX reductase activity was assayed by an in vitro reduction of
dithionitrobenzoic acid (DTNB) to 50-thionitrobenzoic acid (TNB). The conversion
of DTNB to TNB was measured spectrophotometrically at 412 nm. It was

expressed as units per minute per milligram of protein [25].

Nitric oxide synthase (NOS) activity

NOS activity was assessed by measuring the NO-induced conversion of
oxyhaemoglobin to methaemoglobin, as previously described [26]. The reaction
medium was composed of mmol/L: CaCl, 1.8, KCI| 2.7, MgCl, 0.23, NaCl 137,
NaH,PO, 3.6, glucose 5.0, HEPES 10, pH 7.4, containing 2 pmol/L HbO, and 1
mmol/L L-arginine. It was expressed as nmols of NO per minute per milligram of

protein.
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Determination of Nitrites

Nitrites (NO,) were determined using the Griess reagent, in which a
chromophore with a strong absorbance at 540 nm is formed by the reaction of
nitrite with a mixture of naphthylethylenediamine (0.1%) and sulfanilamide (1%).

The results were expressed as mmol/L per milligram of protein [27].

Determination of protein concentration
Protein was measured through the method of Lowry [28], using bovine

serum albumin as standard.

Western blot analysis

Tissue homogenization, electrophoresis, and protein transfer were
performed as previously described [29]. Forty micrograms of protein were
subjected to one-dimensional sodium docedyl sulphate-polyacrylamide gel
electrophoresis in a discontinuous system using an 8-12% (w/v) separating gel
and stacking gel [29]. The immunodetection was processed in PVDF membranes
using the following primary antibodies: GRX3 (37 kDa), TRX1 (12 kDa), eNOS
(150 kDa) and PGC-1a (90 kDa) (Santa Cruz Biotechnology, Santa Cruz, CA or
Cell Signalling Technology, Beverly, MA). The bound primary antibodies were
detected using anti-rabbit or anti-mouse horseradish peroxidase-conjugate
secondary  antibodies. The membranes were developed using
chemiluminescence detection reagents and the autoradiographs generated were
qguantitatively measured with an image densitometer (Imagemaster VDS ClI,
Amersham Biosciences Europe, IT). The molecular weights of the bands were
determined by reference to a standard molecular weight marker (RPN 800
rainbow full range Bio-Rad, CA, USA). The results were normalized by the

Ponceau method [30].

Statistical analysis

Data were expressed as mean + SEM. One-way ANOVA with Student-
Newmann-Keuls post hoc test was used to compare multiple groups. Student’s t-
test was used to compare the infarction size between the AMI and AMIT groups.
The correlation between two variables was analysed by Pearson’s correlation.

Values of P < 0.05 were considered statistically significant.
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Results

T3 and T4 levels in plasma

T3 and T4 levels are shown in Table 1. After 26 days of hormonal
administration, T3 levels were significantly increased in the AMIT group when
compared with AMI and SHAM. There was no difference in T3 levels between

AMI and SHAM rats. The levels of T4 were not different among groups.

Morphometric and Echocardiographic data

Body weight was no different between the groups. The LV weight was
increased 21% and 44% in AMI and AMIT rats, respectively, when compared
with SHAM animals. AMIT rats presented the highest value of this parameter
(Table 1). LV hypertrophy indicators (LV weight to body weight and LV weight to
tibia length ratios) were increased in both infarcted groups when compared with
SHAM. In AMIT rats, these parameters were augmented as compared to both the
AMI and SHAM groups. LV diastolic and systolic diameters were also evaluated.
These parameters were increased in the infarcted groups when compared with
the SHAM group. There were no differences between AMI and AMIT rats in
relation to these parameters. In terms of LV systolic posterior wall thickness, the
AMI rats presented a decrease in these parameters when compared with SHAM
rats. In the AMIT group, the hormonal treatment prevented this decrease. The
wall tension index, which is indicative of cardiac wall stress, was also evaluated.
This parameter was increased in the AMI rats when compared with the SHAM
animals. T3 and T4 administration promoted a reduction of 15% in this parameter
in AMIT as compared to AMI rats. There was no significant difference in infarction
size between the AMI and AMIT groups (Table 1).

Biochemical and Western Blot data

AMI rats presented an increase of 38% in ROS levels when compared with
the SHAM group. Thyroid hormone administration prevented this increase in
AMIT rats. In this group, the levels of ROS were no different from those in SHAM

animals (Figure 1). The levels of ROS were positively correlated with the wall
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tension index (r = 0.51, P = 0.027). T3 and T4 administration significantly
increased eNOS expression and NOS activity in AMIT rats when compared with
AMI and SHAM. There was no difference in these parameters between AMI and
SHAM animals (Figure 2a and 2b). The levels of nitrites, which are NO
metabolites, were also increased in AMIT animals when compared with AMI and
SHAM. There was no difference in these levels between the two non-treated
groups (Figure 2c). The levels of nitrites were positively correlated with NOS
activity (r = 0.55, P = 0.026). AMI rats also presented an increase of 105% in
GRX activity when compared with SHAM. In AMIT rats, this enzyme activity was
no different from in SHAM rats (Figure 3a). GRX activity was positively correlated
with the levels of ROS (r= 0.50, P = 0.013). GRX3 expression, however, was no
different between groups (Figure 3b). TRX reductase activity (Figure 3c) and
TRX1 expression (Figure 3d) were also no different among groups. The protein
expression of PGC-1a was increased in AMIT rats when compared with SHAM
animals (Figure 4). The expression of this transcription factor was positively
correlated with NOS activity (r = 0.67, P = 0.032).

Discussion

The main finding of this study was to demonstrate that T3 and T4
administration decreased ROS levels and increased eNOS expression in the
infarcted heart. This was associated with an increased PGC-1a expression in the
cardiac tissue.

Left coronary artery ligation promoted cardiac injury in the infarcted rats,
leading to the loss of LV viable myocardium and the formation of a scar. The
infarction size found in this work was not different between the two infarcted
groups, indicating the reproducibility of the surgical method used in the present
study [3, 4]. Despite the fact that infarction can induce a decrease in serum T3, a
condition called 'low T3-syndrome' [31, 32], in the present study, the levels of
thyroid hormones were no different between the AMI and SHAM groups. Other
studies using a rat model of myocardial infarction also found no difference in the
level of T3 after ischemic injury [15, 16]. In AMI rats, morphometric
measurements demonstrated an increased LV mass and left chamber

hypertrophy. Similar results have also been described by other authors [3, 21].
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Echocardiographic findings from the AMI group showed an increase in LV
diastolic and systolic diameters and a decrease in systolic posterior wall
thickness when compared with SHAM rats. These results indicate LV chamber
dilatation and loss of cardiac wall thickness, which are both related with
pathological cardiac remodelling [1, 4]. The alteration in these structural
parameters of the heart promotes an increase in LV wall stress [33]. In fact, the
wall tension index, which is indicative of cardiac wall stress, was higher in AMI
rats when compared with SHAM animals. In AMIT rats, thyroid hormone
administration was effective in promoting an increase in T3 levels. T4 levels,
however, were unchanged in this group. The hormonal administration increased
LV mass and promoted left chamber hypertrophy in AMIT rats. In this group, the
LV hypertrophy indices were statistically higher than those presented by AMI. A
possible explanation for these results is the fact that T3 and T4 administration
prevented the loss of posterior wall thickness in AMIT rats. In this group this
parameter was no different from in SHAM animals. Therefore, this could be a
possible explanation for the higher LV mass found in the infarcted treated rats
when compared with AMI animals. This result was similar to what has been
demonstrated in previous studies [15, 16]. LV systolic and diastolic diameters
were increased in AMIT rats when compared with SHAM and these parameters
were no different from those in AMI rats. However, thyroid hormone
administration promoted an improvement in the wall tension index in AMIT rats
when compared with AMI. Since thyroid hormones prevented the loss of cardiac
wall, it is possible that this response could be compensating for LV dilatation,
attenuating cardiac wall stress in AMIT animals. This positive effect of hormonal
administration has also been previously described [15, 16].

In the present study, myocardial infarction promoted an increase in ROS
levels in the AMI group. In heart cells, mitochondrial electron-transport chain is a
major source of ROS [2, 34]. After myocardial infarction, the degradation of the
adenine nucleotide cellular pool leaves the mitochondrial electron carriers in a
reduced state, leading to an increase in electron leakage from the respiratory
chain, that in turn reacts with the residual oxygen trapped in the mitochondria to
produce ROS [34]. Previous studies have shown that ROS production is
increased after myocardial infarction [2, 3]. As a response to ROS levels, the

enzymatic activity of GRX was increased in the AMI group. This protein is a key
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player in the defence against oxidative stress in mammalian cells [5]. The GRX
system can catalyse both the formation and reduction of mixed disulphides
between protein thiols and GSH, and its activity can be induced by oxidative
stress [35]. However, in the present study, the expression of isoform GRX3 was
no different between groups. In the AMIT group, ROS levels were significantly
decreased when compared with AMI and were no different from those in SHAM
animals. The activity of GRX was also decreased in AMIT rats when compared
with AMI and was no different in SHAM animals. This result probably reflects an
adaptation of the antioxidant system to the low levels of ROS [34]. In fact, the
levels of ROS were positively correlated with GRX activity. The TRX system,
however, was changed neither by myocardial infarction nor by thyroid hormone
administration. In the present study, TRX reductase activity and TRX1 expression
were no different among groups. In view of this, the decrease in ROS levels
caused by T3 and T4 administration does not seem to involve a modulation of the
TRX or GRX systems. In previous work from our group, it was demonstrated that
T3 and T4 administration was capable of decreasing xanthine oxidase
expression [17], which is an important source of ROS. This mechanism could be
a possible explanation for the lower levels of ROS found in AMIT rats. Besides
that, LV wall stress is also related to ROS production in the heart [36]. A study
performed in patients with coronary heart disease showed that cardiac wall stress
represents a primary determinant of myocardial oxygen consumption [36], which
is related to ROS production. So, it is possible that the decrease in the wall
tension index in AMIT rats could also be related to the low levels of ROS in this
group. In fact, in the present study, the levels of ROS were positively correlated
with the wall tension index.

In the heart, NO levels seem to be relevant for regulating cardiomyocyte
function, tissue vascularization and perfusion [9, 37]. Under physiological
conditions, eNOS is the major source of NO in cardiac tissue. However, after
heart failure, the bioavailability of eNOS-derived NO is severely reduced [38, 39].
In the present study, eNOS expression, NOS activity and nitrite levels were no
different between the AMI and SHAM groups. However, since AMI rats presented
high levels of ROS, this could cause a change in the ROS/NO balance in favour
of ROS, resulting in decreased NO bioavailability in this group. In fact, it was

previously suggested that the balance between ROS and NO is a more relevant
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parameter to establish NO bioavailability than its individual concentration itself
[37]. In AMIT rats, however, T3 and T4 administration promoted an increase in
eNOS expression, NOS activity and nitrite levels. In this group, thyroid hormone
administration could be directly stimulating eNOS expression and its activity in
the heart. This effect could lead to an increase in NO production, as was
previously described [37]. In fact, NOS activity was positively correlated with
nitrite levels, which are NO metabolites. Corroborating this, Spooner et al.
showed that the thyroid hormone analogue 3,5 diiodothyropropionic acid (DITPA)
was capable of increasing eNOS expression in the aortic tissue of infarcted rats,
as well as increasing NO-dependent vasorelaxation [40]. Therefore, the decrease
in ROS levels and increase in NO production indicate an improvement in NO
bioavailability in the AMIT rats. Besides that, previous studies have shown that
NO can act as an antioxidant molecule by regulating the pro-oxidant enzyme
xanthine oxidase [41]. In view of this, an increase in NO bioavailability could be
related to the reduction in ROS levels in AMIT rats. Therefore, the increase in
eNOS expression and in NO bioavailability seems to represent an important part
of T3 and T4 effects in the infarcted heart.

Moreover, thyroid hormone administration increased PGC-1a expression
in AMIT rats. Similar results were also described in infarcted rats treated with T3
alone [14]. PGC-1a is a transcription factor involved mainly with the mitochondrial
biogenesis process and cellular metabolism [42]. An increase in PGC-1a levels
seems to be positive, since this factor's expression was recently related to a
decrease in cardiac cell apoptosis [43]. In another study, the absence of this
factor was related to pulmonary congestion in a model of heart failure in mice
[44]. In addition, previous studies also showed that PGC-1a is directly involved
with the regulation of myocardial mitochondrial antioxidant systems [43, 44].
Therefore, the increase in expression of this transcriptional factor could be
another mechanism related to the normalization of ROS levels and, therefore,
with the improvement in NO bioavailability in the AMIT rats. PGC-1a expression
was shown to be regulated by eNOS-derived NO [13]. Therefore, in AMIT rats, it
is possible that thyroid hormones could be stimulating PGC-1a expression mainly
through an increase in NO levels. In fact, in the present study, NOS activity was
positively correlated with PGC-1a expression. Therefore, the increase in PGC-1a
expression could be a NO-dependent effect of T3 and T4 in the infarcted heart.
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A limitation of the present study was the lack of a housekeeper protein
expression to normalize western blot analysis. Since several loading proteins
(tubulin, GAPDH) are influenced by thyroid hormones administration, or by
myocardial infarction [45,46], Ponceau method was used for western blot
normalization.

Taken together, our data showed that T3 and T4 administration promoted
a reduction in the levels of ROS, an increase in eNOS expression and an
improvement in NO bioavailability after myocardial infarction. These effects seem
to be beneficial for the heart, since they resulted in PGC-1a up-regulation [13].
These results may complement other studies that evaluate underlying
mechanisms of T3 and T4 administration after myocardial infarction.
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Figure Captions

Fig. 1 Reactive oxygen species (ROS) levels in cardiac tissue. Values are
expressed as mean + SEM from 5-7 animals per group. One-way ANOVA
(Student Newman—Keuls post hoc test). ~ Significantly different from SHAM group
(P < 0.05); * significantly different from AMI group (P < 0.05)

Fig. 2 Endothelial nitric oxide synthase protein expression (@), nitric oxide
synthase activity (b) and nitrite (NOy) levels (c) in cardiac tissue. The
representative western blot lanes were derived from the same blot. Values are
expressed as mean + SEM from 5-7 animals per group. One-way ANOVA
(Student Newman—Keuls post hoc test). ~ Significantly different from SHAM group
(P < 0.05); *significantly different from AMI group (P < 0.05)

Fig. 3 Glutaredoxin activity (a), glutaredoxin-3 protein expression (b), thioredoxin
reductase activity (c) and thioredoxin-1 protein expression (d) in cardiac tissue.
The representative western blot lanes were derived from the same blot. Values
are expressed as mean + SEM from 5-7 animals per group. One-way ANOVA
(Student Newman—Keuls post hoc test). ~ Significantly different from SHAM group
(P < 0.05); *significantly different from AMI group (P < 0.05)

Fig. 4 PGC-1a protein expression in cardiac tissue. The representative western
blot lanes were derived from the same blot. Values are expressed as mean *
SEM from 5-7 animals per group. One-way ANOVA (Student Newman—Keuls
post hoc test). ~ Significantly different from SHAM group (P < 0.05); * significantly
different from AMI group (P < 0.05)
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Table: Hormonal levels, morphometric and echocardiographic data of the
experimental groups 28 days post-infarction.

Parameters SHAM AMI AMIT
Hormonal levels

T3 (ng/dL) 98.8+ 7.2 105.8+ 8.0 218.9+ 58.0 *#
T4 (ug/dL) 5.1+ 0.4 6.4+ 0.3 6.5+ 1.3
Morphometric data

Body weight (g) 352+32 345+37 352+56

LV weight (g) 0.70+0.06 0.85+0.11 * 1.01+ 0.68 *#
LV/body weight (mg/qg) 1.96+0.021 2.41+0.39 * 3.19+0.59 *#
LV/ tibia length (mg/cm) 22.5+1.2 26.6+2.9 * 33.0£3.9 *#
Echocardiographic data

LV diastolic diameter (cm) 0.68+0.099 0.90+0.048* 0.91+0.069*
LV systolic diameter (cm) 0.35+0.074 0.73+0.046* 0.77+0.07*

LV systolic posterior wall thickness (cm) 0.25%£0.008 0.21+0.019* 0.23+0.015
Wall tension index 2.12+0.41 3.17+0.32* 2.65x0.57*#
Infarction size (%) s 50.9+ 14.3 548+ 7.8

Values are expressed as mean + SD from 5-7 animals per group. LV (left ventricle). One way
ANOVA (Student Newman—Keuls Method). * Significantly different from SHAM group (P < 0.05);
# significantly different from AMI group (P < 0.05).
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Figure 2
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Figure 3
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Abstract

Introduction: Apoptosis is a key process associated with pathological cardiac
remodelling in early-phase post-myocardial infarction. In this context, several
studies have demonstrated an anti-apoptotic effect of thyroid hormones (TH).
Objective: The aim of this study was to evaluate the effects of TH on the
expression of proteins associated with the apoptotic process 14 days after
infarction.

Methods: Male Wistar rats (300-350 g) (n = 8/group) were divided into four
groups: Sham-operated (SHAM), infarcted (AMI), sham-operated + TH (SHAMT)
and infarcted + TH (AMIT). For 12 days, the animals received T3 and T4 (2 and 8
Mg/100 g/day) by gavage. After this, the rats were submitted to haemodynamic
and echocardiographic analysis, and then were sacrificed and the heart tissue
was collected for molecular analysis. Statistical analyses included two-way
ANOVA with Student—Newman-Keuls post test. Ethics Committee number:
23262.

Results: TH administration prevented the loss of ventricular wall thickness and
improved cardiac function in the infarcted rats 14 days after the injury. AMI rats
presented an increase in the pro-apoptotic proteins p53 and JNK. The hormonal
treatment prevented this increase in AMIT rats. In addition, TH administration
decreased the Bax:Bcl-2 ratio in the infarcted rats.

Conclusion: TH administration improved cardiac functional parameters, and
decreased the expression of pro-apoptotic proteins 14 days after myocardial

infarction.

Keywords: T3; T4; redox balance; reactive oxygen species.
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Introduction

Myocardial infarction is an ischaemic pathology of the heart and it is an
important cause of death [1]. After cardiac damage, the surviving cardiomyocytes
present a hypertrophic response in an attempt to maintain cardiac function.
However, two weeks after the infarction, there is an expansion process of the
infarcted area [2, 3]. This compromises the non-injured cardiomyocytes, leading
to programmed cell death and cardiac remodelling [4, 5]. The loss of these cells
is detrimental since it causes a reduction in left ventricle wall thickness, a
decrease in myocardium contraction strength and can lead to heart failure [6]. In
view of that, strategies to intervene in myocyte apoptosis at this time point after
infarction are relevant to avoid the progression to a state of cardiac failure [3].

In the regulation of apoptosis, an important factor is the control of
mitochondrial outer-membrane permeability by the Bcl-2 family of proteins [7]. In
this scenario, after cellular injury, the pro-apoptotic protein Bax can translocate to
the mitochondria, increase membrane permeability, and can promote the release
of cytochrome c, caspase activation and apoptosis [8]. On the other hand, the
anti-apoptotic protein Bcl-2 protects cardiomyocytes, thus avoiding cytochrome ¢
release [3]. The balance between these two proteins is an important parameter to
determine the activation of the mitochondrial apoptotic pathway [3, 8]. The
tumour suppressor protein p53 is another important regulator of apoptosis. After
infarction, there is an accumulation of this protein in the myocardium, leading to
trans-activation of Bax and cellular death [9, 10]. Besides its effects on Bax, p53
can also regulate the pro-apoptotic protein c-jun N-terminal kinase (JNK) [11].

The involvement of reactive oxygen species (ROS) in the apoptotic
process that occurs after myocardial infarction is well established [12]. After
cardiac injury, these species can cause oxidative stress [13, 14], which alters
mitochondrial membrane properties and increases release of pro-apoptotic
proteins [12]. Besides that, an increase in ROS levels can activate JNK, which is
intimately related with apoptosis signalling [15].

Several studies have shown a cardioprotective effect of thyroid hormones
after myocardial infarction [16, 17, 18]. Administration of thyroid hormones in the
post-infarction period was shown to preserve the left ventricular systolic function
28 days after the ischaemic injury [16]. In a rat model of myocardial infarction,

these hormones were effective in decreasing ROS levels and in improving the
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redox balance and nitric oxide bioavailability in the heart [19, 20]. In terms of
apoptosis, a recent study showed that T3 administration for 3 days after the
ischaemia—reperfusion cardiac injury was capable of inhibiting the p53-
dependent activation of apoptosis [21]. In post-ischaemic brain tissue, T4
administration was shown to be protective through regulation of p53 target
proteins [22].

Although there is evidence of a cardioprotective effect of thyroid hormones
by mitigating cardiomyocyte apoptosis [16, 21], to our knowledge, there are no
studies evaluating whether these hormones are capable of decreasing pro-
apoptotic signalling protein expression in a rat model of myocardial infarction 14
days after cardiac injury. This effect would prevent the early loss of cardiac wall
thickness, resulting in improved function of the heart. In addition, the involvement
of oxidative stress in the positive effects of T3 and T4 at this time point has not
been explored. In view of that, the aim of this study was to evaluate the effect of
thyroid hormones on the expression of proteins associated with the apoptotic
process and on oxidative stress parameters in the myocardium of infarcted rats

14 days after the damage.

Material and Methods

Ethical approval

The animal care procedures and the study protocol were approved by the
Ethics Committee for animal research at the Federal University of Rio Grande do
Sul — UFRGS (process number 23262).

Animals

Male Wistar rats (315 £ 21 g) were obtained from the Central Animal
House of the Federal University of Rio Grande do Sul, Brazil. The rats were
housed in plastic cages and received pelleted food and water ad libitum. They
were kept under standard laboratory conditions (12-h light/dark cycle, controlled
temperature of 21°C). They were divided into four groups: Sham-operated
(SHAM), infarcted (AMI), sham-operated plus treatment (SHAMT), and infarcted
plus treatment (AMIT).
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Myocardial infarction surgery

Rats (n = 55 animals) were anaesthetised (ketamine 90 mg/kg; xylazine
20 mg/kg, i.p.), and were submitted to a surgical procedure of ligature of the left
coronary artery or to a sham-operation in which all surgical procedures were
performed except the suture around the coronary artery [23]. After the surgery,
the immediate mortality was around 30% (15 animals). After the allocation to
groups and during the treatment protocol, the mortality was 10% (6 animals),
representing a total rate of mortality of 40%. There was no difference between
the groups in terms of mortality. The period of the experimental protocol was 14

days after the surgery.

Hormonal administration

After the cardiac surgery, rats were allowed to recover for 48 hours. After
this period, SHAMT and AMIT groups received T4 (8 pg/100 g/day) and T3 (2
pg/100 g/day) diluted in saline by gavage, and SHAM and AMI received just

saline [19]. The period of TH administration was for 12 days after recovery.

Hormonal measurement

Anaesthetised animals were submitted to blood collection from the retro-
orbital plexus. The blood was centrifuged at 1000 x g for 10 min. Plasma L-
thyroxine (T4) quantitative measurement was performed by radioimmunoassay at
Laboratorio Antonello.

Evaluation of echocardiographic parameters

Echocardiographic parameters were analysed using a Philips HD7 XE
ultrasound system with a L12-13 MHz transducer, 14 days after the surgery.
Animals were anaesthetised and placed in the left lateral decubitus position (45°)
to obtain cardiac images. Left ventricular diastolic and systolic areas (cm?) were
measured by tracing the endocardial border in the basal, middle and apical
planes. Left ventricle systolic posterior wall thickness (cm) and left ventricle
systolic anterior wall thickness (cm) were obtained using the M-Mode in the
previously described three planes [24]. The left ventricle fractional shortening

was measured as previously described [25, 26]. The arch corresponding to the
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segments with myocardial infarction (I) and the total endocardial perimeter (EP)
were evaluated at end-diastole in the three planes and infarction size (IS) was
estimated as % IS = (I/EP) x 100 [24, 25, 26].

Evaluation of haemodynamic parameters

Cardiac haemodynamics were evaluated 14 days after the surgery. The
animals were anaesthetised (ketamine 90 mg/kg; xylazine 20 mg/kg, i.p.) and the
right carotid artery was cannulated with a PE-50 catheter connected to a strain-
gauge transducer (Narco Biosystem Pulse Transducer RP-155, Houston, Texas,
USA) linked to a pressure amplifier (HP 8805C, Hewlett Packard, USA). Pressure
measurements were taken using a microcomputer equipped with an analogue-to-
digital conversion board (Biopac 1-kHz sampling frequency, Biopac Systems,
Inc., Goleta, California, USA). The pressure catheter was advanced into the left
ventricle (LV) to record the left ventricular systolic pressure (LVSP, mmHg), the
left ventricular end-diastolic pressure (LVEDP, mmHg), and its positive and

negative derivates (dP/dtmax/min, mmHg/s) [14].

Evaluation of morphometric parameters

Anaesthetised rats were killed by cervical dislocation. The heart was
rapidly excised and the scar area was completely removed, weighed and
discarded. The whole remaining cardiac tissue was used for biochemical and
molecular analysis. The cardiac hypertrophy was evaluated by the heart weight
(in mg) to tibia length (in cm) ratio [27]. The cardiac tissue was immediately

frozen in liquid nitrogen and was used for biochemical and Western blot analysis.

Cardiac tissue preparation

The cardiac tissue was homogenized (phenyl methyl sulphonyl fluoride
(PMSF) 20 mmol/l and 1.15% w/v KCI) in Ultra-Turrax. The suspension was
centrifuged at 1000 x g for 10 min at 0—4°C to remove the nuclei and cell debris.

Supernatants were used for the biochemical measurements [28].

Determination of protein concentration
Protein was measured using the Lowry method [29] and bovine serum

albumin as the standard.
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Western blotting

Tissue homogenization, electrophoresis, and protein transfer were
performed as previously described [27, 30]. One hundred micrograms of protein
was submitted to one-dimensional sodium dodecyl sulphate polyacrylamide gel
electrophoresis in a discontinuous system using an 8-14% (w/v) separating gel
and a stacking gel [30]. The immunodetection was processed using the following
primary antibodies: JNK (54/46 kDa), p53 (53 kDa), Bcl-2 (26 kDa) and Bax (20
kDa) (Santa Cruz Biotechnology, Santa Cruz, CA, USA or Cell Signaling
Technology, Beverly, MA, USA). Primary antibodies were detected using anti-
mouse or anti-rabbit horseradish peroxidase-conjugated secondary antibodies.
The membranes were developed using chemiluminescence detection reagents
and the autoradiographs generated were quantitatively measured with an image
densitometer (Imagemaster VDS CIl, Amersham Biosciences Europe, IT). The
molecular weights of the bands were determined by reference to a standard
molecular weight marker (Full-Range Rainbow molecular weight marker, Bio-

Rad, CA, USA). The results were normalised using the Ponceau method [20, 31].

Measurement of reactive oxygen species levels

ROS levels were measured using 2',7'-dichlorofluorescin diacetate (DCFH-
DA) fluorescence emission (Sigma-Aldrich, USA). DCFH-DA is membrane
permeable and is rapidly oxidized to the highly fluorescent 2,7-dichlorofluorescein
(DCF) in the presence of intracellular ROS. The samples were excited at 488 nm;
emission was collected with a 525-nm long-pass filter and expressed is nmol/mg

protein [32].

Determination of lipid peroxidation

Lipid peroxidation was evaluated using tert-butyl-hydroperoxide-initiated
chemiluminescence measured in a liquid scintillation counter in the out-of-
coincidence mode (LKB Rack Beta Liquid Scintillation Spectrometer 1215, LKB
—Produkter AB, Sweden). Homogenates were placed in vials at a protein
concentration of 0.5-1.0 mg/mL in a reaction medium consisting of 120 mmol/L

KCI, 30 mmol/L phosphate buffer (pH = 7.4). Measurements were initiated by the
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addition of 3 mmol/L tert-butyl hydroperoxide. Data are expressed as counts per

second per milligram of protein (cps/mg protein) [33].

Evaluation of antioxidant enzymes activity

Superoxide dismutase activity was based on the inhibition of a superoxide
radical reaction with pyrogallol, measured at 420 nm, and is expressed as units
per milligram of protein [34]. Glutathione peroxidase activity was measured on
the basis of the consumption of NADPH and was measured at 340 nm. The
activity is expressed as nmols of peroxide/hydroperoxide reduced per minute per
milligram of protein [35]. Catalase activity was measured by following the
decrease in hydrogen peroxide absorbance, measured at 240 nm. It is expressed

as pmoles of H,O, reduced per minute per milligram of protein [36].

Statistical analysis

Data are expressed as mean = SEM. Two-way ANOVA with Student—
Newmann—Keuls post hoc test was used to compare multiple groups. The
correlation between two variables was analysed by Pearson’s correlation. Values

of P < 0.05 were considered statistically significant.

Results

Hormonal levels and morphometric parameters

After 12 days of hormonal administration, T4 plasma levels were
significantly increased in the treated groups (SHAMT and AMIT) when compared
with the non-treated rats (SHAM and AMI; Table 1). This hormonal treatment
promoted an increase in the heart weight and in the hypertrophy index (heart
weight to tibia length) of SHAMT and AMIT groups when compared with SHAM
and AMI, respectively. The AMIT group also presented higher values of these
parameters when compared with SHAMT animals. The scar weight was not
different between infarcted groups (Table 1).
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Echocardiographic parameters

In terms of echocardiographic analysis, the left ventricle area was
analysed during diastole (LVDA) and systole (LVSA) in order to evaluate cardiac
dilatation. These parameters were increased in the infarcted rats when compared
with sham animals. There was no difference between the infarcted groups (AMI
and AMIT) in terms of cardiac dilatation. The anterior wall thickness was
decreased in both infarcted groups when compared with the control groups.
There was no difference between AMI and AMIT rats in this parameter. However,
TH administration increased the anterior wall thickness in SHAMT animals when
compared with SHAM rats. In AMI rats, however, the posterior wall thickness was
decreased by 23% when compared with the SHAM group. The hormonal
administration prevented this decrease in the AMIT group. In AMIT rats, there
was no difference in this parameter when compared with SHAMT animals. The
left ventricle fractional shortening — a measure of global cardiac contractility —
was also evaluated. In both infarcted groups, this parameter was decreased
when compared with control rats. In AMIT rats, however, this parameter was
increased by 26% when compared with AMI rats. SHAMT rats also presented an
increase in this parameter of contractility when compared with the SHAM group.
The infarction size was not different between AMI and AMIT groups (Table 1).

Haemodynamic parameters

Figure 1 shows the haemodynamic parameters of the experimental groups
14 days after surgery. In AMI rats, there was a decrease (11%) in the left
ventricle systolic pressure (LVSP) (Fig. 1a) and an increase (112%) in the left
ventricle end-diastolic pressure (LVEDP) (Fig. 1b) when compared with the
SHAM group. The left ventricle pressure derivates (dP/dt max and dP/dt min)
were also reduced in the AMI group when compared with the SHAM group (Fig.
1c and 1d). These findings are suggestive of a prejudice in the cardiac function.
Thyroid hormone administration prevented these alterations in AMIT rats. In this
group, there was a 36% increase in the LVSP when compared with AMI rats. In
fact, in both treated groups (SHAMT and AMIT), this parameter was increased
when compared with non-treated rats. Furthermore, T3 and T4 administration
prevented the increase in LVEDP after myocardial infarction. In AMIT rats, this

parameter was not different compared with SHAMT animals. The pressure
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derivates were also increased in the treated animals when compared with the

non-treated groups (Fig. 1).

Expression of pro-apoptotic and anti-apoptotic proteins

Figure 2 shows the expression of the pro-apoptotic proteins p53 and JNK.
In terms of p53 evaluation, myocardial infarction increased (111%) expression of
this pro-apoptotic protein in the cardiac tissue of AMI rats. In the AMIT group,
however, p53 expression was significantly decreased (41%) when compared with
the AMI animals. Surprisingly, SHAMT rats also presented an increase in p53
expression when compared with SHAM animals (Fig. 2a). In AMI rats, the
expression of JNK was augmented by 71% when compared with SHAM animals.
Thyroid hormone administration prevented this increase. In AMIT rats, JNK levels
were reduced (34%) when compared with AMI rats and were not different when
compared with the SHAMT group (Fig. 2b). Figure 3 shows the Bcl-2 and Bax
expression in the cardiac tissue. In AMI and AMIT rats, the expression of the anti-
apoptotic protein Bcl-2 was increased when compared with SHAM and SHAMT
rats, respectively. However, Bcl-2 levels were significantly higher in AMIT rats
when compared with AMI (Fig. 3a). The expression of the pro-apoptotic protein
Bax was not different between the groups (Fig. 3b). The Bax:Bcl-2 ratio was
significantly decreased in AMIT rats when compared with SHAMT and AMIT rats
(Fig. 3c).

Oxidative stress evaluation

Figure 4 shows the evaluation of oxidative stress parameters in the
cardiac tissue 14 days after the surgery. Reactive oxygen species levels were not
different in AMI rats when compared with SHAM animals. However, SHAMT rats
presented an increase in ROS compared with SHAM animals. In AMIT rats, the
levels of ROS were reduced when compared with SHAMT rats and were not
different from AMI rats (Fig. 4a). Lipid peroxidation was also increased only in
SHAMT rats when compared with SHAM. In AMIT rats, this parameter was not
different from AMI and was reduced compared with SHAMT rats (Fig. 4b). Lipid
peroxidation was positively correlated with ROS levels (r = 0.54, P = 0.0015; Fig.
4c). The activity of antioxidant enzymes (superoxide dismutase, glutathione

peroxidase and catalase) was not different between groups (Fig. 4d—f).
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Discussion

The main finding of this study was that administration of thyroid hormones
decreased expression of pro-apoptotic proteins p53 and JNK 14 days after the
myocardial infarction. In addition, thyroid hormones increased the expression of
anti-apoptotic protein Bcl-2, reduced the Bax:Bcl-2 ratio, and improved cardiac
function of infarcted rats.

In the present study, the infarcted groups showed similar infarction area
size and scar weight, indicating the reproducibility of the surgical method used
[14, 26]. AMI rats did not show an alteration in T4 levels when compared with
SHAM animals. Other studies using a rat model of infarction also did not find any
difference in the levels of this hormone after the injury [17, 18]. The AMI group
did not present an increase in the cardiac hypertrophy index when compared with
SHAM rats 14 days after the ischaemic damage. Since these animals were
evaluated in an early period after infarction, the compensatory cardiac
hypertrophy was not evident, which is similar to what was previously
demonstrated [37]. However, these rats presented an increase in the left ventricle
diastolic and systolic areas, indicating chamber dilatation, and also presented a
decrease in the thickness of the anterior and the posterior ventricle walls. These
findings are related with a pathological pattern of cardiac remodelling [38]. AMI
rats also presented a decrease in the left ventricle fractional shortening,
indicating a significant impairment in cardiac contractility. Different results were
found in the treated groups. The hormonal administration was effective in
increasing T4 levels in SHAMT and AMIT animals when compared with SHAM
and AMI rats, respectively. In both treated groups, the hypertrophy index was
significantly increased, demonstrating an augmentation in cardiac mass caused
by thyroid hormones. Thyroid hormones did not prevent cardiac dilatation in
AMIT rats. Evaluating the cardiac anterior wall thickness, TH administration was
not capable of preventing its decrease. Since the anterolateral portion of the left
ventricle was the site of the ischaemic insult, which was produced by the ligation
of the coronary artery, it was not expected that the hormonal administration could
improve this parameter. In SHAMT rats, however, T3 and T4 administration
increased the anterior wall thickness, which is in accordance with the

morphometric data, indicating a hypertrophic effect of these hormones. In relation
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to the posterior wall thickness, the hormonal treatment prevented a decrease in
this parameter when compared with AMI, thus avoiding the development of an
eccentric remodelling of the heart. These results are similar to those previously
described in infarcted treated rats 28 days after the injury [20]. Since
cardiomyocyte apoptosis is the main cause of the loss of the ventricular wall
thickness after infarction [3], it is possible that this structural improvement
observed in AMIT rats may reflect an anti-apoptotic effect of T3 and T4. Left
ventricle fractional shortening, a global measurement of cardiac contractility, was
evaluated. Thyroid hormone administration improved this parameter in AMIT rats
when compared with AMI animals, which corroborates previous studies that
demonstrate a positive effect of these hormones in terms of cardiac contractility
after the infarction [17, 18].

In the AMI group, the alterations in the morphology of the heart were
followed by a significant deterioration in cardiac function, as shown by the
haemodynamic parameters. In these animals, the left ventricle systolic pressure
was decreased and the diastolic pressure was increased when compared with
SHAM rats. Left ventricle indices of contractility and relaxation (dP/dtmaxmin) Were
also markedly reduced in the AMI group. These results suggest the development
of cardiac dysfunction in these animals [14]. In AMIT rats, however, hormone
administration prevented the development of this dysfunction 14 days after the
infarction. In these animals, there was an increase in the left ventricle systolic
pressure when compared with AMI rats. In addition, the diastolic pressure was
reduced and the dP/dtmawmin Were increased in AMIT rats compared with AMI.
Left ventricle systolic pressure and the indexes of contractility and relaxation
were also increased in SHAMT rats compared with SHAM animals. These data
indicate a beneficial action of T3 and T4 in the heart by improving the
development of strength and the relaxation of the cardiac muscle. This may be
related to the inotropic and lusitropic effects of thyroid hormones and also to the
prevention of the loss of ventricular wall thickness [39]. These results corroborate
previous findings that demonstrate a cardioprotective effect of thyroid hormones
after infarction [16, 18].

In order to evaluate parameters involved with apoptosis, p53 expression
was measured in the heart tissue. In the early phase of cardiac damage, there is

an increase in the levels of this tumour suppressor protein, leading to the
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activation of the mitochondrial apoptotic pathway [9, 10]. In fact, in AMI rats,
there was increased p53 expression when compared with SHAM animals.
Thyroid hormone administration, however, decreased this p53 expression in the
AMIT group 14 days after the ischaemic insult. Similar results were shown in
glioma cells, in which T4 administration decreased apoptosis through regulation
of p53 [40]. A recent study in a rat model of ischaemia/reperfusion injury showed
that T3 administration for 3 days was able to decrease p53 expression in the
heart [21]. According to these studies, thyroid hormones can regulate p53-
dependent apoptosis through both genomic and non-genomic mechanisms [21,
40]. In SHAMT rats, however, p53 expression was increased when compared
with  SHAM animals. This result corroborates previous data [19] and
demonstrates that, in healthy heart tissue, thyroid hormone administration seems
to be detrimental rather than beneficial. Another pro-apoptotic protein evaluated
was c-jun N-terminal kinase. Similar to p53, there is an early activation of the
JNK cascade minutes after myocardial infarction, both in the ischaemic and in the
non-ischaemic heart tissue [41]. JNK protein expression is involved in apoptosis
in the infarction border zone, cardiac dilatation and pathological remodelling [42,
43]. In the present study, JNK levels were increased in AMI rats compared with
SHAM animals. Thyroid hormone administration reduced this pro-apoptotic
protein expression in AMIT rats. Since p53 can regulate the JNK pathway
through a positive feedback loop [11], it is possible that T3 and T4 could be
reducing JNK levels through a p53-dependent mechanism. These results seem
to be positive for the infarcted heart and indicate an anti-apoptotic effect of
thyroid hormones in an early stage (14 days) of the cardiac insult.

In the present study, Blc-2 expression in the myocardium of infarcted rats
was also analysed. Surprisingly, AMI rats presented increased levels of this anti-
apoptotic protein when compared with SHAM animals. A possible explanation for
this data is the fact that, 14 days after the infarction, the remaining
cardiomyocytes could be expressing this anti-apoptotic factor in an attempt to
avoid apoptosis and to counterbalance the increased expression of pro-apoptotic
mediators. However, since this mechanism was not evaluated, it is not possible
to confirm this hypothesis. In AMIT rats, however, thyroid hormones significantly
increased Bcl-2 expression when compared with AMI and SHAMT rats. In

addition to Bcl-2, Bax expression was also evaluated after myocardial infarction.
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Bax is a mitochondrial factor that plays a role in programmed cellular death [10].
In the present study, however, Bax expression was not different between the
groups. A previous study also found no difference in the levels of Bax in the
remote zone of the injured myocardium of rats, with or without T3 treatment [21].
Nevertheless, the Bax:Bcl-2 ratio, which is a classic parameter to evaluate the
mitochondrial apoptotic pathway [3, 44], was significantly decreased in AMIT rats
compared with the AMI and SHAMT groups. These results are in accordance
with the pro-survival effect of thyroid hormones [16]. Since cardiomyocyte
apoptosis is a key process associated with cardiac failure after infarction [5], the
modulation of apoptotic signalling proteins could represent an important role in
the positive effects of T3 and T4 in terms of cardiac function.

In relation to oxidative stress parameters, the infarcted animals did not
show an increase either in ROS levels or in the lipid peroxidation process.
Antioxidant enzyme activities were also not different between the groups. In
addition, thyroid hormone administration did not promote any alteration in these
parameters in AMIT rats. In relation to these data, a previous study demonstrated
a decrease in ROS levels 2 days after the infarction, followed by high levels of
ROS at 28 days [14]. Since, in the present work, oxidative stress parameters
were analysed only after 14 days of injury, it is possible that, at this time point,
the levels of ROS were yet to increase. In view of this, during this post-infarction
period (14 days), oxidative stress did not seem to play a role either in the
apoptotic process or in the cardiac functional impairment found in infarcted rats.
At 28 days after infarction, a previous study showed that ROS levels are high and
T3 and T4 administration was effective in preventing oxidative damage in the
heart [19, 20]. SHAMT rats, however, presented an increase in ROS levels,
which was correlated with lipid peroxidation of the cardiac tissue. This result is
corroborated by previous data that show deterioration in the redox status in the
myocardium of control rats treated with T3 and T4 [19].

In conclusion, our data show that thyroid hormones can modulate
expression of apoptotic signalling proteins, leading to a reduction in p53 and JNK
levels and an increase in Bcl-2 expression after myocardial infarction. In addition
TH administration was positive in terms of cardiac function after the ischaemic
injury. These results are relevant since there is a lack of therapeutic agents that

may mitigate the apoptotic process after the myocardial infarction. In a clinical
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context, thyroid hormone administration in the early phase of cardiac injury could

represent an interesting tool to prevent the later development of heart failure.
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Figure Captions

Figl Hemodynamic parameters evaluation, 14 days after surgery. Values are
expressed as mean £ SEM from 6-10 rats per group. LVSP (left ventricle systolic
pressure); LVEDP (left ventricle end-diastolic pressure); LV dP/dt max (maximal
value of the first temporal derivate of the left ventricular pressure); LV dP/dt min
(minimum value of the first temporal derivate of the left ventricular pressure). @
Significantly different from SHAM group (P < 0.05); ® significantly different from

AMI group (P < 0.05); ¢ significantly different from SHAMT group (P < 0.05)

Fig 2 p53 and JNK expression, 14 days after surgery. Values are expressed as
mean + SEM from 4-5 rats per group.  Significantly different from SHAM group
(P < 0.05); ° significantly different from AMI group (P < 0.05); © significantly
different from SHAMT group (P < 0.05)

Fig3 Bcl-2 and Bax expression and Bax: Bcl-2 ratio, 14 days after surgery.
Values are expressed as mean + SEM from 4-5 rats per group. @ Significantly
different from SHAM group (P < 0.05); b significantly different from AMI group (P
< 0.05); ¢ significantly different from SHAMT group (P < 0.05)

Figd ROS levels, lipid peroxidation, correlation between ROS and lipid
peroxidation and antioxidant enzymes activity, 14 days after surgery. Values are
expressed as mean + SEM from 6-10 rats per group. ROS (reactive oxygen
species). 2 Significantly different from SHAM group (P < 0.05); °
different from AMI group (P < 0.05); € significantly different from SHAMT group (P

< 0.05)

significantly
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Table 1: Hormonal levels, morphometric and echocardiographic data, 14 days

after myocardial infarction.

Parameters Non-Treated Treated

SHAM AMI SHAMT AMIT

Hormonal levels and
morphometric data

T4 levels (ug/dL) 5.38+0.23 4.54+0.26 11.28+0.71 a 11.29+0.78 b
Heart weight (g) 0.86+0.01 0.91+0.02 1.02+0.02 a 1.18+0.03 bc
Heart/ tibia length (mg/cm) 23.9+0.40 25.5+0.82 27.1+0.46 a 33.4£1.53 bc
Scar weight (g) 0.10+0.01 0.09+0.02
Echocardiographic data

LVDA (cm®) 0.48+0.014 0.76+0.023 a 0.46+0.015 0.72+0.025 ¢
LVSA (cm?) 0.25+0.016 0.60+ 0.022 a 0.22+0.017 0.54+0.031 c
AWTSs (cm) 0.29+0.008 0.15+0.004 a 0.33£0.019 a 0.16+0.013 ¢
PWTs (cm) 0.26+0.001 0.20+0.010 a 0.29+0.010 0.25+0.012 b
Fractional shortening (%) 47.5+1.2 17.4+10a 54.8+2.2 a 22.0+1.7 bc
Infarction size (%) 54+3.0 50+3.2

Values are expressed as mean + SEM from 6-10 rats per group. LVDA (left ventricular diastolic area), LVSA
(left ventricular systolic area), AWTs (systolic anterior wall thickness), PWTs (systolic posterior wall
thickness). ? Significantly different from SHAM group (P < 0.05); b significantly different from AMI group (P <
0.05); © significantly different from SHAMT group (P < 0.05).
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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5.4. Resultados do estudo 3 ndo submetidos para a publicagéo.

5.4.1. Resultados de morfologia e funcéo cardiaca dos animais aos 14 dias pos-

infarto

Na tabela 1 € possivel observar alguns dados ecocardiograficos, 14 dias
apos a cirurgia. Nos animais dos grupos IAM e IAMT, os valores dos diametros
sistdlico e diastdlico do ventriculo esquerdo estdo aumentados, quando
comparado aos valores dos grupos SHAM e SHAMT, respectivamente,
indicando a dilatacdo da camara esquerda apos o infarto. Nao existe, no entanto,
diferenca entre os animais infartados tratados e nao tratados em relagao a esses
parametros. Em relacdo ao indice de tensdo de parede, os animais do grupo
IAM apresentam valores elevados desse parametro em relacdo ao grupo SHAM.
Resultado semelhante é encontrado quando comparamos 0s animais do grupo
IAMT em relagdo ao SHAMT. No entanto, nos animais do grupo IAMT, o
tratamento hormonal foi capaz de atenuar o aumento deste indice quando
comparado aos animais do grupo IAM. Analisando a fracdo de ejecdo do
ventriculo esquerdo, um importante parametro de funcédo cardiaca, ambos os
grupos infartados apresentaram uma diminuicdo significativa neste parametro
guando comparados aos animais sham. O tratamento hormonal, no entanto,
promoveu uma menor diminuicdo na fracdo de ejecdo nos animais do grupo
IAMT, quando comparados aos animais do grupo IAM. Quando analisamos a
frequéncia cardiaca, pode-se observar um aumento neste parametro nos
animais tratados (SHAMT e IAMT) quando comparado aos animais nao tratados
(SHAM e IAM).
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Tabela 1: Dados ecocardiograficos, 14 dias pos-cirurgia.

Parametros Nao Tratados Tratados

SHAM IAM SHAMT IAMT
DS (cm) 0,37+0,04 0,72+0,07 a 0,31+0,05 0,70+0,10 c
DD (cm) 0,71+0,04 0,88+0,07 a 0,70+0,06 0,88+0,08 c
ITP 2,38+0,24 2,99+ 050a 2,05+0,17 2,59+ 0,49 bc
FE (%) 68,4+4,7 28,5+5,5 a 70,4+2 2 36,6+12,0 bc
FC (bpm) 240+17 242+24 327+23 a 334126 b

Valores expressos como média + erro padrdo da média. DS (didmetro sistélico), DD (diametro
diastdlico), ITP (indice de tens&o de parede), FE (fracdo de ejecdo), FC (frequéncia cardiaca). *
Diferente significativamente do grupo SHAM (P < 0.05); ® diferente significativamente do grupo
IAM (P < 0.05); ¢ diferente significativamente do grupo SHAMT (P < 0.05).
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5.4.2. Parametros de estresse oxidativo no tecido cardiaco aos 14 dias pos-

infarto

Na tabela 2 estdo presentes também dados de estresse oxidativo do
ventriculo esquerdo, tais como os niveis de H,0O,, de GSH, de GSSG e também
a razdo entre a GSH e a GSSG, a qual é um indicativo do balanco redox
tecidual. Nao existem diferencas nesses parametros entre 0os grupos estudados.

Tabela 2: Parametros de estresse oxidativo, 14 dias pos-cirurgia.

Parametros Nao Tratados Tratados

SHAM IAM SHAMT IAMT
H202 (nmoles/img de tecido) 0,07+0,007 0,05+0,006 0,06+0,009 0,07+0,007
GSH (molesimq de tecido) 0,46%0,09 0,62+0,09 0,53+0,15 0,57+0,11
GSSG (umoles/mg de tecido) 0,06+0,008 0,08+0,019 0,07+0,028 0,08+0,012
GSH/GSSG 9,67+2,9 10,8%3,2 13,8+4,2 8,2+1,54

Valores expressos como média + erro padrdo da média. ® Diferente significativamente do grupo
SHAM (P < 0.05); ® diferente significativamente do grupo IAM (P < 0.05); ° diferente
significativamente do grupo SHAMT (P < 0.05).
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6. DISCUSSAO

O presente estudo analisou, pela primeira vez, o efeito dos hormonios da
tireoide sobre parametros de estresse oxidativo e sobre a biodisponibilidade do
NO em animais infartados, ao longo de 28 dias apés a injuria cardiaca. Além
disso, em um periodo mais precoce pos-infarto (14 dias), este estudo avaliou a
acao destes hormonios sobre a expressdo de proteinas relacionadas com o
mecanismo de apoptose no tecido cardiaco.

Em relacdo aos animais do grupo IAM, 28 dias ap6s o infarto, ndo foi
possivel observar alteracdes nos niveis séricos dos hormonios da tireoide, nem
na expressao dos receptores nucleares (TRa e o TRB) destes hormoénios.
Apesar de o infarto poder ocasionar uma reducédo nos niveis de T3 e T4, bem
como uma diminuicdo na expressao dos receptores hormonais (PINGITORE et
al., 2008; MOUROUZIS et al., 2013), no presente estudo n&do foram
evidenciadas estas alteracdes. Em relacdo aos dados morfométricos do grupo
IAM, foi possivel observar o desenvolvimento de hipertrofia cardiaca, de
hipertrofia do ventriculo esquerdo e de congestdo pulmonar. Além disso, estes
animais desenvolveram dilatacdo da camara cardiaca, demonstrada através do
aumento do diametro e da éarea do ventriculo esquerdo. Esta dilatacdo foi
acompanhada da perda de espessura da parede do ventriculo esquerdo, o que
ocasionou um aumento do estresse de parede. Além disto, os animais do grupo
IAM apresentaram uma diminuicdo significativa na fracdo de ejecdo e um
aumento do indice de performance do miocardio, indicando um prejuizo na
funcao sistdlica e na funcéo global do coracdo. N&do houve alteracéo, no entanto,
na frequéncia cardiaca destes animais. Estes achados indicam a presenca de
um estagio de remodelamento mal-adaptativo do coracdo e o desenvolvimento
de insuficiéncia cardiaca nestes animais (FRANCIS et al., 2001). Resultados
semelhantes foram demonstrados em outros estudos analisando a funcgao
cardiaca de ratos 28 dias ap0s o infarto (SCHENKEL et al., 2010; SCHENKEL et
al., 2012).

No grupo IAMT, a administracdo dos hormoénios da tireoide, durante 28 dias
apos o infarto, foi capaz de induzir um aumento nos niveis séricos de T3, sem
alterar os niveis de T4. Resultado semelhante foi encontrado nos animais do

grupo SHAMT. Nos animais do grupo IAMT, a administracdo hormonal
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promoveu um aumento da expresséao do receptor TRB1 no tecido cardiaco. Uma
vez que estudos mostram que uma reducdo nos niveis deste receptor esta
associada a um pior processo de remodelamento cardiaco (PANTOS et al.,
2010), o aumento da sua expressao parece ser um efeito positivo do tratamento
hormonal. Em relacdo aos parametros morfométricos, os animais dos grupos
SHAMT e IAMT apresentaram hipertrofia cardiaca. No grupo IAMT, esta
hipertrofia foi significativamente maior do que aquela apresentada pelos animais
do grupo IAM. Este aumento de massa do ventriculo nesses animais representa
provavelmente um efeito sinérgico do infarto e dos horménios da tireoide sobre o
tecido cardiaco. Resultados semelhantes foram encontrados no estudo de
Pantos e colaboradores (PANTOS et al., 2007). Em relacdo a congestéo
pulmonar, a administracdo dos hormdnios da tireoide preveniu o
desenvolvimento deste sinal de insuficiéncia cardiaca nos ratos do grupo IAMT.
Resultados semelhantes foram encontrados em camundongos infartados
tratados com esses horménios (MOUROUZIS et al., 2013). Em relacdo aos
parametros ecocardiograficos, a administracdo dos hormdnios da tireoide
preveniu a dilatacdo cardiaca, avaliada pela area do ventriculo, bem como a
perda de espessura da parede da camara esquerda. Estas agbes promoveram
uma reducdao significativa no estresse de parede cardiaca nos animais do grupo
IAMT. Estes dados demonstram um efeito positivo dos horménios da tireoide
sobre a geometria do coracédo, corroborando resultados encontrados em estudos
prévios (PANTOS et al., 2008; FORINI et al., 2011). Apesar da melhora desses
parametros, no periodo de 28 dias pos-infarto, estes hormbénios nao foram
capazes de promover melhora na fracdo de ejecdo. Em relacdo a funcéo
cardiaca, apenas o indice de performance do miocardio apresentou melhora nos
animais do grupo IAMT. Este indice € um parametro de funcédo cardiaca global
(sistolica e diastolica) (SALEMI et al.,, 2008). Um aumento deste parametro
significa um maior esfor¢o cardiaco para conseguir bombear o sangue, 0 que
representa um prejuizo funcional do coracdo (SALEMI et al., 2008). Nos animais
IAMT, este indice encontra-se reduzido em comparacgéo ao grupo IAM, indicando
um efeito positivo dos hormonios da tireoide sobre a funcéo global do coracgéo.
Uma vez que as EROs estao diretamente envolvidas com a progressao do
infarto do miocardio para a insuficiéncia cardiaca (ZHANG et al.,, 2012), no

presente estudo foram avaliados alguns parametros de estresse oxidativo. No
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grupo IAM, 28 dias apods o infarto, os niveis de H,O, e de EROs totais estédo
aumentados quando comparado aos animais SHAM. Além disso, estes animais
apresentaram desbalanco redox, demonstrado pela redugdo na razéo
GSH/GSSG, e aumento no dano oxidativo a lipidios. Resultados semelhantes
foram encontrados em outros estudos, demonstrando a presenca de estresse
oxidativo no tecido cardiaco apoés o infarto (SCHENKEL et al., 2010; SCHENKEL
et al., 2012). Na presenca de niveis elevados de EROs, o fator de transcricéo
NrF2 é capaz de se dissociar da proteina Keapl e migrar para o ndcleo da
célula, promovendo a transcricdo de diversas enzimas antioxidantes (JUNG e
KWAK, 2010). Em funcdo disso, no presente trabalho, a expressao do NrF2,
bem como das enzimas antioxidantes SOD, GPx, catalase, glutarredoxina-3 e
tioredoxina 1, foi avaliada. Os animais do grupo IAM apresentaram um aumento
na expressdo do NrF2 e das enzimas SOD e GPx, 28 dias ap6s a injuria
isquémica. Além disso, esses animais apresentaram um aumento da atividade
das enzimas antioxidantes SOD, GPx e glutarredoxina no coragéo. Estes dados
provavelmente refletem uma resposta adaptativa do sistema antioxidante do
tecido cardiaco na tentativa de evitar um maior dano oxidativo causado pelo
aumento das EROs (HALLIWELL, 2006). Uma importante fonte de EROs no
coracao infartado é a enzima xantina oxidase (XO) (NISHINO et al., 2008). Em
funcdo disso, no presente estudo, a expressdo dessa enzima também foi
avaliada. No entanto, nos animais infartados ndo houve um aumento significativo
na sua expressao no tecido cardiaco. Em funcéo disso, é possivel que outras
fontes de EROs possam também estar contribuindo de maneira importante para
0 aumento dos niveis dessas espécies apoés o infarto.

Resultados diferentes foram encontrados nos ratos infartados e tratados
com T3 e T4. Nestes animais, o tratamento hormonal preveniu um aumento nos
niveis de H,O, e de EROs no tecido cardiaco. Aléem disso, nesses animais a
razao GSH/GSSG nao se mostrou alterada, bem como n&o houve um aumento
do dano lipidico. Estes resultados demonstram, pela primeira vez, um efeito
benéfico dos hormbnios da tireoide sobre parametros de estresse oxidativo no
coracao infartado. Provavelmente em funcédo dos baixos niveis de EROs, no
grupo IAMT ndo houve modificacdes na expressao da proteina NrF2 nem na
expressdo ou na atividade das enzimas antioxidantes. Em relagdo a expressao

da enzima XO, houve uma diminuicdo nos seus niveis nos animais do grupo
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IAMT. Este resultado pode ser uma possivel explicacdo para 0os menores niveis
de EROs nestes animais. Além disso, esta menor expressao pode também estar
associada aos efeitos benéficos destes horménios sobre o remodelamento
cardiaco, semelhante aos dados encontrados em estudos prévios (SAAVEDRA
et al., 2002; MINHAS et al., 2006).

Além de avaliar parAmetros de estresse oxidativo, o presente trabalho
avaliou também parametros de biodisponibilidade do NO no cora¢édo dos animais
infartados, tratados ou ndo com os hormoénios da tireoide. No grupo IAM néao
houve modificacdo na atividade da enzima Oxido nitrico sintase, ha expressao da
eNOS e nem nos niveis de nitritos em comparag¢do aos animais do grupo SHAM.
Apesar disso, em fun¢do do aumento de EROs no tecido cardiaco do grupo 1AM,
€ possivel que o balanco entre os niveis dessas espécies e 0s niveis de NO
possa estar prejudicado. Estudos demonstram que, na presenca de altos niveis
de EROs, o NO é convertido a peréxido nitrito, um potente agente oxidante,
podendo levar a um dano celular e diminuindo a biodisponibilidade do NO para
os tecidos (FORSTERMANN et al., 2004; ARAUJO et al., 2011). Esta
diminuicdo, por sua vez, acarreta prejuizos importantes para 0 sistema
cardiovascular (BAUERSACHS et al.,, 1999). Avaliando os parametros de
biodiponibilidade do NO no grupo IAMT observou-se um aumento na atividade
da enzima Oxido nitrico sintase e na expressdo da eNOS no tecido cardiaco.
Além disso, este grupo apresentou um aumento nos niveis de nitritos, 0s quais
sdo metabolitos do NO. Nestes animais, portanto, € possivel que os horménios
da tireoide possam estar exercendo uma acao direta sobre a expressao e a
atividade da enzima eNOS no coragdo (ARAUJO et al., 2011), promovendo uma
maior geracdo de NO. Este aumento nos niveis de NO, juntamente com a
reducdo dos niveis de EROs, representa uma melhora na biodisponibilidade do
NO. Este resultado, portanto, indica um efeito benéfico dos hormoénios da
tireoide, uma vez que uma baixa disponibilidade do NO esta associada a um
prejuizo na circulacdo coronariana e a uma maior progressao do infarto para a
insuficiéncia cardiaca (SHI et al., 2012). Além disso, o NO pode atuar regulando
a enzima pré-oxidante xantina oxidase (COTE et al., 1996), diminuindo a sua
atividade. Em funcao disso, nos animais IAMT é possivel que esta enzima esteja
com a sua atividade diminuida, além de estar com a sua expressao reduzida,

levando a uma menor geracdo de EROs. Outro efeito benéfico do NO é o
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controle da expressao da proteina PGC-1a (NISOLI et al., 2003). Ao aumentar
os niveis de GMP ciclico celular, o NO ocasiona uma maior expressdo deste
fator de transcricdo, o qual € um importante regulador do metabolismo
energético, estimulando a biogénese mitocéndrial (NISOLI et al.,, 2003). Em
células cardiacas, 0 aumento da sua expressao foi relacionado a um aumento na
geracdo de energia, a uma maior sobrevivéncia celular e a melhora em
parametros de estresse oxidativo (NISOLI et al., 2003; FERNANDES et al.,
2015). Além disso, trabalhos demonstram também um papel positivo deste fator
sobre o remodelamento cardiaco pos-infarto (FORINI et al., 2011). Nos animais
IAMT houve um aumento na expressao do PGC-1a e este resultado apresentou
uma correlagdo positiva com o aumento da atividade da enzima Oxido nitrico
sintase. Esses achados indicam que os hormonios da tireoide sdo capazes de
melhorar a biodisponibilidade do NO e que este efeito, possivelmente, esta
relacionado com uma melhora no metabolismo das células cardiacas em
animais, 28 dias poés-infarto.

No presente trabalho foram analisados também parametros funcionais,
estruturais e bioquimicos no coracao de ratos infartados, 14 dias apdés o infarto.
Nesse sentido, a avaliacdo de alterac6es no tecido cardiaco neste periodo mais
precoce ap6s a injuria isquémica parece ser importante para o estudo de
eventos que irdo determinar a severidade do remodelamento cardiaco em um
momento posterior (ABBATE et al., 2002). Neste periodo, os animais do grupo
IAM n&o apresentaram modificacdo nos niveis séricos de T4. Além disso, estes
animais nao desenvolveram hipertrofia cardiaca. Este resultado difere do que foi
observado aos 28 dias, periodo em que ja foi possivel evidenciar hipertrofia. Em
relacdo a isso, Pantos e colaboradores também ndo encontraram um aumento
da massa cardiaca nos animais duas semanas apo6s o infarto (PANTOS et al.,
2007). Apesar da auséncia de hipertrofia, os animais infartados apresentaram
dilatacdo do ventriculo esquerdo e perda da espessura das paredes anterior e
posterior desta camara. Estas alteragcbes morfolégicas provavelmente
ocasionaram um aumento no indice de tenséo de parede destes animais. Ja nos
animais infartados e tratados com os hormoénios da tireoide, foi possivel observar
o desenvolvimento de hipertrofia cardiaca aos 14 dias pos-infarto. Este resultado
pode estar relacionado a um efeito hipertrofico direto do T3 e do T4 sobre as

células cardiacas (KLEIN e OJAMAA, 2001). Além disso, nestes animais a
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administracdo dos hormoénios da tireoide nédo foi capaz de prevenir o
desenvolvimento de dilatacdo cardiaca, no entanto preveniu a perda da
espessura da parede posterior do ventriculo esquerdo, o que provavelmente
atenuou o aumento no indice de tenséo de parede. Além deste efeito positivo do
tratamento hormonal, os animais do grupo IAMT também apresentaram uma
melhora na fragdo de encurtamento e na fracdo de ejecdo do ventriculo
esquerdo, dois importantes parametros de funcdo sistdlica. Resultados
semelhantes foram descritos em estudo prévio de Pantos e colaboradores
(PANTOS et al., 2007). Estes resultados séo diferentes dos encontrados aos 28
dias pos-infarto, periodo no qual a administracdo de T3 e T4 nao resultou em
melhora na fragéo de ejecdao.

Além de analises morfométricas e ecocardiograficas, aos 14 dias pos-
infarto foram realizadas também andlises hemodindmicas do coracdo dos
animais infartados, tratados ou ndo. Em relagéo a isso, o grupo IAM apresentou
uma diminuigdo significativa em parametros como a pressdo sistolica do
ventriculo esquerdo e as derivadas de pressdo positiva e negativa. Estes
resultados indicam uma menor capacidade da camara cardiaca de gerar forca
durante a sistole, além de um prejuizo na contratilidade e no relaxamento do
coracdo esquerdo (SCHENKEL et al., 2010). Além disso, estes animais
apresentaram um aumento significativo na pressao diastoélica final do ventriculo.
Em relacdo a esses parametros, o tratamento hormonal promoveu uma melhora
significativa nos ratos do grupo IAMT. Esses animais apresentaram um aumento
na pressao sistdlica do ventriculo esquerdo e nas derivadas de pressao, bem
como uma reducdo significativa da pressdo diastolica final. Estes dados
corroboram resultados prévios que demonstram um efeito benéfico destes
horménios sobre parametros de funcao cardiaca em ratos duas semanas apés o
infarto (PANTOS et al., 2007).

Uma vez que a morte por apoptose das células cardiacas ocorre
principalmente em um periodo mais precoce apos o infarto (BUSSANI et al.,
2003) e este é um evento chave para o remodelamento cardiaco (ABBATE et al.,
2002), no presente trabalho foi avaliada a expresséo de proteinas proapoptoticas
e antiapoptoticas no coracdo dos animais, 14 dias apos o infarto. Nos animais do
grupo IAM houve um aumento significativo na expressdo das proteinas

préapoptoticas p53 e JNK. Em relagdo a isso, um estudo demonstrou um
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aumento nos niveis dessas proteinas minutos apos o dano isquémico (YOSHIDA
et al., 2001). Estes resultados podem significar uma maior sinalizacdo para a
apoptose, levando a uma maior perda de cardiomiécitos. Isso pode ser uma
possivel explicacdo para a perda da espessura da parede posterior apresentada
por estes animais ja aos 14 dias pos-infarto. Além disso, a expressao aumentada
destas proteinas também pode estar relacionada ao desenvolvimento, em um
periodo posterior, de um remodelamento mal-adaptativo do coracgéo
(MATSUMOTO-IDA et al., 2006). Nos animais infartados e tratados com T3 e T4
houve uma diminuicdo significativa na expressdo destas proteinas proé-
apoptoéticas, bem como um aumento na expressdo da proteina anti-apoptética
bcl-2, levando a diminuicdo na razdo bax/bcl-2. Estes resultados indicam um
efeito benéfico dos hormobnios da tireoide, promovendo uma diminuicdo na
sinalizacdo para a apoptose em um periodo precoce apoés o infarto. Esta acao
dos horménios poderia levar a uma menor morte de cardiomidcitos, provendo
um melhor remodelamento cardiaco pés-infarto (FORINI et al., 2011). Em
relacdo a isso, outros trabalhos também evidenciaram um efeito antiapoptético
dos hormodnios da tireoide em modelo de isquemia e reperfusdo em ratos
(FORINI et al., 2014) e também em células de glioma (LIN et al., 2008).

Avaliando parametros de estresse oxidativo, 14 dias pdés-infarto, apenas
nos animais do grupo SHAMT foi possivel evidenciar um aumento nos niveis de
EROs e no dano lipidico, quando comparados aos animais do grupo SHAM e
IAMT. Em relacdo a esse grupo, aos 28 dias pos-infarto também foi possivel
evidenciar alteragbes em parametros de estresse oxidativo, tais como a
diminuicdo da razdo GSH/GSSG, indicando desbalanco redox, e uma menor
atividade da enzima GPx. Estes dados indicam que, tanto aos 14 como aos 28
dias poés-cirurgia, a administracdo de T3 e T4 para os animais sham parece
ocasionar efeitos deletérios em termos de estresse oxidativo. Em relacéo a isso,
0 presente estudo é o primeiro com o0 modelo de infarto do miocardio em ratos
que avalia a administragdo destes hormdnios em animais controle. Estes dados
demonstram que as doses utilizadas neste trabalho, as quais apresentaram
efeitos protetores no coracéo infartado, podem ocasionar efeitos negativos no
tecido cardiaco na auséncia da injuria isquémica.

O conjunto dos dados apresentados nesta tese corroboram outros estudos

gue demonstram um efeito positivo dos hormdnios da tireoide em modelos
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animais apés o infarto (PANTOS et al.,, 2008; MOUROQUZIS et al.,, 2013) e
acrescenta novas informacgcdes sobre os mecanismos cardioprotetores destes
hormonios. Entre esses mecanismos podemos destacar a modulagéo dos niveis
de EROs e de NO e também da expressao de proteinas ligadas ao mecanismo
de apoptose no tecido cardiaco.

Estes resultados apresentam relevancia clinica, uma vez que se faz
necesséria a busca por novas estratégias para mitigar as consequéncias
deletérias do infarto agudo do miocardio. Embora ndo existam estudos clinicos
evidenciando efeitos benéficos destes hormonios no periodo poés-infarto, os
dados experimentais existentes até o momento indicam que esses hormonios
podem representar uma interessante ferramenta terapéutica, capaz de limitar o
processo de remodelamento cardiaco patolégico poés-infarto e reduzir a

progressao para a insuficiéncia cardiaca.
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7. CONCLUSAO

O presente estudo demonstrou, pela primeira vez, que a administracéo dos
horménios da tireoide em ratos, por 28 dias ap0s o infarto, apresenta efeitos
positivos sobre parametros de estresse oxidativo no tecido cardiaco, além de
melhorar parametros morfolégicos e funcionais. Além disso, estes hormoénios
promovem um aumento na biodisponibilidade do NO no coragéo (Figura 3). J&
em um periodo mais precoce pos-infarto (14 dias), essa administracdo hormonal
também apresenta efeitos positivos sobre a morfologia e a funcédo cardiaca,
além de diminuir a expressdo de proteinas pro-apoptoéticas (Figura 3). Esses
resultados indicam que os horménios da tireoide podem representar uma
estratégia terapéutica para prevenir alteragcdes funcionais, bioguimicas e
moleculares relacionadas com o remodelamento cardiaco patologico no periodo

pés-infarto.
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Figura 3: Resumo esquematico dos achados do presente trabalho. Legenda:
(IM) infarto do miocardio; (1) aumento; (]) diminui¢éo; («) sem modificacao.
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9. ANEXOS

Em anexo a verséo publicada dos artigos:

e Cardioprotective effects of thyroid hormones in a rat model of myocardial
infarction are associated with oxidative stress reduction
Molecular and Cellular Endocrinology 391 (2014) 22-29
DOI: 10.1016/j.mce.2014.04.010

e T3 and T4 decrease ROS levels and increase endothelial nitric oxide
synthase expression in the myocardium of infarcted rats
Molecular and Cellular Biochemistry 408 (2015) 235-243
DOI: 10.1007/s11010-015-2501-4.
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