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RESUMO

A elevagédo do metabolismo basal e do consumo de oxigénio
produzido pelos horménios da tiredide podem predispor a célula a
produzir espécies ativas de oxigénio (EAO). Dentre as alteragdes
morfométricas causadas pela disfuncdo da tiredide, destaca-se a
hipertrofia cardiaca. Este crescimento da massa do coragcdo pode
ser creditado a acado gendbmica dos horménios tireoidianos.
Entretanto, o desenvolvimento da hipertrofia cardiaca pode estar
correlacionado com as EAO. Por isso, objetivou-se estudar néao
somente a relagdo das EAO com desenvolvimento da hipertrofia e a
insuficiéncia cardiaca no hipertireoidismo, mas também os
mecanismos moleculares deste processo, utilizando tratamento
com um antioxidante classico, a vitamina E. Foram usados ratos
Wistar divididos em quatro grupos (n=10): controle, vitamina E,
hipertireoideo, hipertireoideo+vitamina E. O hipertireoidismo foi
desenvolvido através da administragdo de L-tiroxina (12mg/L na
agua de beber, durante 28 dias). A vitamina E foi administrada
(20mg/kg/dia i.p.) por 28 dias. A medida da massa cardiaca foi
avaliada pela razdao do peso do coracao pelo peso corporal. A
analise da hemodinamica consistiu da pressao ventricular sistélica
esquerda (LVSP) e a pressao do final da diastole ventricular
esquerda (LVEDP), assim como suas derivadas temporais (%
dP/dt). A avaliagdo do estresse oxidativo foi realizada através da
lipoperoxidagcdo (medidas de quimiluminescéncia -QL- e
substancias reativas ao acido tiobarbiturico — TBARS) e oxidagéao
das proteinas (carbonilas). O metabolismo da glutationa também foi
avaliado (GSH/GSSG), juntamente com a capacidade antioxidante
total (TRAP). A atividade das enzimas antioxidantes (superoxido
dismutase - SOD, catalase -CAT, glutationa peroxidase - GPx,

glutationa redutase - GR, e glutationa -S- transferase — GST)
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também foram medidas. O metabolismo do o6xido nitrico (NO),
avaliado através da medida dos nitritos e nitratos, e a concentracgéao
tecidual de peroxido de hidrogénio (H20,) também foram
quantificadas. As medidas de expressao de proteinas foi realizada
pelo método de Western blot, tendo como alvo as seguintes
proteinas: Cu/Zn SOD, catalase, GST, receptor do fator de
crescimento “insulin like”-1 (IGF-IR), Akt e fosfo-Akt, GSK-3B e
fosfo-GSK-3B, c-dJun e c-Fos. O tramento com a L-tiroxina foi
efetivo no desenvolvimento do hipertireoidismo. O grupo tratado
com a L-tiroxina demonstrou maiores valores de massa cardiaca,
LVSP e LVEDP, com regressdao destes parametros no grupo
hipertireoideo+vitamina E. A lipoperoxidagdo, a oxidagdo das
proteinas, a deplecdo de GSH e o consumo dos antioxidantes totais
(TRAP) aumentaram no grupo hipertireoideo. O tratamento com a
vitamina E preveniu estas alteracbes. A atividade e a expressao
das enzimas antioxidantes se elevaram com o hipertireoidismo,
exceto a catalase. No entanto, a administracdo da vitamina E
reduziu a atividade destas enzimas, exceto da GST que apresentou
atividade e expressdao mais elevadas. Os nitritos e nitratos e as
concentragdes de H,O, foram maiores no grupo hipertireoideo em
relagdo ao grupo controle. Estes valores regrediram no grupo
hipertireoideo+vitamina E. As expressdes de proteinas do IGF-IR,
fosfo-Akt, fosfo-GSK-3B, c-Jun e c-Fos foram maiores no grupo
hipertireoideo, porém diminuidos pela acdo da vitamina E. Estes
dados sugerem n&o apenas a relacdo do hipertireoidismo com o
estresse oxidativo, mas também uma acdo dos radicais livres na
ativacao de vias intracelulares de sinalizagcdo, mediando processos
de crescimento celular, como a hipertrofia cardiaca induzida pela

tiroxina.



1. INTRODUGAO

1.1. Hipertireoidismo

Os horménios da tiredide regulam o metabolismo basal dos tecidos, tais
como o musculo esquelético e cardiaco, figado, rim e cérebro (Venditti & Di Meo,
2006). A elevagao dos horménios da tiredide € denominada de hipertireoidismo.
Os sinais e sintomas do hipertireoidismo frequentemente ocorrem quando os
tecidos sdo expostos a quantidades excessivas de hormdnios tireoidianos. Os
sinais classicos incluem intolerancia ao calor, taquicardia, perda de peso,
fraqueza, labilidade emocional e tremores (Klein & Ojamaa, 2001). As causas
mais comuns de hipertireoidismo sdo as doengas auto-imunes como a doenca
de Graves, a qual é decorrente de anticorpos circulantes contra os receptores de
TSH. Tipicamente, ha um bécio difuso que hipersecreta triiodotironina (T3) e
tiroxina (T4). O defeito subjacente parece ser uma disfungdo nos linfécitos T
supressores que permitem a producdo de um anticorpo contra esse receptor
(Robbins et al., 2005). Outros disturbios que levam ao hipertireoidismo incluem o
bécio téxico multinodular, o adenoma toxico, o carcinoma de tiredide e,
raramente, um adenoma hipofisario secretor de TSH (hipertireoidismo
secundario) (Henry,1999). Os efeitos cardiacos estdo entre as mais constantes
manifestacdes que os pacientes hipertireocideos apresentam, destacando-se o
aumento do débito cardiaco, causado pela maior contratilidade cardiaca devido
ao maior consumo de oxigénio, taquicardia, cardiomegalia e arritmia. O
hipertireoidismo também pode causar a disfuncado diastélica seguida de uma

insuficiéncia cardiaca, chamada de cardiomiopatia tireotoxica dilatada (Robbins



et al., 2005). Além disso, Asahi et.al, em 2001 demonstraram a participagéo do
sistema renina-angiotensina na disfungdo cardiaca desenvolvida no

hipertireoidismo.

1.2. Hipertireoidismo e Estresse Oxidativo

A aceleracdo do metabolismo basal e energético representa uma das
mais importantes agcbes dos horménios da tiredide (Venditti & Di Meo, 2006).
Alguns autores sugerem que o hipertireoidismo esta associado com a produgao
de radicais livres e com o0 aumento dos niveis de lipoperoxidacao (Gredilla et. al,
2001). Da mesma forma, o estado hipometabdlico do hipotireoidismo leva a uma
diminuicdo na produgao das EAO e de seus consequentes danos as proteinas,
aos lipidios e ao DNA (Lopez-Torres et al.,, 2000). A capacidade total de
peroxidacdo da mitocéndria € influenciada pelo estado tireoidiano do corpo. As
variagdes dos niveis hormonais tireoidianos modulam o estresse oxidativo
celular in vivo, principalmente, devido a sua agao sobre a mitocondria (Guerrero
et al, 1999). Desta maneira, a influéncia sobre a fungdo mitocondrial,
estimulando o consumo de oxigénio e a fosforilagdo oxidativa, torna essa
organela um dos principais locais de produgcédo das EAO, por agdo dos
hormoénios tireoidianos (Sawyer et al., 2002). Quando a L-tiroxina é administrada
aos animais, as mitocéndrias, de quase todas as células do organismo,
aumentam em tamanho e numero. Além disso, a superficie total da membrana
interna mitocondrial, a atividade das enzimas oxidativas e os elementos do
sistema de transporte de elétrons também aumentam proporcionalmente ao

aumento do metabolismo basal. Uma das enzimas que tem sua atividade



elevada, em resposta aos horménios da tiredide, é a Na*, K'-~ATPase (bomba
Na’-K"). Esta, por sua vez, intensifica o transporte de ions sodio e potassio
através das membranas celulares, consumindo energia e aumentando a
quantidade de calor produzida no organismo. Este processo poderia constituir
um dos mecanismos pelos quais os horménios da tiredide estimulam o
metabolismo basal (Guyton & Hall, 2002).

O consumo de oxigénio e a produgado de radicais livres ocorrem,
preferencialmente, nas membranas lipidicas da mitocondria. Desta forma, a
sensibilidade ao dano oxidativo das membranas celulares depende muito da
concentracao de acidos graxos insaturados, sendo os poliinsaturados os mais
suscetiveis ao ataque das EAO. A mudanga na composi¢cdo lipidica das
membranas celulares esta intimamente correlacionada com as concentracdes
plasmaticas dos hormdnios tireoidianos (Gredilla et al., 2001). Guerreiro et al.,
em 1999, demonstraram diminuigdo na concentragao de acido graxo insaturado
nas fragdes lipidicas de animais hipotireoideos, desfavorecendo o ataque das
EAO sobre as membranas celulares.

A razao glutationa reduzida (GSH)/glutationa oxidada (GSSG) esta
diminuida nos hipertirecideos, da mesma forma que a glutationa reduzida
mitocondrial. Essa situagcdo é revertida pela administracdo de propiltiouracil,
usado no tratamento do hipertireoidismo, que aumenta a razdo GSH/GSSG e
restaura os valores da glutationa reduzida mitocondrial aos niveis normais. Este
fato confirma o papel importante dos hormdnios da tiredide na regulacdo do
estresse oxidativo mitocondrial (Das & Chainy, 2004).

As enzimas antioxidantes superdxido dismutase (SOD) e glutationa

peroxidase (GPx) tém suas atividades aumentadas no figado de ratos



hipertireoideos, sugerindo uma resposta ao dano oxidativo (Venditti & De Meo et
al., 2006).

Em suma, o estresse oxidativo pode ser modulado de acordo com as
concentragdes seéricas dos hormoénios tireoidianos, e o hipertireoidismo pode
aumentar a LPO e influenciar nas concentragdes e atividade das moléculas

antioxidantes (Niwa et al., 2003).

1.3. Espécies Ativas de Oxigénio (EAO), Sistemas de

Defesa Antioxidante e Estresse Oxidativo

A geracgao das espécies ativas de oxigénio (EAQO) ocorre, principalmente,
durante os processos de oxidacao biolégica, dentre os quais, podemos destacar
a respiracao celular acoplada a fosforilagado oxidativa, para formacao de ATP na
mitocéndria. O oxigénio (O,) € reduzido até agua (H.O), recebendo quatro
elétrons de uma sé vez pela citocromo oxidase. Entretanto, em razdo de sua
configuracao eletrénica, o oxigénio tem uma forte tendéncia a receber um elétron
de cada vez gerando compostos intermediarios muito reativos, como visto na
reacao 1A. Destes compostos intermediarios, pode-se destacar o anion radical
superéxido (02"), o perdxido de hidrogénio (H2O,) e o radical hidroxil (OH®). A
formacao destas moléculas ocorre em aproximadamente 5% de todo o processo
de reducdo do oxigénio até agua. A reagao do peroxido de hidrogénio com ion
ferroso ou cuprico é chamada de reacdo de Fenton, a qual leva a producéo do
radical hidroxil, muito reativo (reacédo 1B). O radical hidroxil também pode ser
formado a partir da reagao do anion superéxido com o peréxido de hidrogénio

em presenca de ions divalentes de metais de transicao, reacéo esta descrita por



Haber-Weiss (reagdo 1C). As EAO sao fortemente oxidantes e podem
apresentar pelo menos um elétron desemparelhado, quando isso ocorre séo
denominadas de radicais livres. Os radicais livres sao definidos como qualquer
espécie quimica capaz de existir independentemente que contenha um ou mais
elétrons desemparelhados (Halliwell & Gutteridge, 1999). Ainda, deve ser
relatado o estado excitado do oxigénio denominado de oxigénio “singlet’, que

também pode causar danos a célula (Halliwell, 2000).

(A)
0,——0y —=*2 yH,0,—*H 0H—=—* 3H,0
H,0
(B)
H,0,+Fe*” /Cu* ——>Fe”/Cu™ +0OH" +OH"
(C)

H,0, +0; —=® , OH"+OH"

Reagao 1: (A) Formagao das EAO, a partir da redugao do O, (B) Reacgao de
Fenton. (C) Reacao de Haber — Weiss

A magnitude da reatividade das EAO esta relacionada com seus elétrons
desemparelhados que lhes conferem a instabilidade caracteristica. As reacdes
com os radicais sdo muito rapidas e ocorrem em cadeia, ja que os elétrons

desemparelhados favorecem as colisdes moleculares. O potencial reativo das



EAOQO é bem ilustrado na lipoperoxidagao (LPO). A LPO é um processo de reagao
das EAO com os lipidios presentes nas membranas celulares que envolve nao
somente a renovacao das membranas celulares, como também a biossintese
das prostaglandinas e leucotrienos (Halliwell, 2000). As proteinas também
sofrem reacdes oxidativas iniciadas pelas EAO, que levam a altera¢des nas suas
estruturas. Processos como fragmentacgao, agregagao, maior susceptibilidade a
proteases, exemplificam algumas das ac¢bes dos radicais livres sobre as
proteinas (YU, 1994). Pode haver também um ataque ao DNA nuclear,
sobretudo, pelo radical hidroxil, formando a 8-hidroxideoxiguanosina. O DNA
mitocondrial também é bastante atingido, uma vez que a mitocondria é a grande
fonte de EAO (YU, 1994).

Além das EAO, ha outros radicais livres que desempenham um
importante papel na fisiologia e patologia humana, sdo as espécies ativas do
nitrogénio (EAN). O oxido nitrico (NO) é radical livre, uma vez que possui um
elétron desemparelhado. Esta caracteristica € limitada, pois ndo s&o conhecidas
reagdes de propagacédo do NO. Por outro lado, o NO reage facilmente com o
radical superéxido produzindo o peroxinitrito (ONOQO") (El-Helou et al., 2005). O
NO é sintetizado nos organismos vivos, principalmente por um grupo de enzimas
denominado oxido nitrico sintases (NOS) que convertem o aminoacido L-
arginina em L-citrulina e NO. A atividade da NOS ¢é controlada por citocinas,
efetores e fatores de sinalizagcdo do NO para conexdo do sistema imunoldgico
com os sistemas cardiovascular, nervoso e enddcrino (Bergendi et al., 1999). O
NO é um gas hidrofobico e, uma vez gerado, é capaz de difundir-se através da
membrana plasmatica das células endoteliais. O NO é responsavel pelo controle

do tbnus muscular, onde atua como Fator Relaxante Derivado do Endotélio



(EDRF), produzindo vasodilatagdo e inibindo alguns processos como a
agregacao plaquetaria, a adesao de leucocitos ao endotélio e a produgédo de
endotelina (peptidio com potente agao vasoconstritora). O NO é liberado quando
ocorre aumento do fluxo sanguineo, do estresse de cisalhamento (shear stress),
ou da pressao do sangue sobre o vaso, provocando o relaxamento do mesmo.
Alguns dos efeitos fisiologicos do NO podem ser mediados pela formagao do
intermediario S-nitroso-glutationa que é um conjugado de glutationa e NO
(Cristofanon et al., 2006).

Os organismos aerébios possuem sistemas de defesa para se protegerem
contra os efeitos causados pelas EAO. Substancias que neutralizam a agéo dos
radicais livres na LPO, levando a formagdo de produtos menos tdxicos, sao
chamadas de sequestradoras (scavengers), como as enzimas antioxidantes e os
tocoferdis. Aquelas que absorvem a energia de excitacdo dos radicais livres sdo
chamadas de quenchers, tais como os carotendides e o acido ascoérbico (Yu,
1994; Singal et al., 2000).

O sistema de defesa antioxidante é composto de elementos néo-
enzimaticos e enzimaticos. Dentre os compostos ndo-enzimaticos destaca-se a

vitamina E ou a-tocoferol, o qual tem importancia pelo seu efeito antioxidante e é

comumente consumido na dieta. Ha a forma Y-tocoferol que pode também

apresentar uma capacidade antioxidante (Figura 1) (Devaraj et al., 2005). A
eficiéncia destas moléculas reside no fato de apresentarem a capacidade de
inibir a propagacgao das reagdes desencadeadas pela LPO, o que é facilitado por
sua localizagdo nas membranas. Dados epidemioldgicos destacam que o uso da

vitamina E pode prevenir algumas doengas cardiovasculares, como a



aterosclerose, principalmente pela inibicdo da oxidacao de lipoproteinas como o
LDL (lipoproteina de baixa densidade) (Pryor, 2000). A vitamina C (acido
ascorbico), um potente antioxidante, desempenha um papel muito importante
nos processos de regeneracao do a-tocoferol (Reacdo 2). O p-caroteno,
precursor da vitamina A, e o tripeptidio glutationa, presente em grandes
concentracdes na maioria das células eucariontes, somam-se aos demais

antioxidantes nao-enzimaticos (Cristofanon et al., 2006).

Alfa
tocoferol

Gama
tocoferol

Figura 1: Estrutura quimica do a-tocoferol e Y-tocoferol (Devaraj et al., 2005)

P SUCTRVS

A lfa
Lip-OO e tocoferol

Lip-OOH Ascorbato

ubiquinol

Reacao 2: Regeneracéo do a-tocoferol por agdo da vitamina C.



Em sinergismo com a ag&o antioxidante dos compostos aludidos acima,
estdo as enzimas antioxidantes. A superoxido dismutase (SOD) é a enzima que
catalisa a reagao entre dois ions superoxido (dismutagao) para formar peréxido
de oxigénio (Reagdo 3A). Esta reacdo pode ocorrer espontaneamente em pH
fisioldgico, porém, na presenga da SOD, a velocidade desta reagdo é 10* vezes
maior (Yu, 1994; Halliwell & Gutteridge, 1999). A catalase (CAT) e a glutationa
peroxidase (GPx) sdo enzimas que catalisam a redugao dos peroxidos (peroxido
de hidrogénio e de hidroperdxidos organicos), impedindo assim a formacao de
radical hidroxil e o consequente dano celular (Reagbes 3B e 3C). A glutationa
redutase recicla o dissufeto de glutationa (GSSG) em glutationa reduzida (GSH)
(Reagao 3D) (Tsutsui et al., 2001). As glutationa-S-transferases (GSTs) s&o
enzimas que agem na detoxificagdo de agentes eletrofilicos, como os radicais
livres, e xenobidticos (exemplo cloro dinitro benzeno) (Reacdo 3E) (Habig,

1974).

(A)2H" +20," —2 50, +H,0,

(B)2H,0, —* 50, +H,0

(C)R—OOH +2GSH —* >R~ OH +GSSG +H,0

(D) GSSG + 2NADPH —%* 5 2GSH + 2NADP*
Cl

SG
NOz NOZ
(E) GST
+ GSH —mm— + HCI
Oz O2

CDNB

Reacdao 3: (A) superdxido dismutase (SOD), (B) catalase, (C) glutatina
peroxidase (GPx), (D) regeneragdo da glutationa reduzida pela glutationa
redutase (GR), (E) detoxificagdo do cloro dinitrobenzeno (CDNB) através da
glutationa S-transferase (GST).



O estresse oxidativo pode ser definido como “um disturbio do equilibrio
pré-oxidante/antioxidante em favor dos pro-oxidantes, levando ao dano
potencial” (Sies, 1985). Em principio, o estresse oxidativo pode resultar da
diminuigdo dos antioxidantes, tais como das enzimas de defesa antioxidante ou
da deficiéncia nutricional de antioxidantes (a-tocoferol, acido ascorbico,
aminoacidos contendo o enxofre necessario para a sintese de glutationa, ou
riboflavina necessaria para a produgao de flavina adenina dinucleotideo (FAD),
um cofator da glutationa redutase). A produgdo aumentada de EAO e EAN
também pode ser causa do estresse oxidativo, levando ao dano de biomoléculas
tais como o DNA, as proteinas e os lipidios (Halliwell & Gutteridge, 1999, Singal

et al, 2000).

1.4. EAO no processo de sinalizagao celular

Estudos recentes demonstram o papel importante das EAO nos eventos
de sinalizagao intracelular. Ha evidéncias de geracdo de EAO induzida por
ligantes, além de rotas de sinalizagdo ativadas por radicais livres (Droge, 2002).
Existem modelos que explicam os mecanismos de transdugdo de sinal pelos
radicais livres baseados nas altera¢des do estado redox celular e na oxidacéo de
proteinas (Liu et al., 2005).

Ha dois principais mecanismos de acdo que podem explicar, de modo
geral, a sinalizagao intracelular mediada pelas EAO. O primeiro esta baseado
nas alteragdes intracelulares do estado redox. O citosol normalmente € mantido

em condigdes fortemente reduzidas, através dos grupos tidis que séo
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representados, principalmente, pela GSH. As alteragcdes nas concentragdes de
GSH parecem regular a sinalizagéo redox, e tais modificagdes nos seus niveis
podem ser bem representadas pela razdo da forma reduzida da glutationa (GSH)
pela sua forma oxidada (GSSG) (Cristofanon et al., 2006). O segundo
mecanismo esta associado as alteragdes conformacionais e funcionais das
proteinas, causadas pela acao oxidativa dos radicais livres. As modificacbes nas
estruturas das proteinas ocorrem preferencialmente em residuos de
aminoacidos que possuem grupos tiés e derivados, tal como a cisteina. Estas
alteracbes na conformacdo nativa das proteinas induzem a dimerizagdo e a
interagdo com outros dominios protéicos ou com complexos metalicos distintos.
Isto pode acarretar a modulagdo das fungdes de fatores de transcrigdo ou da
atividade enzimatica (Droge, 2002; Liu et al., 2005).

As citocinas e os fatores de crescimento podem ativar a producdo de EAO
ao se ligarem nos seus respectivos receptores. Apds a ligagdo ao seu receptor,

o fator de necrose tumoral-a (TNF-a) estimula a produgéo de radicais livres na
mitocéndria, os quais ativam o fator de necrose kappa beta (NFkB). Esta

sinalizagdo parece estar envolvida no controle da apoptose celular (Droge,
2002). O radical livre que se destaca neste mecanismo €& o anion radical
superoxido (O27), o qual induz a apoptose. Esta agao ¢€ inibida pelo aumento da
expressdo @génica da manganés-superoxido dismutase (MnSOD), enzima
responsavel pela eliminacdo desta EAO. Este mecanismo de apoptose parece
estar também vinculado a deplegao dos niveis de glutationa (GSH) (Liu et al.,

2005).
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Alguns fatores de crescimento induzem a geragdo de EAO pela ativagao
de seus receptores tirosina quinase (RTK). Destacam-se o fator de crescimento
derivado das plaquetas (PDGF), o fator de crescimento “insulin like-1" (IGF-1) e o
fator de crescimento epidermal (EGF) (Droge, 2002). A angiotensina Il também
estimula a produgdo de EAO, através da ativagdo da NADPH oxidase. As EAO
podem desencadear a ativagcdo dos membros da familia das proteinas quinases
ativadas por mitégeno (MAPK) (Figura 2) e induzir o desenvolvimento da
hipertrofia ou da apoptose das células cardiacas, de acordo com as
concentragdes destas espécies no meio intracelular (Giordano, 2005).

A Akt (proteina quinase B) € uma via de fosforilagdo que pode ser
rapidamente ativada, quando as células sdo expostas ao estresse oxidativo,
principalmente pela acdo do H.O, (Cai et al., 2003; Yang et al., 2006). A Akt
pertence a familia das proteinas quinases serina/treonina que sao classicamente
estimuladas pelo receptor tirosina quinase, mediada pela acdo da
fosfatidilinositol 3-quinase (PI3K). A Akt € uma via de sinalizagao intracelular que
pode estar relacionada com o crescimento da massa cardiaca, podendo agir
através da supressao da via de apoptose dependente da glicogénio sintase
quinase-3p (GSK 3p), promovendo o estabelecimento da hipertrofia cardiaca
(Antos et al., 2002).

As quinases ERK (quinase regulada por sinal extracelular), p38 e JNK (c-
jun-NH2-terminal quinase) podem ser ativadas por substéncias oxidantes como
peréxido de hidrogénio e radical superoxido, e desencadear o crescimento
celular. O peroxido de hidrogénio também esta envolvido na estimulagado da
ativacdo da proteina ativadora (AP 1), que é um heterodimero formado a partir

dos fatores de transcrigdo c-Jun e c-Fos (Liu et al., 2005). See e colaboradores
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(2004) sugerem que a inibicdo da MAPK p38 pode ser uma perspectiva de
terapia no tratamento da disfuncdo do cardiomiécito observada na insuficiéncia
cardiaca, ja que estas vias de sinalizagdo intracelular estdo envolvidas com a

hipertrofia (Liu et al., 2005).
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Figura 2: Esquema proposto para o desenvolvimento de hipertrofia cardiaca
induzida pela ativagdo da MAPK (Giordano, 2005).
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1.5. Hipertrofia Cardiaca, Sinalizagao Intracelular e

Hipertireoidismo

O desenvolvimento da hipertrofia € um dos principais mecanismos pelos
quais o coragao busca compensar sobrecargas de volume ou de pressao. O
objetivo dessa compensacdo € manter o estresse mecanico sistolico sobre a
parede do ventriculo esquerdo (pré-carga) dentro da normalidade (Bereniji et al.,
2005), mantendo uma for¢ca contratil suficiente para vencer essa carga.
Inicialmente, a hipertrofia resulta em mais miofibrilas disponiveis para contragao,
e também em aumento do numero de mitocéndrias que suprem o cardiomiécito
de ATP adicional (Brady & Terzic, 2000). Com isso, ocorre aumento da
contratilidade no coracao hipertrofico. Entretanto, persistindo a sobrecarga ao
longo do tempo, ocorre deterioracdo da fungéo contratil, dilatagdo do coragao e
desenvolvimento de insuficiéncia cardiaca (Wakatsuki et al., 2004). Essas
alteragbes tém como substrato morfolégico uma série de modificagcdes
estruturais que ocorrem no coracgao hipertrofico: padrbées anormais da banda-Z
dos sarcomeros, multiplos discos intercalares, nucleos aumentados (polipléides),
abundancia de ribossomos e numerosas mitocdndrias (Hu et al., 2005). A
hipertrofia envolve aumento no comprimento e espessura dos cardiomiécitos,
expressao génica alterada e modificagbes na composi¢cdo das proteinas
contrateis (Brady & Terzic, 2000).

As bases celulares e moleculares do aumento da massa cardiaca
envolvem a hipertrofia dos cardiomidcitos existentes e vias de sinalizagéo

intracelular que desencadeiam este crescimento do tecido cardiaco (Heineke &
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Molkentin, 2006). Existem varios possiveis mediadores dos processos pelos
quais as sobrecargas de volume ou de presséo estimulam o crescimento celular.
Dentre eles, estdo os receptores de estiramento; os fatores de crescimento dos
fibroblastos (FGF), o fator de crescimento “insulin like™l (IGF-l);
neurotransmissores e hormonios circulantes, como os agonistas a e f-
adrenérgicos, a angiotensina Il, a tiroxina, e a insulina; segundos mensageiros
intracelulares, como AMP ciclico, diacilglicerol, inositol trifosfato e calcio; proto-
oncogenenes c-fos, c-myc e c-jun (Frolich et al., 1992). Esses fatores de
crescimento podem atuar ativando proteinas de transdugao intracelular e fatores

de transcri¢cao (Figura 3) (Heineke & Molkentin, 2006).
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Figura 3: Diferentes vias de sinalizagdo intracelular envolvidas no
desenvolvimento da hipertrofia cardiaca (Heineke & Molkentin, 2006).
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A modulacdo da expressdao do IGF-I e de seus receptores nos
cardiomidcitos € um dos eventos moleculares envolvidos na hipertrofia cardiaca.
Este aumento efetivo da massa muscular do coracdo pode ser devido a
elevacao da sintese "de novo” de proteina causada pela agédo do IGF-I (Kuo et
al., 2005). Lin et al., 1999 mostrou que a L-tiroxina pode ativar a ERK através de
um mecanismo dependente de proteina G em células CV-1 e Hela, mas a
ativacao deste mecanismo nao esta bem estabelecida no tecido cardiaco. A via
de sinalizagdo da Akt tem sido implicada na regulagdo do crescimento e da
fungado cardiaca (Wilkins et al., 2004; DeBosch et al., 2006). A superexpressao
cardiaca da Akt constitutiva resultou em hipertrofia concéntrica e aumento da
contratilidade cardiaca (Condorelli et al., 2002). Dados recentes demonstraram a
ativacédo da Akt via tiroxina no coragao (Kuzman et al., 2005). A GSK-3f3 também
apresenta um papel importante na regulagdo negativa da hipertrofia cardiaca.
Camundongos que superexpressam GSK-3[3, sujeitos a sobrecarga de presséo,
demonstraram redugao da hipertrofia cardiaca (Antos et al., 2002). No entanto,
0S mecanismos pelos quais estas vias sdo ativadas no hipertireoidismo ainda

foram pouco explorados.

2. HIPOTESE

O hipertireoidismo induz a hipertrofia cardiaca pelo seu estimulo sobre as
vias de sinalizacdo intracelular e os fatores de crescimento, usando como

moléculas mediadoras para este processo as EAO.
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3 .OBJETIVOS

Objetivo Geral

Avaliar o estresse oxidativo cardiaco, através de medidas de dano
oxidativo e de defesa antioxidante enzimaticas e nao-enzimaticas,
correlacionando-o com a avaliagdo hemodindmica e morfométrica, com a
expressao de fatores de crescimento teciduais e com vias de sinalizagédo
sensiveis ao estresse oxidativo, em ratos submetidos ao hipertireoidismo

cronico, assim como sob tratamento com antioxidante.

Objetivos Especificos

= Induzir experimentalmente o hipertireoidismo através da administragao da L-
tiroxina no periodo de uma a quatro semanas, verificando a efetividade do
tratamento pela dosagem das concentragbes plasmaticas de horménios
tireoidianos e pela avaliagdo dos parametros morfométricos e
hemodinamicos.

= Realizar medidas de avaliacdo do estresse oxidativo no tecido cardiaco dos
distintos grupos experimentais: quimiluminescéncia, substancias reativas ao
acido tiobarbiturico, carbonilas, capacidade antioxidante total, metabolismo
da glutationa, atividade e concentragdo das enzimas antioxidantes, peréxido

de hidrogénio e nitritos e nitratos.
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= Avaliar a expressdao o receptor de IGF-l, juntamente com fatores de
transcrigdo, c-Jun, c-Fos, e com a cascata de sinalizagdo da Akt e GSK-3f3

neste modelo experimental.
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4. METODOLOGIA

4.1. Animais

Foram utilizados, no trabalho, ratos machos Wistar, com peso médio de
250 £ 20 gramas. Os animais provenientes do Biotério do Instituto de Ciéncias
Basicas da Saude (ICBS) da UFRGS, foram mantidos em caixas plasticas de
270 x 260 x 310 mm, com 4 ratos cada, com o assoalho recoberto com
serragem. Receberam alimentacdo e agua a vontade e foram mantidos sob
periodos de 12 horas luz/12 horas escuro e sob temperatura de 22°C. Os
procedimentos experimentais foram realizados de acordo com as normas do

Colégio Brasileiro de experimentagéo animal.

4.2. Indugao do Hipertireoidismo

O hipertireoidismo cronico foi obtido mediante administracdo de L-tiroxina

(0,15 umol/L) -12 mg T4 dissolvido em 50 mL de Tris para um volume final de um

litro de agua - ad libitum durante uma a quatro semanas, na agua de beber

oferecida aos ratos (Ladenson et al., 1986).
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4.3. Grupos e Protocolos Experimentais

4.3.1. Artigo 1- Myocardial Antioxidant Enzyme Activities and Concentration and

Glutathione Metabolism in Experimental Hyperthyroidism (Molecular and Cellular

Endocrinology 249 (2006) 133-139)

Foram utilizados dois grupos experimentais (n=10):
1) Hipertireoideo: animais que foram submetidos a ingestao de L-tiroxina na
agua de beber, no periodo de uma a quatro semanas.
2) Controle: animais que receberam apenas o veiculo da L-tiroxina (Tris) na

agua de beber, no periodo de uma a quatro semanas.

4.3.2. Artigo 2: Oxidative stress activates insulin-like growth factor | receptor

protein expression mediating cardiac hypertrophy induced by thyroxine

(submetido em 2006 para Molecular and Cellular Biochemistry, aguardando o

processo de reviséo)

Foram utilizados quatro grupos experimentais (n=10):
1) Hipertireoideo: animais que foram submetidos a ingestdo de L-tiroxina na
agua de beber, no periodo de quatro semanas.
2) Controle: animais que receberam apenas o veiculo da L-tiroxina (Tris) na
agua de beber e 6leo mineral por via subcutanea, no periodo de quatro

semanas.
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3) Vitamina E: animais que receberam vitamina E (diluida em éleo mineral),
administrada por via subcutanea, no periodo de quatro semanas.

4) Hipertireoideo+Vitamina E: animais que foram submetidos a ingestao de L-
tiroxina, uma a quatro semanas. Tratamento este, concomitante ao tratamento

com vitamina E administrada por via subcutanea, no periodo de quatro semanas.

4.3.3. Artigo 3: Oxidative stress role in the AKT pathway activation in

experimental hyperthyroidism (submetido em 2006 para Journal Molecular

Cardiology, aquardando o processo de revisao)

Foram utilizados quatro grupos experimentais (n=10):
1) Hipertireoideo: animais que foram submetidos a ingestdo de L-tiroxina na
agua de beber no periodo de quatro semanas.
2) Controle: animais que receberam apenas o veiculo da L-tiroxina (Tris) na
agua de beber e 6leo mineral por via subcutanea, no periodo de quatro
semanas.
3) Vitamina E: animais que receberam vitamina E (diluida em éleo mineral),
administrada por via subcutanea, no periodo de quatro semanas.
4) Hipertireoideo+Vitamina E: animais que foram submetidos a ingestao de L-
tiroxina, uma a quatro semanas. Tratamento este, concomitante ao tratamento

com vitamina E administrada por via subcutanea, no periodo de quatro semanas.

4.4. Protocolo Experimental

O hipertireoidismo foi induzido através da administragao de L-tiroxina (T4)

durante o periodo de uma a quatro semanas. Foi coletado sangue por pungéo
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cardiaca, no término de cada referido tempo de tratamento, para analise da
tiroxina plasmatica. No seguimento do protocolo experimental, os animais foram
decapitados, e tiveram removidos seus coragdes para avaliar o indice de
hipertrofia cardiaca. Os coragdes, entdo, foram homogeneizados para avaliar o
estresse oxidativo e a expressao das enzimas antioxidantes, do receptor de IGF,
Akt, GSK 3, c-Jun e c-Fos.

O grupo hipertireoideo+vitamina E foi tratado com vitamina E,
administrada por via subcutanea (15 mg/kg/dia em 6leo mineral), concomitante
ao tratamento com L-tiroxina. Foram avaliados, neste grupo, os mesmos

parametros supracitados.

4.5. Dosagem Hormonal

Nos animais anestesiados (quetamina 90mg/kg; xilazina 10mg/kg, i.p.), foi
realizada a coleta de 1,5 mL de sangue por pungao cardiaca. O sangue coletado
foi centrifugado por 10 minutos a 1000 g em centrifuga refrigerada (Sorvall RC
5B — Rotor SM 24). O plasma dos animais foi separado e congelado em

freezer a -80°C para posteriores dosagens dos horménios tireoidianos. O

método utilizado para dosar o horménio T4 foi o de quimiluminescéncia por
imunoensaio competitivo. O aparelho utilizado para esta medida foi o IMMULITE
2000. Os resultados foram expressos em ng/mL. As dosagens hormonais foram

realizadas pelo Laboratério Weinmann.
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4.6. Avaliagées Hemodinamicas e Calculo do indice de
Hipertrofia Cardiaca

Apds o tratamento, os animais foram pesados e anestesiados (quetamina
90 mg/kg; xilazina 10 mg/kg, i.p.). Foi utilizado, para a canulagdo do ventriculo
esquerdo via artéria carétida direita, um catéter de polietileno (PE50) conectado
a um transdutor de presséao (Strain-Gauge-Narco Biosystem Transducer RP-155,
Houston, Texas, USA) e acoplado a um amplificador de sinais (Pressure
Amplifier HP 8805C). O catéter foi inserido até o ventriculo e sua posigéo foi
determinada pela observacdo da onda caracteristica de pressao ventricular.
Apés 5 minutos de estabilizagdo, foram registradas a pressao sistdlica
ventricular esquerda (PSVE) e a pressao diastdlica final do ventriculo esquerdo
(PDFVE). Os sinais analdgicos da pressao foram digitalizados (CODAS - Data
Acquisition System, PC 486) com taxa de amostragem de 1000 Hz. Este
programa permite a derivagdo da onda de pressao ventricular esquerda e
deteccgao dos valores maximos e minimos destas curvas, batimento a batimento,
fornecendo os valores das derivadas positivas (+dP/dt - indice de contratilidade)
e negativas (-dP/dt - indice de relaxamento), expressas em mmHg/s (Li et al.,
2000).

O indice de hipertrofia cardiaca oferece um indicativo do aumento da
massa muscular do coragdo, o qual € uma caracteristica importante a ser
ressaltada no hipertireoidismo. Este foi calculado pela razdo do peso em

miligrama de tecido cardiaco por grama de peso corporal (Hu et al., 2003).
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4.7. Preparo dos Homogeneizados

Os coragdes foram rapidamente retirados e homogeneizados por 30
segundos em Ultra-Turrax, na presenca de KCI 1,15% (5 mL/g de tecido) e de
fluoreto de fenil metil sulfonil (PMSF), na concentragdo de 100 mmol/L em
isopropanol (10 yL/mL de KCI adicionado). O PMSF é um inibidor de proteases e
foi utilizado para que nao ocorresse degradagcdo das enzimas das quais a
atividade foi medida. Em seguida, os homogeneizados foram centrifugados por
10 minutos a 1000 g em centrifuga refrigerada (Sorvall RC 5B-Rotor SM 24) e o

sobrenadante foi retirado e congelado em freezer a -80°C para as dosagens

posteriores de LPO e atividade das enzimas antioxidantes (Llesuy et al., 1985).
Para analise de Western blot, cerca de 100 mg do tecido cardiaco (ventriculos
esquerdo e direito) foi rapidamente retirado e homogeneizado por 30 segundos
em Ultra-Turrax, na presengca do tampao de homogeneizacdo (Tris-HCI
100mmol/L, EDTA 5 mmol/L, PMSF 1 mmol/L, Aprotinina 5 g/mL) (Laemmli et
al., 1970). Em seguida, os homogeneizados foram centrifugados por 20 minutos

a 1000 g em centrifuga refrigerada (Sorvall RC 5B-Rotor SM 24) e o

sobrenadante foi retirado e congelado em freezer a -80°C.

4.8. Quantificagao de Proteinas

As proteinas foram quantificadas pelo método descrito por Lowry e
colaboradores, em 1951, que utiliza como padrdo uma solucdo de albumina
bovina na concentragdo de 1 mg/mL. A medida foi efetuada em

espectrofotdmetro a 625 nm e os resultados expressos em mg/mL.
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4.9. Medidas de dano oxidativo

O dano oxidativo aos lipidios (lipoperoxidadacao) foi avaliado através da
quimiluminescéncia, iniciada pelo hidroperédxido de tert-butil (QL), e substancias
reativas ao acido tiobarbiturico (TBARS). A QL foi medida em contador beta
(LKB Rack Beta Liquid Scintilation Spectrometer). O meio de reagdo no qual foi
realizado o ensaio consistiu em 3,5 mL de uma solugdo tampao de KCI
140mmol/L e fosfatos de sddio e potassio 20 mmol/L (pH 7,4). Os resultados
foram expressos em contagens por segundo (cps), por miligrama de proteina,
segundo Gonzalez-Flecha et al., (1991). A técnica de TBARS consiste na reagéo
dos produtos da lipoperoxidagdo com o acido tiobarbiturico, para medir
espectrofotometricamente a formacdo de um produto de coloragcdo rosea.
Utilizou-se como padréo o tetrametoxipropano. Os resultados foram expressos
em nmoles de malondialdeido (MDA) por mg de proteina (Buege & Aust, 1978).

Para determinacido das proteinas modificadas oxidativamente, utilizou-se
0 ensaio de determinagao das carbonilas (Reznick & Packer, 1994). A técnica se
baseia na reagao das proteinas oxidadas do tecido com 2,4 dinitro fenil hidrazina
(DNPH) em meio acido, seguido de sucessivas lavagens com acidos e solventes
organicos e incubagao final com guanidina. A absorbancia das carbonilas foi
medida em um espectrofotdmetro da marca Varian, modelo Cary, a 360 nm. Os

resultados foram expressos em nmoles por mg de proteina.
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4.10. Determinacao da Concentragcao da Glutationa Total
e Reduzida

Na determinac&o da glutationa total, o tecido cardiaco foi desproteinizado
com acido perclérico 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
reacao continha tampao fosfato 100 mmol/L (pH 7,2), acido nicotinamida
dinucleotideo fosfato (NADPH) 2 mmol/L, glutationa redutase 0,2 U/mL, 5,5
ditiobis (2-nitro acido benzoéico) 70 pmol/L. Na determinagdo da glutationa
reduzida, o sobrenadante neutralizado reagiu com 5,5 ditiobis (2-nitro acido

benzdico) 70 umol/L e a leitura foi efetuada a 420 nm (Akerboom & Sies,1981).

4.11. Capacidade Antioxidante Total (TRAP)

O método consiste em incubar uma mistura de 2,2-azo-bis (2-
amidinopropano) (ABAP - 10 mmol/L), usado como uma fonte de radicais livres,
com luminol (10 ymol/L) em tampé&o glicina (0,1 mmol/L - pH 8,6). Esta mistura
foi levada ao contador e a luminescéncia surgiu da oxidagao do luminol pelos
radicais livres. A adicdo de Trolox (vitamina E hidrossoluvel) reduz quase que
completamente a emissao de luz, produzindo um tempo de indugdo que esta
linearmente relacionado com a concentracdo de Trolox. Foi elaborada a curva de
calibragédo com Trolox nas concentragdes de 0,2 a 1 umol/L. O homogeneizado
de tecido foi adicionado ao invés do Trolox e se observou o tempo de indugéo
que também esta relacionado com a quantidade de homogeneizado adicionado.

A capacidade total antioxidante foi avaliada medindo o tempo de indugédo de uma
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dada quantidade de homogeneizado. A quantidade total de antioxidantes
presente no tecido foi avaliada (em unidades de Trolox) pela interpolagao da
medida do tempo de indugcdo com a curva de calibracdo obtida com o Trolox

(Evelson et al., 2001).

4.12. Atividade das enzimas antioxidantes

Foram medidas as atividades das enzimas antioxidantes SOD, GPx, CAT
e GST. A técnica utilizada neste trabalho para determinacdo da SOD esta
baseada na inibicdo da reagdo do radical superdoxido com o pirogalol. O
superoxido é gerado pela auto-oxidagao do pirogalol em meio basico. A SOD
presente na amostra em estudo compete pelo radical superéxido com o sistema
de deteccdo. A oxidagao do pirogalol foi detectada espectrofotometricamente a
420 nm. A atividade da SOD foi determinada medindo a velocidade de formagao
do pirogalol oxidado. No meio de reagao foram adicionados tampéo Tris 50
mmol/L (pH 8,2), pirogalol 24 mmol/L, catalase 30 umol/L. Os resultados foram
expressos em U SOD/mg proteina, segundo Marklund, 1985.

A enzima glutationa peroxidase (GPx) catalisa a reagéo de hidroperéxidos
com a glutationa reduzida (GSH) para formar glutationa oxidada (GSSG) e o
produto da redugao do hidroperéxido. Logo, sua atividade pode ser determinada
medindo-se o consumo de NADPH na reacao de reducao acoplada a reacéo da
GPx. Mediu-se a atividade da glutationa peroxidase em espectrofotometro a 340
nm, em um meio de reagao que continha: solugdo tampao fosfato 140 mmol/L,

EDTA 1 mmol/L (pH 7,5), NADPH 0,24 mmol/L; azida s6dica 1 mmol/L, utilizada
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para inibir a atividade da catalase; GSH 5 mmol/L; glutationa redutase (GR) 0,25
U/mL e, por fim, hidroperoxido de tert- butila 0,5 mmol/L (Flohé & Gunzler, 1984).

A atividade da catalase é diretamente proporcional a taxa de
decomposig¢ao do peroxido de hidrogénio e obedece a uma cinética de pseudo-
primeira ordem. Sendo assim, sua atividade pode ser medida através da
avaliacdo do consumo do H,0,. Este teste consiste em avaliar a diminuicdo da
absorbancia no comprimento de onda de 240 nm, que é onde ocorre maior
absorgédo pelo peroxido de hidrogénio. Para a realizagdo deste ensaio foram
utilizados: solugdo tampao-fosfato a 50 mmol/L (pH=7,4) e perdéxido de
hidrogénio 0,3 mol/L. Os resultados foram expressos em picomoles por
miligramas de proteina (Aebi, 1984).

As glutationas transferases sdo um grupo de enzimas que catalisam
reagdes de conjugacado de glutationa com varios xenobidticos, tendo um
importante papel na detoxificagdo de agentes alquilantes. Todas as transferases
sdo ativas com o composto 1-cloro-2,4 dinitro benzeno (CDNB), sendo a
conjugacdo deste com GSH utilizada para quantificar-se sua atividade. A
formagdo do composto corado dinitro-fenil-glutationa (DNP-SG), foi medida
espectrofotometricamente a 340 nm. Para realizacido deste ensaio foram
utilizados solugédo tampéo de fosfato de sédio 0,2 mol/L (pH = 6,5) e 150 uL de
CDNB (20 mmol/L). A atividade da GST foi expressa em nmoles/min/mg de

proteina (Mannervik & Gluthemberg, 1981).
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4.13. Analise de nitritos e nitratos

Os niveis de nitritos e nitratos no tecido cardiaco foram medidos pela
reagdo das amostras com o reagente de Griess. As amostras foram incubadas
com cofatores enzimaticos (Tris 1 mol/L, pH 7,5; NADPH 0,02 mmol/L), glicose
6-fosfato (G6P) 5 mmol/L, glicose 6-P desidrogenase (G6PDH) 10 U/mL e nitrato
redutase, (1,75 U/mL; Sigma, St. Louis, MO) por uma hora para conversao de
nitrato em nitrito em temperatura ambiente. Os nitritos foram determinados pela
reacdo das amostras com o reagente de Griess (1% sulfanilamina, 0.1%
naftiletilenodiamina, 2,3 mL &cido ortofosférico 85%). O total de nitrito tecidual
(nitrito inicial mais o nitrito produzido a partir da redugao do nitrato), foi estimado
em 540 nm, a partir de uma curva padréo de nitrito de sédio (10 a 10 mol/L).

Os resultados foram expressos em mmol/L (Granger et al., 1999).

4.14. Medida do peréoxido de hidrogénio

O método esta baseado na oxidagao do vermelho de fenol pelo peroxido
de hidrogénio mediada pela peroxidase de rabanete, resultando num produto
que absorve em 610 nm. Fatias de tecido cardiaco foram incubadas por 30
minutos em tampéao fosfato de potassio 10 mmol/L (NaCl 140 mmol/L e dextrose
5 mmol/L). O sobrenadante foi coletado e adicionado na solugédo tampao de
vermelho de fenol 0,28 mmol/L e peroxidase de rabanete 8,5 U/mL. Apds o

intervalo de 5 minutos, foi adicionado NaOH 1 mol/L e efetuada a leitura a 610
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nm. Os resultados foram expressos em nmoles de H,O, por mg de proteina (Pick

& Keisari, 1980).

4.15. Analise por “Western blot”

Neste método, quarenta microgramas de proteina foram expostos a
eletroforese de gel monodimensional de dodecil sulfato de sédio-poliacrilamida
(SDS-PAGE) num sistema descontinuo usando 12% (p/v) de gel separador e 5%
(w/v) de gel fixador. As proteinas separadas foram transferidas através de
eletroforese para membranas usando tampao Towbin modificado, contendo Tris
20 mmol/L, glicina 150 mmol/L, metanol 20% (v/v), SDS 0,02% (p/v) (pH= 8,3)
numa unidade de transferéncia Bio-Rad resfriada ( durante 1h em 220 mA).
Apods, os sitios de proteinas inespecificas foram bloqueados através de 1h de
incubacdo em solugado bloqueadora (5% (p/v) de leite desnatado) em tampao
Tris salina 0,1% (p/v), Tween-20. As membranas foram processadas por
imunodetecgdo, usando-se o0s seguintes anticorpos primarios: anticorpo
policlonal anti-humano GST de cabra, anticorpo policlonal anti-Cu/Zn SOD (23
kDa) de coelho, anticorpo policlonal anti-CAT (65 kDa) de ovelha, anticorpo
policlonal anti-IGF-IR (98 kDa) de coelho, anticorpo policlonal anti-Akt e fosfo-Akt
de coelho (60 kDa), anticorpo policlonal anti-GSK 3 e fosfo- GSK 33 de coelho
(47 kDa), anticorpo policlonal anti-c-Jun (39 kDa) e anticorpo policlonal anti-c-
Fos (62 kDa). Como anticorpo secundario foi utilizado o anticorpo policlonal anti-
humano, anticorpo policlonal anti-ovelha e anticorpo monoclonal anti-cabra
(Santa Cruz Biotechnology, Santa Cruz, CA, USA). As membranas foram

reveladas através do uso de substrato quimiluminescente, e as autorradiografias
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geradas foram analisadas usando densitdmetro de imagem (Imagemaster VDS
Cl, Amersham Biosciences Europe, IT). O resultado de cada membrana foi

normalizado pelo método de Ponceau red (Klein et al., 1995).
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5. ANALISE ESTATISTICA

Com base nos resultados das analises, foram calculados as médias e os
desvios padrbes para cada uma das medidas realizadas e para cada um dos
grupos estudados. Como os dados apresentaram distribuigdo normal, foi
aplicada o teste t'studant e a analise de variancia (ANOVA) de uma via para a
comparagao entre os grupos, complementado com o teste de Student-
Newmann-Keuls quando necessario. A correlacdo entre a as variaveis foi
analisada pela correlagcdo de Pearson (GraphPad Instat, versdo 3.0). As
diferengas foram consideradas significativas quando a analise estatistica
apresentou P<0,05. O célculo do tamanho da amostra foi realizado através

Computer Programs for Epidemiologic Analyses (PEPI versao 4.0).
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6. RESULTADOS

Os resultados obtidos neste estudo foram descritos em forma de artigos e
subdivididos de maneira que fossem submetidos a trés revistas indexadas com
fator de impacto acima de 1,0. Neste capitulo, tais resultados seréo

apresentados segundo o quadro abaixo:

Titulo do artigo Periddico
“‘Myocardial Antioxidant Enzyme

Activities and Concentration and
Molecular and Cellular
Glutathione Metabolism in
Endocrinology 249: 133-139 ,2006.
Experimental Hyperthyroidism”

“Oxidative stress activates insulin-like

growth  factor | receptor protein Submetido para: Molecular and

expression mediating cardiac Cellular Biochemistry

hypertrophy induced by thyroxine”

“Oxidative stress role in the AKT

pathway activation in experimental A ser submetido para: Joumnal of

hyperthyroidism’ Molecular and Cellular Cardiology
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6.1 Artigo 1: Myocardial Antioxidant Enzyme Activities and
Concentration and Glutathione in Experimental Hyperthyroidism

(Molecular and Cellular Endocrinology 249: 133-139, 2006).

34



4 g

ELSEVIER

Molecular and Cellular Endecrinology 249 (2006) 133139
wirw.elseyier.com/locate’'mes

Myocardial antioxidant enzyme activities and concentration and
alutathione metabolism in experimental hyperthyroidism
A.S.R. Araujo®, M.EM. Ribeiro®, A. Enzveiler®, P. Schenkel®, TR.G. Fernandes?,

W.A. Partata®, M.C. Irigoyen®, S. LEesuyh, A, Bello-Klein ®*

8 Depantanenio Fisiclogia, lsitie de Cléncias Bdsicar da Sadde, Universidade Federal do Rie Grande do Sal, Poreo Alegre, Brazil
E Ciitedra de Ouimica General ¢ Inorgdnica, Facultad de Farmdcia v Bloguimica, Universidad de Buenos Aires, Argenting

Received 15 August 2005; received in revised form 9 February 2006; accepted 10 Febrary 2006

Abstract

Hyperthyroidism was induced in rats by L-thyroxine administration (12 mg/L in drinking water, 4 weeks), Animals were assessed hemody-
namically, and heart, lung, and liver morphometry were performed. Lipid peroxidation (LPO) and protein oxidation (carbonyls) were measured
in heart homogenates. It was gquantified glutathione (GSH) metabolizm, and antioxidant enzyme activities its and protein expression (by Westem
blot). At the end of treatment. it was observed cardiac hy pertrophy, elevation of left ventricular systolic and end diastolic pressures, lung and
liver congestion. LPD and carbonyls were increased in the hyperthyroid group, and GSH was decreased by 46% in the fourth week. Myocardial
oxidative stress time course analysis revealed that it was increased in the second week of treatment. Anticxidant enzyme activities elevation was
accompanicd by protein expression induction in the hyperthyroid group in the fourth week. These results imply that hyperthyroidism generates

myocardial dysfunction associated with exidative stress mducing antioxidant enzyme activities and protein expression.

© 2006 Elsevier Ireland Ld. All rights reserved.

Kewwords: Hyperthyroidism; Lipid peroxidation; Antioxidant enzyme probein expression: Glutathione metabolism; Heart failune

1. Imtroduction

Reactive oxygen species (ROS), generated as by-products
of oxidative metabolism in mitochondria, can interact with
biomolecules and damage various cellular components, Aer-
obic organisms are endowed with antioxidant enzymes such
as: superoxide dismutase (SOD), glutathione peroxidase (GPx).
glutathione reductase (GR), glutathione-S-transferase (GST),
catalase (CAT). As non-enzymatic defense molecules we can
highlight reduced glutathione (GSH), ascorbate, vitamin E and
flavonoids (Hogg and Kalyanamaran, 1999). However, when
ROS generation exceeds the antioxidant capacity of cells,
oxidative stress develops, potentially causing tissue damage
{Esterbaver et al., 1991; Venditti et al.. 1996).

ROS havea high reactivity potential, therefore they are toxic
and can lead to oxidative damage in cellular macromolecules
such as proteins, lipids and DNA. Thus, ROS have been impli-

* Cormresponding author ab: Sarmento Leite, 500, CEP: 90050-1 70, Porto Ale-
gre. RS, Brazil. Tel.: 455 2151 33163621 fax: +55 2151 33163166,
E-mail address: belklein@ufrgs.br A Belld-Klein).

0303-T207/% — see front matter @ 2006 Elsevier Ireland Ltd. All rights reservid.

doi: 101016 mee, 2006.02.0035

cated in the pathophysiology of a large number of diseases.
Evidence from experimental as well as clinical studies suggests
the involvement of oxidative stress in the pathogenesis of cardiac
dysfunction, such as heart failure (Singal and liskovic, 1998;
Das and Chainy, 2001).

Thyroid hormones are the most important factors invol ved
in the regulation of the basal metabolic state, as well as in the
oxidative metabolism (Asayama and Kato, 1990). Changes in
thyroxine (Ty) and triiodothyronine (T3) levels are the main
events of physiological modulation of the mitochondrial res-
piration process “in vivo”. Thyroid hormones can cause many
changes in the number and activity of mitochondrial respiratory
chain components. This may result in increased generation of
ROS (Mano et al., 1995; Guerrero et al., 1999).

Hyperthyroidism shows a hyperdynamic circulation, with
increased cardiac output, increased heart rate, and decreased
peripheral resistance. These cardiovascular manifestations of
hyperthyroidism have been re produced inrats under thyroid hor-
mone treatment (Klein, 1990). The heart has a typically high aer-
obic metabolic rate, with large and plentiful mitochondria, How-
ever, the myocardial defense mechanism against oxygen toxicity
is deficient and probably more susceptible to ROS attack.
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There is strong evidence in the literature, as mentioned
abaove, that thyroid hormones lead to oxidative stress in the car-
diac tissue. Nevertheless, there is scarce information about the
madulation of protein expression of antioxidant enzymes, and
their relationship to the glutathione metabolism in experimen-
tal hyperthyroidism. Thus, the purpose of the present study was
to evaluate myocardial concentration of antioxidant enzymes
Cw'Zn 50D, GST and CAT, glutathione metabolism changes,
and oxidative damage in rats with heart failure induced by hyper-
thyroidism.

2. Material and methods

2.1, Animals

Twenty male Wistar rals (200 £+ 20 gy were obtained from the Central Animal
House at Universidade Federal do Rio Grande do Sul. The animals were housed
in plastic cages (four animals each) and meceived water and pelleted food ad
libitum. They were maintained under standand laboratory conditions (controlled
temperature of 21 =C, 12h lightdark cycle). Animals were weighed weekly to
follow body weight gain. They were divided inbo two groups i = 100: the control,
which received water ad libitum. and hyperthyroid, which received thyroxine
(T4 (12 mg/L indrinking water) (Ladenson et al.. 1986).

2.2, Hemodynamic measurements and cardiac hypertrophy

Cardiac hermodynamics was assessed from the first to fourth week of thyoox-
ine treatment. In brief, the rts were anesthetized (ketamine 20mgkeg; xylazine
10mgfkg. i.p.) and the right carotid artery was cannulated with a PE 50 catheter
connected to a strain gauge transducer {Mamo Biogystem Pulse Transducer RP-
1535, Houston, TX. USA) linked o a pressure amplifier (HP 8805C, Hewlett
Packard, U5A). Pressure readings wene taken in a microcomputer equipped with
an analogue-to-digital conversion board (CODAS | kHz sampling frequency.
Dataq Instruments Inc.. Akron, OH, USA) The catheter was advanced into left
ventricle (LV) for reconding the left ventricular systolic pressume (LVSF, mmHg)
and left ventricular end diastolic pressume (LVEDF, mmHg). The cardiac hyper-
tophy was evaluated by heart weight (in mg) to body weight (in @) ratio.

2.3, Tissue prepamtion

Four weeks after reatment, the rots were decapitated and the hearts wenz
rapidly excized. weighed and homogenized ¢ 1. 15%, wiv KCland phenyl methyl
sulphonyl fAvoride (PMSF) 20mmolL) in Ultra-Turrax. The suspension was
centrifuged at 600 x g for 10min at 04 °C to remove the nuclei and cell debris
(Llesuy et al., 1985) and supernatants were used for the assay of carbonyls,
lipid pemxidation and enzymatic activity. At the moment of sacrifice. cardiac
tissue samples were rapidly removed and frozen at — 80 =C, for the evaluation of
glutathione metabolism and enzyme expression. Lung and liver wem also aken
and weighed in onder to estimate these organs congestion. These parameters
were expressad as organs wet weight (in mg) to body weight {in g).

2.4, Thyroid hormone concentration

After sacrifice, blood samples wene collectad by cardiac puncture, placed
in tubes, and immediately centrifuged at 1000 = g for 10min. Then the serum
thymid hormone concentration was estimated by chemiluminescence using the
Immunolite 2000 kit (Biomedical Technologies Inc., Strougerton, MA, USA) at
Weinmann Clinical Analysis Laboratory.

2.5, Tert-buiyl hvdroperoxide-initiated chemiluminescence

Chemiluminescence (CL) was measured in a liquid scintillation counter
in the out-of-coincidence mode (LKB Rack Beta Liquid Scintillation Spec-
trometer 1215, LKB - Produkter AB, Sweden). Homogenates were placed in

low-potassium vials at a protein concentration of 0.5-1.0mg/mL in a reaction
medium consisting of 120 mmolL KCL 30 mmolL phosphate buffer (pH 7.4).
Measuements were started by the addition of 3 mmol/L tert-buty]l hydroper-
oxide and data expressed os counts per second per milligram of protein of the
homogenates (cps'mg protein) (Gonzalez Flecha et al., 1991).

2.6, Thicharbituric acid reactive substances method (TBARS)

For the TBARS assay, trichlomacetic acid (10%. wiv) was added 1o the
homogenate to precipitate proteins and to acidify samples (Buege and Aust.
1978). This mixture was then centrifuged ¢ 1000 % g, 3 min). The protein-free
sarmple was ex tracted and thiobarbituric acid (0.6 7%, wiv) was added to the reac-
tion medium. Tubes were placed inawater bath (100 C) for 15 min. Absorbency
wis read af 535nm in a spectmphotometer. Commercially available malondi-
aldehyde was used as a standard. Results were expressed as micromoles per
milligram of protein,

2.7. Carbonyl assay

Tissue samples were incubated with 2.4 dinitrophenylhydrazine (DNFH
10mmol/L) in 2.5 mol/L HC1 solution for 1h at room temperatune, in the dark.
Samples were vortexed every 15 min. Then 2056 TCA (wiv) solution was added
in tube samples, left inice for 10min and centrifuged for Smin at 1000 = g, to
collect probein precipitates. Another wash was performed with 10% TCA. The
pellet was washed three times with ethanol:ethy] acetate (1: 1) (w/v). The final
precipitates wene dissolved in & mol/L guanidine hydrochloride solution. left for
10min at 37 *C, and read at 360nm (Reznick and Packer, 1994). The results
wer expressed as nmol/mg protein.

2.8, Determination of oxidized and reduced glusathione
conceriralion

To determine total glutathione (expressed as mmol/mg proteing, tissue was
deproteinized with 2 mol/L perchloric acid. centrifuged for 10 min at 1000 x g
and supernatant was neutralized with 2 mol'L potassinm hydmxide. The reaction
medium contained 100 mmol’L. phosphate buffer (pH 7.2), 2 mmol/L nicoti-
namide dinucleotide phosphate acid, 0.2 UimL glutathione reductase, 70 pmolL
55" dithiobis  2-nitrobenzoic acid). To determine meduced glutathione, the
supernatant was neutralized with 2 mol/L potassium hydroxide. reacted with
70 pmol/L 5.5 dithiobis (2-nitro benzoic acid), and read at 420 nm (Akerboom
and Sies, 1981

2.0, Determination af antioxidant enzyme activities

Superoxice dismutase (50D activity, expressad as units per milligram of
protein. was bazsed on the inhibition of superoxide mdical reaction with pyrogal-
lol (Marklund, 1985). Catalase (CAT) activity was determined by following the
decrease in 240-nm absomption of hydrogen peroxide (HaO2). It was expressed
s nanomols of Hy Oy reduced per minute per milligram of protein (Aebi, | 984).
Glutathione peroxidaze (GPx) activity was measumed by following MADFH
oxidation at 340nm as described by Flohd and Gunzler (1984). GPx results
wene expressed as nanomols of peroxidehydroperoxice reduced per minute
per milligram of protein. Glutathione-S-transfernse (GST) activity, expressed
1z nanomols per milligram of protein, was messured by the mte of fomma-
tion of dinitrophenyl-S-glutathione at 340nm (Mannervik and Gluthemberg.
1981}, Glutathione reductase (GR) activity was expressed osnanomols of G556
reduced per minute per milligram of protein at 340 nm. as described by Carberg
and Mannervik (1985

2.10. Western blot analysis

The tissue was homogenized (Tris 20mmolL. MaCl 130 mmol/L. EDTA
Smmaol/L, glycerol 10%, phenyl methyl sulphomy] Auoride (PMSF) 20 mmolL.,
aprotinin 10 plymL and leupeptin 10 pL/mL) in Ultra-Turmx. The suspension
was centrifuged at 1000 x g for 10 min at 0—4°C o remove the nuclei and cell
debriz and supematants were usad for the assay. Thity micogmms of probein
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were subjected to one-dimensional sodium dodecyl sulphate-polyacrylamide
gel electmphoresis (SDS-PAGE) in a discontinuous system using 1295 (wiv)
separnting gel and stacking gel (Loemmli. 19707, The proteins separated were
transfermed to nitmoellnlos: membranes electrophoretically using buffer pH 8.2,
containing 20 mmal/L Triz, 130mmal/L glycine, methanol 2066 (wiv) SDE0. 1%
{wiv), in a cooled Bio-Rad TransBlot unit. Then, non-specific protein-binding
sites were blocked with 1h incubation with non-foi milk in Tris-buffer. The
membranes were processad for immunodetection using sheep anti-CuiZn SO
polyclonal antibodies. rabbit anti-GST polyclonal antibodies and rabbit anti-
CAT palyclonal antibodies as primary antibodies (Santa Cruz Biotechnology.
Santa Cruz, CA). The bound primary antibodies wene detected using rabbit anti-
sheep or goat anti-rabbit horseradish peroxidase-conjugate secondary anti body
and membranes were ievealed for chemiluminescence. Autordiographic films
were quantitatively analyzed for the Cu/Zn 50D, GST and CAT protein levels
with an image densitometer (Imagemaster VDS CL, Amersham Biosciences
Europe. ITh. The molecular weights of the protein bands were determined by
reference to a standard molecular weight marker (RPM 800 minbow full mnge
Bio-Rad. CA. USA). The results from each membrane were nommalized through
Poncean red method (Klein et al., 19955

211, Determination of protein concentration

Pmolein was measured by the method of Lowry et al. (19517, using bovine
serum albumin as standard.

212 Mvocardial ime course of oxidative stress

We have followed the oxidative stress time course in the myocardium from
the first to the fourth week of treatment with thyroxine, evaluating antioxidant
enzyme activities, redoo status (GEHAGSS0 rtio) and heart failure development
by means LV SP and LVEDF.

2.13. Statistical analysis

Data were expressed as mean+ 5.EM. and compared using the unpaired
Stdent’s r-test. The comelation betw een two variables wos analyzed by Pear-
son's comelation. Values of P <0005 were considered significant.

3. Results
3.1. Hyperthyroidism and heart failure development

At the end of a 4-week post-treatment period. thyroxine
serum levels were significantly higher in hyperthyroid (30%)
rats than in controls (Table 1), A body weight loss (13%) was
noted in hyperthyroid animals when compared to control. Thy-
roxine has induced cardiac hypertrophy as detected by the heart

Table |
Thyroid hormone levels, morphometric and bemodynamic parameters after 4-
week reatment

Parmmeters Comtrol Hyperthymid
Ty ingimlL) 3 +01 Mi+0T"
Body weight (g) 230 £ 25 199 + |8
Heart weight (g} 0.68 £ 0.1 095 £ 01"
Heart/bady weight (= 1P mg'g) A0+ 002 4.8 £ 0.05°
LVSP {mmHg) 128 £ 11 185 + 10"
LVEDF {mmHg) 49+ 07 11 £
Lung/body weight (x 10° mg/g) 0701

Liverbady weight (= 107 mg'g) 3304 50+ 09"

Tahle 2
Myocardial markers of oxidative damage to membrane lipids (chemilumines-
cence and TBARS) and proteins (carbonyl groups) after 4-week treatment

Parameters Control Hyperthyroid
Chemiluminescence { gpe/mg protein 10%) 167 & 14 220 £ 33"
TRARS (pmol'mg protein) 29+£04 4.3 + 0.6°
Carbonyl groups (nmol/mg proteind 290l 41+05°

Values are expressed as mean £ 5 EM., of 10 animals per group.
* Significantly different from control (P <005).

to body weight ratio, which was (60%:) higher in the hyperthy-
roid group than in control (P <0.05) (Table 1). The hyperthyroid
state has induced hemodynamic changes, as observed by the ele-
vation of LVSP (by 40%) and LVEDP by [10%) at the fourth
week of treatment as compared to control. Associated with these
changes, it was observed lung and liver congestion (Table 1.

3.2, Oxidative damage

The changes in oxidative damage markers are summarized in
Table 2. The state of hyperthyroidism caused a significant ele-
wvation in lipid peroxidation products, as indicated by CL (325
as well as TBARS (48%) in cardiac tissue compared to control
(P <0.05). The v-thyroxine treatment also resulted in increased
myocardial oxidative damage to proteins measured using the
carbonyl assay (41 %) as compared to controls (P < 0.05).

3.3 Glutathione metabolism

It has also been shown that the myocardial status of glu-
tathione metabolism in the hyperthyroid group was changed at
the fourth week of treatment. There was a 46% and 21 % decrease
in the reduced and total GSH. respectively. in hyperthyroid ani-
mals as compared to the contral. The redox stams (GSH/GSSG
ratio), an oxidative stress indicator, was found to be significantly
reduced (82%) in hyperthyroid rats (P <0.05) (Table 3). This
parameter was negatively correlated with LVEDP (r=—0.94,
P<0.001).

3.4, Antioxidant enzyme activities and concentration

The L-thyroxine treatment of rats resulted in the elevation of
S0D activity, which was 31% higher in hyperthyroid animals

Tahle 3
Status of glutathione metobolism in control and hyperthyroid rat bearts, after
d-week treatment (GSH: reduced glutathione: GESG: glutathione disulfide)

Parameters Control Hyperthyroid
GSH (nmol/mg probein) 106 £ 010 057 + 008"
GS5G (nmol'mg protein) 01l + 003 041 £ 018"
GSH/GSSG (redox stats) 108 £ 20 134 + 0.7

Total GSH nmol/mg protein) 123 0l 097 £ 016"

Waloes ame expressed as mean + 5 EM.. of 10 animals per group.
* Significantly different from contral (P < 005),

“alues are expressed as mean £ 5 EM., of 5 animals per group.
* Significantly different from control (2 <005).

37



135 ASR Arawje et al 7 Molecular and Cellular Endocrinology 249 { 2008) 133-139

%— 140 4
£ 120
o
] 100
£ 8-
§ 80 1 T
= @ -
X 20
= e e
(&) o R
(A Control
e ——

140 -
20
=
£ 100
S B0
i B0
ug 40

20

] T 1

B8 Control Hypesthyroid

[ I = (V™
QoD o o

oo
==

CATALASE (% of Pixels)
o
(=1

(=]

3

Contral

Fig. |. Westem blot analysis in cardiac homogenates using Cu/Zn SOD antibody
(A, GET antibody (B) and CAT antibody (C). (*) Significantly different from
the control (= 0.05), Data as mean £ 5. EM. from 8 animals in each group and
fivie exper ments.

than in controls (P <005). No significant change was observed
in CAT activity in r-thyroxine-treated animals. In hyperthy-
roid animals GPx activity was significantly increased (61% ) as
compared to the control. Hyperthyroidism has also induced an
increase in GR (39%), and GST (607%), activities as comparad
to the control (Fig. 2A-C). In order to examine the molecu-
lar mechanism responsible for changes in the activities of thess
enzymes, protein levels of antioxidant enzymes were measured
at the end of a 4-week post-treatment period by Western blot.
The protein levels of Cu/'Zn SOD and GST have shown an ele-
wvation, in hyperthyroid rat heart (87% and 84%, respectively)
as compared to the control (Fig. 1A and B). CAT concentra-
tion was not significantly different between groups (P <0.05)
(Fig. 1C). CufZn SOD protein levels are positively correlated
with CL {r=080, P<0.05), TBARS (r=087, P<0.05) and
carbonyl groups (r=085, P<0.05). The protein levels of GST
have also shown a significant positive correlation with lipid per-
oxidation: CL (r=0.80, P<0.05), TBARS (r=0092, P <0.05),
as well as with protein oxidation (r =085, P<0.05).

3.5, Myocardial time course of oxidative stress

We observed that oxidative stress (evaluated by GSH/GSSG)
was increased since the first week of treatment with thyrox-
ine. The lowest values of GSH/GSSG ratio were observed at
the second week of hyperthyroidism (Fig. 2A). Myocardial
oxidative stress increment was accompanied by the elevation
in the antioxidant enzyme activities that were higher in hyper-
thyroid animals than in controls, except for catalase which was
unchanged (Fig. 2A-C). The highest activities were observed at
the second week of thyroxine treatment. Left ventricular func-
tion impairment was, however, more pronounced at the fourth
week of hyperthyroidism (Fig. 2D).

4. Discussion

Owur results show that a chronic hyperthyroid state was suc-
cessfully achieved as observed from the elevation in serum Ty,
reduction in body weight, and higher heart/body weight ratio in
the thyroxine-treated animals. These findings are in accordance
with literature using the same experimental protocol applied in
this study (Ladenson et al, 1986). In this model it was also
ohserved, at the fourth week of hyperthyroidism, congestive
heart failure, characterized by LNVEDP elevation and lung and
liver congestion. Some evidence is provided in the literature
demonstrating the involvement of ROS in intracellular signal-
ing pathways that mediate hypertrophy and its progression to
heart failure (Sabri et al., 2003 ).

The elevation of oxidative stress is well established in the
hyperthyroid state in many different tissues. However, there is
no study showing a more complete scenario of the oxidative
stress in terms of damage to biomoleculas, correlating these
changes to protein expression of antioxidant enzymes. In this
study, we observed an intense myocardial lipid peroxidation in
hyperthyroid animals demonstrated by TBARS and CL assess-
ments. Clinical studies have found inereased lipid peroxidation
through higher TBARS concentration and chemiluminescence
in the urine and serum of hyperthyroid patients { Abalovich et al.,
2003 ). In experimental hyperthyroidism increased lipid peroxi-
dation and protein oxidation were also demonstrated in different
tissues (Ferndndez et al.. 1985; Ferndndez and Videla, 1993;
Tapia et al., 1999; Goswami et al., 2003). Enhanced myocar-
dial pratein oxidation was also shown in this study by means of
carbonyl group measurement. An elevation of this protein oxi-
dation marker was demonstrated in the plasma of hyperthyroid
patients (Venditti et al., 2003; Goswami et al., 2003). Thus, our
results have shown an increase in oxidative damage to myocar-
dial lipids and proteins. Such an effect may be related to the
enhanced metabolic rate induced by thyroid hormone adminis-
tration, leading to an accelerated ROS production (Wilsonetal.,
1989; Seven et al., 1996).

In order to evaluate the other side of the oxidative stress
balance. we have also examined the non-enzymatic antioxidant
reserve of the myocardium. The hyperthyroid group inour study
has shown higher GSS5G and lower GSH levels than the con-
trol, suggesting an oxidative stress situation in the myocardium.
Glutathione has been considered one of the major hydrosoluble
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Fig. 2. Oxidative stress and hemod ynamic time course profile in the cardiac homogenates from the first to the fourth week of treatment with thyroxine, by means
the determination of GSHAGSSG ratio, and anticetidant enzyme activities of GRx (A), GPx and GST (B), S0D and CAT (C), LVSF and LVEDF (D). Data as
mean = 5 EM. from & animals in each group. () Significantly different from the control (P <0.05), (8) Significantly different from the other time points in the
hyperthymid groupe (F<0L05). (1) Significantly different from the week | in relation to the other time points in the hyperthyroid groups (P =< 0.05).

cellular antioxidants, detoxificating peroxides/hydroperoxides.
GSH/GSSG ratio may indicate the oxidative stress status of cells
(Diincer et al., 2002). This parameter was strongly correlated
with myocardial dysfunction (LVEDP elevation), reinforcing
the role of oxidative stress in heart failure induced by hyper-
thyroidism.

In terms of antioxidant enzyme activities, no changes were
found in CAT activity and concentration in the myocardium
of hyperthyroid rats. SOD activity, however was found to be
increased in the hyperthyroid animals as compared to controls,

Since SOD is specific to superoxide radicals detoxification, a
likely assumption is that this ROS concentration is increased in
heart tissue, especially at the second week where this enzyme
activity is the highest. Myocardial expression of Cu/Zn SOD
was also enhanced in the hyperthyroid group. Superoxide rad-
icals levels probably modulate regulation of this enzyme. Das
and Chainy {2004) have demonstrated the specific influence of
ROS in the modulation of antioxidant enzyme activities. GPx is
the main enzymatic mechanism for the disposal of peroxides in
cardiac tissue, producing water or alechol and GS5G. Regen-
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eration of GSH from GSSG in the cell is catalyzed by the GR
enzyme (Mannervik and Gluthemberg, 1981: Li et al., 2000).
Augmented activity of this enzyme reflects intense participation
of GSH in blocking the peroxidation process, especially at the
second week. The augmented activity and protein expression of
GST found in this study can also reflect the important role of
the ROS. GST is a very important enzyme in the detoxification
of xenobiotics and, therefore, could be involved in L-thyroxine
metabolism. The elevation in GST activity and concentration
also indicates that an oxidative stress condition is taking place,
since it is considered an oxidative stress marker (Neefjes et al.,
1999, Oxidative stress time course analysis revealed that all
the antioxidant enzyme activities, except catalase, are increased
in the second week of thyroxine treatment, suggesting that
ROS production is the highest at this time point. Coincidently,
GSH concentration is the lowest in the second week of hyper-
thyroidism. These adaptations may maintain ventricular func-
tion partially preserved at this time point, but it becomes to
be seriously impaired from the third to the fourth week after
treatment.

We demonstrated a stromg positive correlation between
antioxidant enzyme concentration, and lipid peroxidation/
carbonylation. These data indicate that could have modulation
ROS-mediated of antioxidant enzyme activity protein expres-
sion. Gene expression is controlled by a complex mechanism,
whose regulation is mainly at the transcriptional level, although
its regulation could occur during postranscriptional process,
at the translation level and postranslation. Nevertheless, gene
expression regulatory mechanism was not the purpose of this
work.

In summary, thyroid hormone elevation stimulates the
metabolic rate, possibly leading to ROS generation. These ROS
increase cause oxidative damage to lipids and proteins, and could
activate redox-sensitive pathways of protein concentration, pro-
moting an elevation of antioxidant enzyme activity and protein
expression. As a consequence, there is a depletion of reduced
glutathione content utilized in the ROS detoxification process.
This redox state imbalance might reinforce redox-sensitive sig-
naling pathways. Interms of oxidative stress time course profile,
intense biochemical changes occur at the second week of hyper-
thyroidism and it may determine the hemodynamic changes
observed later at the fourth week of treatment. This is a pioneer-
ing study in demonstrating an association between concentration
and antioxidant enzyme activity in the hyperthyroid failing rat
heart. The measurements used in this work could be useful as
oxidative stress markers in patients, since they can be evalu-
ated in systemic blood (Repetto et al., 1996). Thus antioxidant
therapy emerges as an attractive approach in the heart failure
treatment.
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Abstract

Thyroxine can cause cardiac hypertrophy by activating growth factors. Since
oxidative stress is enhanced in the hyperthyroidism, it would control protein
expression involved in this hypertrophy. Male Wistar rats were divided into:
control, vitamin E (20 mg/kg/day i.p.), hyperthyroid (thyroxine 12 mg/L, in drinking
water), and hyperthyroid+vitamin E. After four weeks the contractility index of left
ventricle, and cardiac mass were increased and the relaxation index was
decreased in hyperthyroid group. An increase in lipid peroxidation, and a
decrease in total glutathione was induced by thyroxine and avoided by vitamin E,
a classical antioxidant, administration. Superoxide dismutase (SOD) and
glutathione-S-transferase (GST) activities were increased in hyperthyroid and
vitamin E avoided changes in SOD. Protein expression of SOD, GST, and
insulin-like growth factor-I receptor (IGF-IR) were increased by thyroxine, and
vitamin E promoted a significant reduction in SOD and IGF-IR expression. These
results indicate that oxidative stress is involved in cardiac hypertrophy, and
suggest a role for IGF-IR as a mediator for this adaptive response in

experimental hyperthyroidism.

Key words: hyperthyroidism, glutathione metabolism, heart failure, protein

expression, vitamin E, IGF-IR.
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1. Introduction

Thyrotoxic cardiomyopathy is associated with thyroid hormones effects in
the cardiovascular system [1]. The thyroid hormones may cause hemodynamic
changes, including an increase in myocardial contractility, an elevation in cardiac
output, a widening of pulse pressure, cardiac arrhythmias, and atrial fibrillation
[2]. The effects of thyroid hormones have been attributed to the nuclear receptor-
mediated regulation of transcription. Nevertheless, increased oxygen demand to
myocardium, provided by hyperthyroidism, can result in the production of reactive
oxygen species (ROS) [1]. ROS can play an important role in mediating the
effects of thyroid hormones, especially those related to electrical and mechanical
activity of the heart [3].

In order counteract ROS production, the enzymatic and nonenzymatic
antioxidant defense systems are present to minimize the oxidative damage due
to these species [4]. However, when ROS generation is exarcebated and
overcome the antioxidant capacity of cells, oxidative stress develops, leading to
potential tissue damage [5]. Evidence from experimental as well as clinical
studies point out the involvement of oxidative stress in the pathogenesis of
cardiac dysfunction, such as cardiac hypertrophy and failure [3]. There is a
positive correlation between hyperthyroidism and cardiac hypertrophy [6], and
ROS may be involved in this adaptive answer [7]. However, the molecular
mechanisms of ROS mediating these effects in myocardium are still poorly

understood.
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In a previous study, we have demonstrated a positive correlation among
oxidative stress, cardiac hypertrophy, and left ventricular diastolic dysfunction in
experimental hyperthyroidism, indicating that ROS may contribute to the
progression to heart failure in this model [8]. In hyperthyroidism, however, there
is scarce information about the induction of gene expression of redox-sensitive
factors in the hypertrophic heart, including insulin-like growth factor-I receptor
(IGF-IR), a critical factor for muscle cell growth [9]. Insulin-like growth factor |
(IGF-1) plays an essential role in the regulation of cellular growth and
development [10]. There is experimental evidence for the role of IGF-I in the
initiation and development of myocardial hypertrophy [11]. Thyroid hormones are
involved in the regulation of gene expression, and may modulate IGF-IR
expression, and, thus, it could interfere in induced-thyroxine cardiac hypertrophy.

In the present study, we hypothesized that vitamin E treatment would
decrease oxidative stress, blocking redox-regulated pathways involved in the cell
growth, such as those induced by IGF-IR. Thus, it would avoid the development

of myocardial hypertrophy and failure in experimental hyperthyroidism.
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2. Material and Methods

2.1. Animals

Forty male Wistar rats (200+20 g) were obtained from the Central Animal
House of the Universidade Federal do Rio Grande do Sul, Brazil. Animals were
housed in plastic cages (five animals each) and received water and pelleted food
ad libitum. They were maintained under standard laboratory conditions
(controlled temperature of 21°C, 12 hours light/dark cycle). Animals were weekly
weighed to follow body weight gain, during the experimental protocol (28 days).
They were divided into four groups (n=10/group): a) control, that received water
ad libitum and subcutaneous injections of mineral oil; b) vitamin E, that received
subcutaneous injections of vitamin E (20 mg/Kg/day, in mineral oil) [12]; ¢)
hyperthyroid, which received L-thyroxine (T4) (12 mg/L in drinking water); d)
hyperthyroid+vitamin E, which received T4 and vitamin E, at the same conditions

as above described [13].

2.2. Hemodynamic measurements and cardiac hypertrophy development

Cardiac hemodynamics was assessed at the end of the fourth week of
treatment. In brief, rats were anesthetized (ketamine 90mg/kg; xylazine 10mg/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

47



Packard, USA). Pressure readings were taken in a microcomputer equipped with
an analogue-to-digital conversion board (CODAS 1kHz sampling frequency,
Dataq Instruments, Inc., Akron, Ohio, USA). The catheter was advanced into left
ventricle (LV) for recording the left ventricular systolic pressure (LVSP, mmHg),
the left ventricular end diastolic pressure (LVEDP, mmHg), and the positive and
negative pressure derivatives (xdP/dt). Positive derivative of ventricular pressure
is considered as the contractility index and the negative derivative is the
relaxation index. The cardiac hypertrophy was evaluated by heart weight (in mg)

to body weight (in g) ratio.

2.3. Tissue preparation

Four weeks after treatment, rats were decapitated and the hearts were
rapidly excised, weighed, and homogenized (1.15% w/v KCI and phenyl methyl
sulphony! fluoride PMSF 20 mmol/L) in Ultra-Turrax. The suspension was
centrifuged at 600 g for 10 min at 0-4°C to remove the nuclei and cell debris [14]
and supernatants were used for the assay of lipid peroxidation and enzymatic
activity. In the moment of the sacrifice, cardiac tissue samples were also rapidly
removed and frozen at -80°C, for the evaluation of glutathione content and
protein expression, and homogeneized as described at “Determination of total
glutathione content” and “Western blot analysis” sections, respectively. Lung and
liver were also taken and weighed in order to estimate these organs congestion.
These parameters were expressed as organs wet weight (in mg) to body weight

(in g) ratio.
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2.4. Thyroid hormones concentration

Blood samples were collected by cardiac punction, and immediately
centrifuged at 1000 g for 10 min. After, serum thyroid hormones concentration
was estimated by chemiluminescence using the Immunolite 2000 kit (Biomedical
Technologies, Inc., Strougerton, MA, USA) at Weinmann Clinical Analysis

Laboratory.

2.5. Tert-butyl hydroperoxide-initiated chemiluminescence

Chemiluminescence (CL) 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 started by the addition of 3 mmol/L tert-butyl hydroperoxide
and data expressed as counts per second per milligram of protein of the

homogenates (cps/mg protein) [15].

2.6. Thiobarbituric acid reactive substances method (TBARS)

For the TBARS assay, trichloroacetic acid (10% w/v) was added to the
homogenate to precipitate proteins and to acidify samples [16]. This mixture was

then centrifuged (1000 g, 3 min). The protein-free sample was extracted and
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thiobarbituric acid (0.67% w/v) was added to the reaction medium. Tubes were
placed in a water bath (100°C) for 15 min. Absorbency was read at 535 nm in a
spectrophotometer. Commercially available malondialdehyde was used as a

standard. Results were expressed as micromoles per milligram of protein.

2.7. Determination of total glutathione content

To determine total glutathione content, tissue was deproteinized with 2
mol/L perchloric acid, centrifuged for 10 min at 1000 g, and the supernatant was
neutralized with 2 mol/L potassium hydroxide. The reaction medium contained
100 mmol/L phosphate buffer (pH 7.2), 2 mmol/L nicotinamide dinucleotide
phosphate acid, 0.2 U/mL glutathione reductase, 70 ymol/L 5,5 dithiobis (2-nitro
benzoic acid), and was measured at 420 nm. The results were expressed in nmol

per milligram of protein [17].

2.8. Determination of antioxidant enzyme activities

Superoxide dismutase (SOD) activity, expressed as units per milligram of
protein, was based on the inhibition of superoxide radical reaction with pyrogallol
[18]. Catalase (CAT) activity was determined by following the decrease in 240-
nm absorption of hydrogen peroxide (H20;). It was expressed as nanomol of
H,0, reduced per minute per milligram of protein [19]. Glutathione-S-transferase
(GST) activity, expressed as nanomol per milligram of protein, was measured by

the rate of formation of dinitrophenyl-S-glutathione at 340nm [20].
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2.9. Western Blot Analysis

The tissue was homogenized (Tris 20 mmol/L, NaCl 150 mmol/L, EDTA 5
mmol/L, glycerol 10%, phenyl methyl sulphonyl fluoride-PMSF 20 mmol/L,
aprotinin 10uL/mL and leupeptin 10uL/mL) in Ultra-Turrax. The suspension was
centrifuged at 1000 g for 10 min at 0-4°C to remove the nuclei and cell debris
and supernatants were used for the assay. Thirty micrograms of protein were
subjected to one dimensional sodium dodecyl sulphate — polyacrylamide gel
electrophoresis (SDS-PAGE) in a discontinuous system using 12% (w/v)
separating gel and stacking gel [21]. The protein separated were transferred to
nitrocellulose membranes electrophoretically using buffer pH 8.2, containing 20
mmol/L Tris, 150 mmol/L glycine, methanol 20%(V/V) SDS 0.1% (w/v), in a
cooled Bio-Rad TransBlot unit. After, non-specific protein-binding sites were
blocked with 1 h incubation with non-fat milk in Tris-buffer. The membranes were
processed for immunodetection using rabbit anti-CAT polyclonal antibody (65
kDa), sheep anti-Cu/Zn SOD polyclonal antibody (23 kDa), rabbit anti-GST
polyclonal antibody (26 kDa), and rabbit anti-IGF-IR polyclonal antibody (98 kDa)
as primary antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). The bound
primary antibodies were detected using rabbit anti-sheep or goat anti-rabbit
horseradish peroxidase-conjugate secondary antibodies and membranes were
revealed for chemiluminescence. The autorradiographs generated were
quantitatively analyzed for the CAT, Cu/Zn SOD, GST, and IGF-IR protein levels
with an image densitometer (Imagemaster VDS CI, Amersham Biosciences

Europe,IT). The molecular weights of the bands were determined by reference to
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a standard molecular weight marker (RPN 800 rainbow full range Bio-Rad, CA,
USA). The results from each membrane were normalized through Ponceau red

method [22].

2.10. Determination of Protein Concentration

Protein was measured by the method of Lowry [23], using bovine serum

albumin as standard.

2.11. Statistical analysis

Data were expressed as mean + SDM and compared using one way
ANOVA complemented with Student-Newmann-Keuls. The correlation between
two variables was analyzed by Pearson’s correlation. Values of P < 0.05 were

considered significant.

3. Results

3.1. Hyperthyroidism and Cardiac Remodeling

At the end of 4 week post-treatment period, thyroxine serum levels (in
ng/mL) were significantly higher in hyperthyroid (24.0+0.7) and
hyperthyroid+vitamin E (19.8+0.8) than control (3.84£0.1) and vitamin E (3.9+0.2).
However, no statistical difference was found between the two hyperthyroid

groups. It was noticed a body weight loss (13%) in hyperthyroid animals when

52



compared to control, and vitamin E administration avoided this change (Table 1).
Thyroxine has induced cardiac hypertrophy as detected by heart to body weight
ratio (mg/g), which was 60% higher in hyperthyroid group than control. However,
after treatment with vitamin E, heart to body weight ratio in hyperthyroid+vitamin
E group has shown a 23% reduction as compared to hyperthyroid and it is not
different from control (P<0.05) (Table 1). In terms of intraventricular pressure,
hyperthyroidism induced elevation of left ventricular systolic pressure (LVSP) and
left ventricular end diastolic pressure (LVEDP) by 44% and 128%, respectively,
as compared to control. LVSP was reduced by 20% in hyperthyroid group that
received vitamin E treatment, but no significant decrease in LVEDP was

observed with vitamin E treatment (Table 1). The positive derivative (+dP/dt)
increased by 54%, and negative derivative (-dP/df) decreased by 60% in the

hyperthyroid. However, vitamin E administration, in the hyperthyroid animals,

decreased +dP/dt by 23%, as well as -dP/dt by 28% (Table 1).

3.2. Oxidative damage to lipids

Changes in markers of lipid oxidative damage are summarized in Figure 1.
Hyperthyroidism state caused a significant elevation in lipid peroxidation
products, as indicated by chemiluminescence (32%) and TBARS (47%) in
cardiac tissue as compared to control (P<0.05) (Figures 1A and 1B). However, in
hyperthyroid+vitamin E group CL and TBARS were reduced by 25% and 33%,
respectively, as compared to hyperthyroid (P<0.05). It was found that
hypertrophy index showed a significant positive correlation with CL (r=0.73,

P<0.05) and TBARS values (r=0.8, P<0.05).
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3.3. Total glutathione content

It has also been shown that myocardial glutathione (GSH) content in the
hyperthyroid group was changed. There was a 20% decrease in the total GSH, in
hyperthyroid as compared to control (P<0.05) (Table 2). There was a
restablishment of these values with vitamin E treatment in hyperthyroid rats, but
they were still minor than vitamin E group. Vitamin E administration increased

total GSH content in euthyroid animals (P<0.05) (Table 2).

3.4. Antioxidant enzyme activities and protein expression

The L-thyroxine treatment to rats resulted in no significant change in CAT
activity (Table 2) and protein expression (Figure 2A) among the experimental
groups. There was elevation of SOD activity in the hyperthyroid group, which was
83% higher than control (Table 2). The protein levels, evaluated by Western blot,
of Cu/Zn SOD were elevated by 87% in hyperthyroid group as compared to
control (P<0.05) (Figure 2B). The treatment of hyperthyroid animals with vitamin
E reduced SOD activity by 36% (Table 2), and protein expression decreased by
16% in comparison to hyperthyroid (Figure 2B). Hyperthyroidism has also
induced an increase in GST activity (Table 2) and protein expression (Figure 2C)
(by 54% and 84%, respectively) as compared to control (P<0.05). The
hyperthyroid+vitamin E group showed augmented GST activity as compared to
vitamin E (82%) (Table 2, Figure 2C). No difference was found among vitamin E,

hyperthyroid and hyperthyroid+vitamin E groups in terms of GST protein levels
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(Figure 2C). In the hyperthyroid+vitamin E group the GST activity was additionaly

increased in comparison to hyperthyroid (Table 2).

3.5.1GF-IR protein expression

The IGF-IR myocardial protein concentration analyzed by Western blot,
was higher (60%) in hyperthyroid group than control at the end of 4 weeks
treatment with L-thyroxine. Vitamin E treatment decreased (17%) IGF-IR protein
expression induced by L-thyroxine (Figure 2D). IGF-IR protein levels were
positively correlated with the hypertrophy index and LVEDP values (r=0.90,

P<0.05; r=0.74, P<0.05, respectively).

4. Discussion

It is well documented the presence of cardiovasculars alterations in clinical
and experimental hyperthyroidism, as well as ventricular remodeling
phenomenon (cardiac mass and hemodynamics alteration) [24]. We have
demonstrated, in a previous work, that ventricular dysfunction in experimental
hyperthyroidism is correlated to oxidative damage and antioxidant enzyme
changes in protein expression [8]. Thus, we have suggested that oxidative stress
is involved in these ventricular alterations. Therefore, treatment with antioxidants
would reduce oxidative damage and, thus, improve cardiac function. The present
study was designed to test this hypothesis by means a classical antioxidant
administration (vitamin E) and to explore one possible mechanism of this

physiological answer.
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Our results show that chronic hyperthyroid state was successfully
achieved, since the elevation in serum T4, reduction in body weight, and
increased heart/body weight ratio were observed in the thyroxine-treated
animals. Cardiac myocyte hypertrophy is induced by pathological or physiological
stimuli. The pathological hypertrophy is associated with an altered pattern of
gene expression, fibrosis, ventricular arrhythmias, and cardiac failure, predicting
an increased morbidity and mortality [25]. Gene expression modulation, such as
myosin heavy chain and calcium transport/regulatory protein have been
associated with hypertrophy [26]. Renin-angiotensin system, that also induce
ROS production, has been involved in high cardiac output elevation and cardiac
hypertrophy in  hyperthyroidism [27]. Cardiac hypertrophy provides
intraventricular pressure alteration in the hyperthyroid group. According to our
results, an increased LVSP with L-thyroxine administration was seen. The
augmented intraventricular pressure is positively correlated with cardiac
hypertrophy index in this experimental model. This elevation in cardiac mass is a
risk factor for electrical disturbances in the heart in hyperthyroidism [6]. There
was also increase in the contractility index (+dP/dt), which reflects the
hypertrophy impact in the cardiac hemodynamics. Our results have also shown
an increased LVEDP, which reflects an augmented residual volume, and a
reduced relaxaton index (-dP/dt), that, thereby, characterize diastolic dysfunction.
Thyroxine treatment provided liver and lung congestion, indicating that these
animals were in a congestive heart failure stage. Many mechanisms may mediate
the progression from cardiac hypertrophy to hemodynamic failure. It is suggested
a main role of ROS in the intracellular signaling of this process [28]. In fact,

morphometric and hemodynamic parameters improved when vitamin E was
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administered, especially hypertrophy and organs congestion indexes. LVEDP
did not show improvement, however, the -dP/dt, that is a more sensitive

measurement, returned to normal levels with vitamin E treatment.

The worth of the present study was that myocardial oxidative stress was
increased, concomitant with the development of cardiac hypertrophy and failure,
and the treatment with a classical antioxidant, vitamin E, reduced oxidative stress
and ventricular dysfunction. Our results show significant increase in myocardial
lipid peroxidation (LPO) in hyperthyroid group by means two different methods. It
was also shown a positive correlation between oxidative damage and cardiac
hypertrophy, confirmed by the use vitamin E that was effective in reducing
cardiac mass.

In terms of antioxidant enzymes, no changes were found in CAT activity
and concentration in the myocardium of hyperthyroid rats. Myocardial SOD
activity and expression were found to be increased in the hyperthyroid animals as
compared to controls. However, SOD activity and expression decreased with
vitamin E treatment. These results suggest that superoxide radicals
concentration is increased in heart tissue, and this ROS probably modulates the
regulation of this enzyme [29]. The augmented activity and protein expression of
GST found in hyperthyroid and vitamin E groups can reflect the important role of
GST enzyme in the detoxification of xenobiotics and, therefore, could be involved
in L-thyroxine and vitamin E metabolism. GST activity involves an intense
participation of GSH in blocking the peroxidation process, altering cellular redox
satus. GSH depletion would lead to intracellular signaling for the protein
expression regulation [29]. A total GSH decrease was noticed in this study, and it

may reinforce that oxidative stress is taking place in cardiac tissue of
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hyperthyroid rats [31]. Myocardial oxidative stress, characterized by GSH
depletion, could activate redox-sensitive intracellular signaling pathways. We
found a negative correlation between total GSH and cardiac mass (r=-0.85,
P<0.05), suggesting that cardiac hypertrophy development is associated with
GSH depletion.

Hyperthyroidism can cause increase in cardiac mass by activating growth
factors, such as insulin-like growth factor | (IGF-1) [11]. Our results have shown
an increase in IGF-IR protein expression in hyperthyroid group, however vitamin
E administration reduced IGF-IR levels. Since vitamin E is considered as a
classical antioxidant, this result suggests that oxidative stress participates in the
control of IGF-IR expression in hyperthyroidism. We have also demonstrated a

negative correlation between total GSH content and IGF-IR protein expression
(r=-0.55, P<0.05). The data suggest that redox-dependent mechanism of IGF-IR

protein expression may be through an unbalance in GSH metabolism. GSH
depletion could act as a triggering event for cardiac mass increment, since IGF-
IR protein levels was strongly correlated with the hypertrophy index values (r=
0.90, P<0.05). These data indicate a role for oxidative stress in IGF-IR protein
expression and myocardial hypertrophic answer in experimental hyperthyroidism.

In summary, chronic treatment with thyroxine induces myocardial
hypertrophy and failure by means oxidative stress induction. Thyroxine may
activate ROS-sensitive pathways that culminate in the expression of some
mediator factors for the myocardial hypertrophy, such as IGF-IR. Vitamin E
administration ameliorates the morphometric and hemodynamic impairment
induced by thyroxine, exhibiting a beneficial role in the ventricular dysfunction.

The overall results point out to a perspective of terapeutical strategy targeting
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oxidative stress reduction, to decrease its impact in terms of the progression from

cardiac hypertrophy to failure in hyperthyroid patients.
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Table 1 - Morphometric and hemodynamic parameters after 4-week treatment with
thyroxine and/or vitamin E.

N : Hyperthyroid+
Groups Control Vitamin E Hyperthyroid Vitamin E
Body weight (g) 232425 211£15 201+18* 227+19
Heart weight (g) 0.70+0.10 0.6520.05 0.97+0.10* 0.82+0.05e
. 3
Heart/body weight x10 3.0£0.02 3.10.02 4.9+0.05* 3.7+0.04e
(mg/g)
. 3
Lung/body weight x10 0.7£0.10 0.700.01 1.20£0.30* 0.800.10
(mg/g)
Liver/body weight x10° «
3.320.4 3.420.5 5.3+0.8 3.50.4
(mg/g) *
LVSP (mmHg) 127+11 128+9.8 187+10* 149+27#e
LVEDP (mmHg) 4.5+0.7 5.0£0.8 10+1.3* 9.2+2 1#
+dP/dt 6321+1714 73314565 9756+2074* 7500£1479e
-dP/dt -5104+1474 -6280+674 -8215+1542* -5895+1330e

LVSP= left ventricular systolic pressure; LVEDP= left ventricular end diastolic pressure;

+dP/dt= positive pressure derivative; -dP/dt= negative pressure derivative.

Values are expressed as mean + SDM of 10 animals per group.

*

significantly different from control (P<0.05).

e significantly different from hyperthyroid (P<0.05).
# significantly different from vitamin E (P<0.05).
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Table 2 - Antioxidant enzyme activities of superoxide dismutase (SOD), catalase
(CAT), glutathione S transferase (GST), and total glutathione (GSH) content in
cardiac homogenates from the different groups after 4 week treatment.

Groups Control Vitamin E Hyperthyroid ';I/)i',gmuy?id)r
CAT (pmol/mg proft) 20.0+£2.0 19.0+4.4 18.0+£3.0 17.0+ 21
SOD (U/mg prot) 6.0+1.6 5.7+01 11.0+1.8* 7.0 £ 1.2#e
GST (nmol/min/mg prot) 11.0+£1.3 14.5 £ 3.5* 17.1+£2.1* 26.9 £ 6.5#e
1.23+0.14 25+0.5* 0.97+0.15* 1.12 £ 0.12#e

Total GSH (nmol/mg prot)

Values are expressed as mean + SDM, of 10 animals per group.
* significantly different from control (P<0.05).

e significantly different from hyperthyroid (P<0.05).

# significantly different from vitamin E (P<0.05).
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Captions to figures:

Figure 1: Myocardial markers of oxidative damage to membrane lipids:
chemiluminescence (A), and TBARS (B). Data as mean + SDM from 10 animals
in each group. * significantly different from control (P<0.05). e significantly
different from hyperthyroid (P<0.05). # significantly different from vitamin E

(P<0.05).

Figure 2: Western blot analysis in cardiac homogenates using CAT antibody (A),
Cu/Zn SOD antibody (B), GST antibody (C), and IGF-IR antibody (D). Data as
mean = SDM from 10 animals in each group (one representative gel of five
Western blot experiments, showing two bands for each experimental group). *
significantly different from control (P<0.05). e significantly different from

hyperthyroid (P<0.05).
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6.3. Artigo 3: Oxidative stress role in the AKT pathway activation in
experimental hyperthyroidism (Journal of Molecular and Cellular

Cardiology)
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Abstract

This study was designed to test the hypothesis that oxidative stress may
activate intracellular signaling pathways that culminate with cardiac hypertrophy
in the experimental hyperthyroidism. Wistar rats were divided into four groups:
control, vitamin E, hyperthyroid, and hyperthyroid+vitamin E. Hyperthyroidism
was induced by thyroxine administration (12 mg/L in drinking water during 28
days). Vitamin E treatment was given in the same period by subcutaneous
injections (20 mg/kg/day). Morphometric and hemodynamic parameters were
evaluated after four weeks. Lipid peroxidation (LPO) by chemiluminescence (CL),
protein oxidation by carbonyl assay, glutathione metabolism (GSH/GSSG), total
antioxidant capacity (TRAP), hydrogen peroxide (H2O2), and nitrates+nitrites
were measured in heart homogenates. It was also quantified p-Akt, p-GSK-3, c-
Fos, and c-Jun myocardial protein concentration by Western blot. The
contractility index of left ventricle, and cardiac mass were increased by 54% and
60%, respectively, and the relaxation index was decreased by 63% in the
hyperthyroid group as compared to control. An increase in CL (32%), carbonyls
(41%), H20, (62%), nitrates+nitrites (218%) was seen in the hyperthyroid group.
Hyperthyroidism caused a decrease in GSH (83%) and TRAP (55%). These
alterations were reduced by vitamin E administration to hyperthyroid rats. Protein
expression of p-Akt/Akt, p-GSK-3B/GSK-3p3, c-Fos, and c-Jun were elevated in
the hyperthyroid group (by 69%, 37%, 130%, and 33%, respectively), and vitamin
E administration promoted a significant reduction in its expression in

hyperthyroidism. These results indicate that Akt signaling pathway is activated in
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experimental hyperthyroidism by oxidative stress, and H,O, may be a mediator of

this intracellular cascade.

Key words: thyroxine, glutathione, heart failure, vitamin E, hydrogen peroxide,

GSK-3B, Akt, c-Fos, c-Jun.

1. Introduction

Thyroid hormones dysfunction has various effects in cardiovascular
system. Hyperthyroidism may cause hemodynamic changes, including increase
in myocardial contractility, elevation in cardiac output, a widening of pulse
pressure, cardiac arhythmias, such as atrial fibrillation [1]. These changes in
electrical and mechanical activity of the heart have been classically attributed to

nuclear receptor-mediated regulation of gene transcription [2]. Cardiac

hypertrophy in hyperthyroidism may be a consequence of different stimuli, such
as pressure overload or neurohormonal activation [3, 4]. Many intracellular
pathways and transcription factors have been implicated in the non genomic

molecular mechanism of cardiac cell growth. The Akt and GSK-3B signaling

pathways have been recently implicated in the regulation of heart growth [5].

The Akt (protein kinase B) family of serine/treonine protein kinases are
stimulated classicaly by tyrosine kinase receptors, mediated by the action of
phosphatidylinositol 3-kinase (PI3K). Akt pathway induction has been related with

cardiac mass increase, through the activation of mTOR-dependent progrowth

pathways and suppression of GSK-3B-dependent atrophy programs [6]. The
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increase in the basal Akt expression also results in cardiac contractility
improvement and hypertrophy [7].

It was recently demonstrated that thyroid hormones may activate the Akt
signaling pathway in myocardium and that this process is involved in the cardiac
hypertrophy observed in this model [2]. Nevertheless, the mechanisms by which
this pathway is activated are still not known. It was demonstrated a positive
correlation between oxidative stress and cardiac hypertrophy in experimental
hyperthyroidism, indicating that ROS may contribute to the progression to heart
failure in this model [8]. Thyroid hormones are involved in the regulation of the
basal metabolic state, as well as in the oxidative metabolism. The increased
oxygen demand to myocardium, provided by hyperthyroidism, may result in
increased generation of ROS [9]. ROS have a high reactivity potential, therefore
they are toxic and can lead to oxidative damage to cellular macromolecules such
as proteins, lipids, and DNA. Though exist enzymatic and nonenzymatic
antioxidant defense systems, when ROS generation exceeds the antioxidant
capacity of cells, oxidative stress develops leading to potential tissue damage
[10]. ROS are also involved in cellular signaling pathways, not only by modulating

a variety of transcription factors (activator protein 1 - AP-1, for example), but also

acting as second messengers. Therefore, ROS can play an important role, as
molecular mediators, in intracellular cascades, such as those involved in heart
growth, inflammatory process, and apoptosis [11].

In this study, we hypothesized that Akt signaling pathway activation, in
experimental hyperthyroidism, may be achieved by means oxidative stress and
that hydrogen peroxide (H»O2) may act as an important mediator of this

intracellular cascade.
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2. Material and Methods

2.1. Animals

Forty male Wistar rats (250+20 g) were obtained from the Central Animal
House of the Universidade Federal do Rio Grande do Sul (UFGRS), Brazil.
Animals were housed in plastic cages (four animals each) and received water
and pelleted food ad libitum. They were maintained under standard laboratory
conditions (controlled temperature of 21°C, 12 hours light/dark cycle).
Experimental procedures were carried out in accordance with the National
Institute of Health Guide for Care and Use of Laboratory Animals. The Ethics
Committee for Experimental Procedures of UFRGS approved the protocols used
in these experiments. Animals were weekly weighed to follow body weight gain,
during the experimental protocol (28 days). They were divided into four groups
(n=10 per group): a) control, that received water ad libitum and daily
subcutaneous injections of mineral oil; b) vitamin E, that received subcutaneous
injections of vitamin E (20 mg/kg/day in mineral oil) [12]; c) hyperthyroid, which
received L-thyroxine (T4) (12 mg/L in drinking water) [13]; d) hyperthyroid+vitamin

E, which received T4 and vitamin E, at the same conditions as above described.

2.2. Hemodynamic measurements and cardiac hypertrophy development

Cardiac hemodynamics was assessed at the end of the fourth week of

thyroxine treatment. In brief, the rats were anesthetized (ketamine 90mg/kg;
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xylazine 10mg/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 readings were taken in a
microcomputer equipped with an analogue-to-digital conversion board (CODAS
1kHz sampling frequency, Dataq Instruments, Inc., Akron, Ohio, USA). The
catheter was advanced into left ventricle (LV) for recording left ventricular systolic
pressure (LVSP, mmHg), left ventricular end diastolic pressure (LVEDP, mmHg),
and the positive and negative pressure derivatives (+xdP/dt). Positive derivative of
ventricular pressure is considered as the contractility index and the negative
derivative is the relaxation index. The cardiac hypertrophy was evaluated by

heart weight (in mg) to body weight (in g) ratio.

2.3. Tissue preparation

Four weeks after treatment, rats were decapitated and the hearts were
immediatly excised, weighed and homogenized (1.15% w/v KCI and phenyl
methyl sulphonyl fluoride PMSF 20 mmol/L) in Ultra-Turrax. The suspension was
centrifuged at 1000 g for 10 min at 0-4°C to remove the nuclei and cell debris
[14] and supernatants were used for the assay of oxidative stress. Cardiac tissue
samples were also rapidly removed and frozen at -80°C, for the evaluation of
GSH/GSSG ratio and protein expression and homogeneized as described in

sections respectives.

2.4. Thyroid hormones concentration
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Blood samples were collected by cardiac punction, and immediately
centrifuged at 1000 g for 10 min. After, serum thyroid hormones concentration
was measured by chemiluminescence using the Immunolite 2000 kit (Biomedical
Technologies, Inc., Strougerton, MA, USA) at Weinmann Clinical Analysis

Laboratory.

2.5. Tert-butyl hydroperoxide-initiated chemiluminescence

Chemiluminescence (CL) 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 started by the addition of 3 mmol/L tert-butyl hydroperoxide
and data expressed as counts per second per milligram of homogenates protein

(cps/mg protein) [15].

2.6. Carbonyl Assay

Tissue samples were incubated with 2,4 dinitrophenylhydrazine (DNPH 10
mol/L) in 2.5 mol/L HCI solution for 1h at room temperature, in the dark. Samples
were vortexed every 15 min. Then, in tube samples was added 20% TCA (w/v)
solution, left in ice for 10 min and centrifuged for 5 min at 1000 g, to collect

protein precipitates. Another wash was performed with 10% TCA (w/v). The pellet
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was washed 3 times with ethanol:ethyl acetate (1:1) (v/v). The final precipitates
were dissolved in 6 mol/L guanidine hydrochloride solution, were left for 10 min

at 37°C, and read at 360 nm [16].

2.7. Determination of oxidized and reduced glutathione concentration

To determine oxidized and reduced glutathione concentration, tissue was
deproteinized with 2 mol/L perchloric acid, centrifuged for 10 min at 1000 g and
supernatant was neutralized with 2 mol/L potassium hydroxide. The reaction
medium contained 100 mmol/L phosphate buffer (pH 7.2), 2 mmol/L nicotinamide
dinucleotide phosphate acid, 0.2 U/mL glutathione reductase, 70 ymol/L 5,5
dithiobis (2-nitrobenzoic acid). To determine reduced glutathione, the supernatant
was neutralized with 2 mol/L potassium hydroxide, to react with 70 ymol/L 5,5’

dithiobis (2-nitro benzoic acid) and read at 420 nm [17].

2.8. Total antioxidant capacity (TRAP)

TRAP, which indicates total antioxidant capacity present in homogenates,
was measured by chemiluminescence using 2,2'-azo-bis(2-amidinopropane)
(ABAP, a source of alkyl peroxyl free radicals) and luminol. A mixture consisting
of 20 mmol/L ABAP, 40 pmol/L luminol, and 50 mmol/L phosphate buffer (pH =
7.4) was incubated and a steady-state luminescence arose from the free radical-
mediated luminol oxidation. This emission was almost completely quenched by
the addition of Trolox (hidrosoluble vitamin E), rendering induction times that are

linearly related to the free radical scavenger concentration added. A calibration
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curve was obtained by using different Trolox concentrations between 0.2 and 1
pmol/L. Addition of homogenates instead of Trolox elicits an induction time
related to the initial amount of sample added [18]. Luminescence was measured
in a scintillation counter, in the out-of-coincidence mode and the results were

expressed in unit of Trolox.

2.9. Determination of hydrogen peroxide

The assay was based in horseradish peroxidase (HRPO)-mediated
oxidation of phenol red by hydrogen peroxide, leading to the formation of a
compound that absorbs at 610 nm. Ventricle slices were incubated for 30 min. at
37°C in phosphate buffer 10 mmol/L (NaCl 140 mmol/L and dextrose 5 mmol/L).
The supernatants were transferred to tubes with phenol red 0.28 mmol/L and 8.5
U/mL HRPO. After 5 min incubation, NaOH 1 mol/L was added and it was read at

610 nm. The results were expressed in nmoles H,0,/ g tissue [19].

2.10. Determination of nitrates (NO3") and nitrites (NO5)

Nitrites were determined using the Griess reagent, in which a
chromophore with a strong absorbance at 540 nm is formed by reaction of nitrite
with a mixture of naphthyl- elitenediamine (0.1%) and sulphanilamide (1% ). The
absorbance was measured in a spectrophotometer to give the nitrite
concentration. Nitrates were determined as total nitrites (initial nitrite plus nitrite
reduced from nitrate) after its reduction using nitrate reductase from Asperqillus

species in the presence of NADPH. A standard curve was established with a set
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of serial dilutions (10® =10 mol/L) of sodium nitrite. Results were expressed as

mmol/L [20].

2.11. Western Blot Analysis

The tissue was homogenized (Tris 20 mmol/L, NaCl 150 mmol/L, EDTA 5
mmol/L, glycerol 10%, phenyl methyl sulphonyl fluoride-PMSF 20 mmol/L,
aprotinin 10uL/mL and leupeptin 10uL/mL) in Ultra-Turrax. The suspension was
centrifuged at 1000 g for 10 min at 0-4°C to remove the nuclei and cell debris
and supernatants were used for the assay. Thirty micrograms of protein were
subjected to one dimensional sodium dodecyl sulphate — polyacrylamide gel
electrophoresis (SDS-PAGE) in a discontinuous system using 12% (w/v)
separating gel and stacking gel [21]. The protein separated were transferred to
nitrocellulose membranes electrophoretically using buffer pH 8.2, containing 20
mmol/L Tris, 150 mmol/L glycine, methanol 20% (V/V) SDS 0.1% (w/v), in a
cooled Bio-Rad TransBlot unit. After non-specific protein-binding sites were
blocked with 1 h incubation with non-fat milk in Tris-buffer. The membranes were
processed for immunodetection using rabbit anti-total Akt polyclonal antibody,
rabbit anti-phospho-Akt (ser657) (60 kDa), rabbit anti-total GSK-3(3 polyclonal
antibody (47 kDa), rabbit anti-phospho- GSK-3B (ser9), rabbit anti c-Jun
polyclonal antibody, and goat anti c-Fos polyclonal antibody as primary
antibodies (Santa Cruz Biotechnology, Santa Cruz, CA). The bound primary
antibodies were detected using rabbit anti-goat or goat anti-rabbit horseradish
peroxidase-conjugate secondary antibodies and membranes were revelead for

chemiluminescence. The photographs generated were quantitatively analyzed for
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the protein levels with an image densitometer (Imagemaster VDS CI, 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 from each membrane were normalized through
Ponceau red method [22]. In addition, p-Akt/total Akt ratio and p-GSK-3 [/total

GSK-3 B was also performed.

2.12. Determination of Protein Concentration

Protein was measured by the method of Lowry [23], using bovine serum

albumin as standard.

2.13. Statistical analysis

Data were expressed as mean + SDM and compared using one way

ANOVA complemented with Student-Newmann-Keuls. The correlation between

two variables was analyzed by Pearson’s correlation. Values of P < 0.05 were

considered significant.

3. Results

3.1. Cardiac Remodelling in Hyperthyroidism

At the end of 4 week post-treatment period, thyroxine serum levels (in

ng/mL) were significantly higher in  hyperthyroid (24.0+0.7) and
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hyperthyroid+vitamin E (19.8+0.8) than control (3.84£0.1) and vitamin E (3.9+0.2).
However, no statistical difference was found between the two hyperthyroid
groups. It was noticed a body weight loss (in g) (13%) in hyperthyroid (251£18)
animals when compared to control (282+25), and vitamin E administration to
hyperthyroid rats avoided this change (277+£19). Thyroxine has induced cardiac
hypertrophy as detected by heart to body weight ratio (mg/g), which was 60%
higher in hyperthyroid group (4.9+0.05) than control (3.0+0.02). However,
treatment with vitamin E in hyperthyroid rats normalized these values (P<0.05).
In terms of intraventricular pressure, hyperthyroidism induced an elevation of left
ventricular systolic pressure (LVSP) by 44%, as compared to control.
Nevertheless, LVSP was reduced (by 20%) in hyperthyroid group that received
vitamin E (Figure 1A). Left ventricular end diastolic pressure (LVEDP) increased
by 128%, as compared to control, but no significant decrease in LVEDP was

observed with vitamin E treatment (Figure 1B). The positive derivative (+dP/df)
increased by 54%, and negative derivative (-dP/dt) decreased (by 60%) in the

hyperthyroid. However, vitamin E administration, to the hyperthyroid animals,

decreased +dP/dt by 23%, as well as -dP/dt by 28% (Figure 1 C).

3.2. Oxidative damage, glutathione metabolism, and total antioxidant capacity

(TRAP)

Changes in oxidative damage markers and non-enzymatic antioxidant are
summarized in Table 1. Hyperthyroidism state caused a significant elevation
(32%) in lipid peroxidation products, as indicated by chemiluminescence in

cardiac tissue as compared to control (P<0.05). L-Thyroxine treatment resulted
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also in increased (41%) myocardial oxidative damage to proteins measured
through carbonyl assay as compared to control (P<0.05). However,
hyperthyroid+vitamin E group has shown reduced lipid and protein oxidation by
25% and 29%, respectively, as compared to hyperthyroid. No difference was
found between control and hyperthyroid+vitamin E in terms of oxidative damage
(P<0.05). It was found that hypertrophy index showed a significant positive
correlation with lipid peroxidation values (r=0.73, P<0.05) and carbonyl groups
(r=0.81, P<0.05). It has also been shown that myocardial glutathione metabolism
in the hyperthyroid group was changed. The redox status (GSH/GSSG ratio), an
oxidative stress indicator, was found to be significantly reduced (83%) in
hyperthyroid rats as compared to control (P<0.05) (Table 1). There was,
however, a restablishment of these values with vitamin E treatment, but
GSH/GSSG values were still minor in hyperthyroid+vitamin E than those in the
control group. Hyperthyroidism leads to a decrease (by 55%) in TRAP as
compared to control group. These values were normalized with vitamin E

treatment (P<0.05) (Table 1).

3.3. Hydrogen peroxide and nitrates (NO3’) and nitrites (NO>")

Hydrogen peroxide levels were increased (62%), in hyperthyroid group, as
compared to control, and hyperthyroid+vitamin E decreased (57%) as compared
to hyperthyroid (P<0.05) (Figure 2A). Total nitrate and nitrites levels have shown
an elevation (218%) in hyperthyroid group, but vitamin E administration reduced
significantly this increase (56%) when compared to hyperthyroid (P<0.05) (Figure

2B).
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3.4. p-Akt/Akt and p-GSK-33/GSK-3[ protein expression

L-Thyroxine treatment to rats resulted in elevation (by 69%) in the protein
levels of p-Akt/Akt, evaluated by Western blot, as compared to control (P<0.05)
(Figure 3A). The treatment of hyperthyroid animals with vitamin E
reduced p-Akt/Akt protein expression (by 23%) in comparison to hyperthyroid
(Figure 3A). Hyperthyroidism has also induced an increase in p-GSK-33/GSK-3(3
protein expression by 37% (Figure 3B) as compared to control (P<0.05). The
hyperthyroid group treated with vitamin E showed a decrease by 30% in p-GSK-

3B/GSK-3B levels as compared to hyperthyroid group.

3.5. c-Jun and c-Fos protein expression

c-Jun and c-Fos myocardial protein concentration in hyperthyroid group,
analyzed by Western blot, was higher (33% and 130%, respectively) than control
at the end of 4 weeks treatment with L-thyroxine (Figure 4A and 4B). This
increase in c-Jun and c-Fos protein levels was positively correlated with the
hypertrophy index values (r=0.79, P<0.05 and r=0.88, P<0.05, respectively).
Vitamin E treatment to hyperthyroid rats decreased c-Jun and c-Fos protein

expression, by 25% and 43%, respectively (Figure 4A and 4B).
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4. Discussion

Our results show that chronic hyperthyroid state was successfully
achieved, since the elevation in serum T4, and increased heart/body weight ratio
were observed in the thyroxine-treated animals. According to our results, an
increased LVSP with L-thyroxine administration was seen. The augmented
intraventricular pressure is positively correlated with cardiac hypertrophy index in
this experimental model. There was also an increase in the contractility index
(+dP/dt), which reflects the hypertrophy impact in the cardiac hemodynamics.

Our results also shown an increased LVEDP, which reflects an augmented
residual volume, and a reduced relaxation index (-dP/df), that, thereby,

characterize diastolic dysfunction. Many mechanisms may mediate the
progression from cardiac hypertrophy to hemodynamic failure. It is suggested a
main role of ROS in the intracellular signaling of this process [24]. In fact, most of
morphometric and hemodynamic parameters improved when vitamin E was
administered especially hypertrophy index. LVEDP did not show improvement,
however the -dP/dt, that is a more sensitive parameter, returned to normal levels
with vitamin E treatment.

Left ventricular dysfunction in the hyperthyroid group was associated with
increased myocardial oxidative stress. Our results shown significant increase in
myocardial lipid peroxidation (LPO) and protein oxidation in hyperthyroid group.
This oxidative injury was reduced by vitamin E administration. These results
demonstrate a positive correlation between oxidative damage and cardiac
hypertrophy, that was confirmed by the use of vitamin E which was effective in

reducing hypertrophy. The enhanced oxidative damage in Ts-treated rats is
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consistent with increased levels of hydrogen peroxide, which may play a key role
in intracellular signaling mechanism in the redox-dependent heart growth
development by thyroid hormones [25]. Other important molecule in the oxidative
scenary is nitric oxide (NO), which plays a determinant role in cardiac and
vascular function [26]. The determination of nitrates (NO3") and nitrites (NO2),
that are chemical species derived from NO metabolism, demonstrated enhanced
levels in hyperthyroid group. These values were reduced by vitamin E treatment,
together with partial recovery of cardiac function and hypertrophy.

The results in this work also demonstrated an enhanced consumption of
total antioxidants (TRAP) and an unbalance in GSH/GSSG ratio in hyperthyroid
group. Myocardial oxidative stress, characterized by GSH depletion, could
activate redox-sensitive intracellular signaling pathways. ROS signaling can be
divided in two general mechanism of action: alterations in intracellular redox state
and oxidative modification of proteins [27]. There is a negative correlation
between GSH/GSSG ratio and enhanced cardiac mass (r=-0.85, P<0.05),
suggesting an association beetwen oxidative stress and cardiac hypertrophy
development. GSH/GSSG ratio unbalance may also activate transcription factors,
such as c-Fos and c-Jun, whose protein expression is increased in the
hyperthyroid group. These results are consistent with literature that shows that
low GSH concentration may activate AP-1, which results in the
heterodimerization of c-Fos and c-Jun proteins, being a transcriptional complex
important for genic expression induction of protein involved in cardiac
hypertrophy [28]. In addition, a decreased AP-1 expression, caused by vitamin E
administration, prevents the development of cardiac hypertrophy through a ROS-

dependent pathway [29]. Our result also shown elevation of H,O, concentration
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promoved by hyperthyroidism. This increase of H,O, was accompanied
by elevation in c-Fos and c-Jun expression, suggesting that this ROS can be
realated in signaling intracellular this transcription factors.

Thyroid hormones have also been implicated in Akt signaling pathway of
cardiac regulation [2]. Our results demonstrated increased Akt and GSK 33
phosphorylation in the hyperthyroid group, corroborating previous data in
literature [2]. In addition, H,O, levels also followed increased of p-Akt. Akt is
rapidly activated, overcoat when cells are exposed to stress situations, such as
hyperthyroidism [30]. Ts4-induced oxidative stress could activate Akt
phosphorylation through enhanced H,O, levels [31], that would act as a
molecular mediator. We observed that vitamin E attenuates Akt phosphorylation,
indicating the role of ROS in the Akt signaling pathway regulation. Vitamin E
administration in euthyroid group decreased Akt and GSK 3B phosphorylation,
that present also GSH/GSSG ratio high. These vitamin E effect could be resulted
of it anitoxidant action, reinforce that ROS can be mediators in signaling
intracellular. However literature data implicate a direct molecular action of vitamin
E in GSK 3B phosphorylation [32]. These data suggest that H,O, is implicated in
the phosphorylation of Akt, activating heart growth in hyperthyroidism.

The main finding of the present study was to demonstrate the outstanding
role of ROS as important molecular mediators in the Akt signaling pathway
activation for the ventricular remodeling in hyperthyroidism. Our data strongly
suggest that oxidative stress play an important role in intracellular signaling
pathways activation that culminate with myocardial cell growth exposed to high

chronic thyroxine levels, being hydrogen peroxide (H2O,) one of the mediators of
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these cascades activation. This study provides evidence that Akt signaling can

be a redox-dependent pathway in experimental hyperthyroidism.
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Table 1. Myocardial markers of oxidative damage to membrane lipids (chemiluminescence),
proteins (carbonyl groups), total antioxidant capacity (TRAP), and glutathione metabolism

(GSH/GSSG).
o . Hyperthyroid+

Group Control Vitamin E Hyperthyroid Vitamin E
Chemiluminescence
(cps/mg prot 10°) 160114 60+6* 225+33* 164+31#
Carbonyl groups
(nmol/mg prot) 27+0.1 1.910.4* 411+0.5* 2.9+0.5#
GSH/GSSG (redox
status) 153 25+5*# 2.85+0.5 * 8.01+2.0*#
TRAP (U Trolox/mg
prot) 306 40£12*# 13+4 * 32+5.0#

Values are expressed as mean + SDM of 10 animals per group.
* significantly different from control (P<0.05).
# significantly different from hyperthyroid (P<0.05).
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Captions to figures:

Figure 1: Hemodynamic measurements: (A) left ventricular systolic pressure
(LVSP); (B) left ventricular end diastolic pressure (LVEDP), and (C) left
ventricular performance (in mmHg/sec): positive pressure derivative (+dP/df) and
negative pressure derivative (-dP/dt). Data as mean + SDM from 10 animals in

each group. * significantly different from control (P<0.05). # significantly different

from hyperthyroid (P<0.05).

Figure 2: (A) Hydrogen peroxide (nmol/g tissue), and (B) Nitrates and nitrites
(nmol/L) in cardiac tissue. Data as mean + SDM from 10 animals in each group. *

significantly different from control (P<0.05). # significantly different from

hyperthyroid (P<0.05).

Figure 3: Western blot analysis in cardiac homogenates using: (A) p-Akt (ser657)
(p-Akt (ser657)/Akt ratio) ; (B) p-GSK-3B (ser9) (p-GSK-36 (ser9)/GSK-3 ratio)
(one representative gel of five Western blot experiments, showing two bands for
each experimental group). Data as mean + SDM from 10 animals in each group.

significantly different from control (P<0.05). # significantly different from

hyperthyroid (P<0.05).

Figure 4: Western blot analysis in cardiac homogenates using: (A) c-Fos, and (B)

c-Jun (one representative gel of five Western blot experiments, showing two

bands for each experimental group). Data as mean £ SDM from 10 animals in
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each group. * significantly different from control (P<0.05). # significantly different

from hyperthyroid (P<0.05).
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7. DISCUSSAO CONCLUSIVA

O estresse oxidativo esta envolvido numa série de processos patoldgicos
e fisiologicos de varios tecidos, exercendo um papel importante no controle da
fungao celular (Drége, 2002). Dentre os eventos de alteragao celular, em que as
EAO estdo relacionadas, destaca-se o hipertireoidismo. Os hormbnios da
tiredide podem aumentar o consumo de oxigénio e determinar o aumento da
producdo de EAO mitocondrial, e por consequéncia, induzir o estresse oxidativo
celular pelo desbalango no equilibrio entre pro-oxidantes e antioxidantes (Venditti
& Di Meo, 2006). No hipertireoidismo, a alteragado no estado redox pode levar ao
aumento do dano oxidativo nos lipidios e nas proteinas (Venditti & Di Meo, 2006;
Araujo, 2006). Ainda como consequéncia das altas concentragbes da L-tiroxina,
a hipertrofia cardiaca associada as disfungbes ventriculares, esta bem
caracterizada neste modelo (Kuzman et al., 2005). Os dados da literatura
apresentam, enfaticamente, a relagao entre o crescimento da massa ventricular
e as EAO. Entretanto, esta correlacdo é pouco explorada no modelo de
hipertireoidismo, deixando sem explicacdo o mecanismo do desenvolvimento da
hipertrofia cardiaca a partir do estresse oxidativo. Por conseguinte, objetivou-se
estudar o papel das EAO nas vias de sinalizagao intracelulares da hipertrofia
cardiaca no hipertireoidismo, buscando elucidar possiveis mediadores dessas

rotas de sinalizagao.

No primeiro artigo apresentado, ficou clara a relagcao do estresse oxidativo
com a elevacao dos niveis de horménios tireoidianos, confirmando os dados da

literatura (Venditti & Di Meo, 2006). No entanto, houve o inédito
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acompanhamento temporal do estresse oxidativo no desenvolvimento do
hipertireoidismo. Nesta avaliagao, observou-se que, durante as quatro semanas
de tratamento com L-tiroxina, o estresse oxidativo se elevou proporcionalmente
as alteragdes hormonais. Entretanto, foram obtidos os valores maximos dos
indicadores de dano oxidativo nas duas primeiras semanas de hipertireoidismo.
Houve também uma resposta compensatdéria da atividade das enzimas
antioxidantes. Este modelo também foi pioneiro em demonstrar a variagcdo na
expressao destas enzimas como resposta ao dano oxidativo causado pelos
elevados niveis de L-tiroxina. Um dos indicadores de estresse oxidativo, dado
pela razdo entre a glutationa reduzida e a glutationa oxidada (GSH/GSSG),
indicou que o desbalango redox iniciava, principalmente, apdés a segunda
semana de tratamento. No ambito dos aspectos hemodinamicos e morfométricos
cardiacos, verificou-se que o aumento da massa do coragao (hipertrofia
cardiaca) foi gradual e continuo durante as quatro semanas de hipertireoidismo,
atingindo pico maximo ao final do tratamento com o hormdnio tireoidiano. A
pressao sistolica ventricular esquerda (PSVE) e a pressao diastdlica final do
ventriculo esquerdo (PDFVE) também variaram ao longo do tempo,
apresentando os maiores niveis ao final do experimento. Cabe salientar que até
a segunda semana de tratamento com L-tiroxina a PDFVE ndo apresentou
elevagao significativa. Entretanto, a partir da terceira até o final da quarta
semana, a PDFVE sofreu um significativo aumento, indicando o estabelecimento
da insuficiéncia cardiaca. Este aumento da PDFVE ocorre concomitante a
diminuicao da atividade enzimatica antioxidante, a deplecao da GSH e a piora do
estado redox celular. Acompanhando estas variacbes cardiacas, tem-se a

congestdao de o6rgaos, como figado e pulmdes, sugerindo um estagio de
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insuficiéncia cardiaca congestiva. O conjunto destes dados sugere, portanto, que
as EAO sao precursores das alteragcbes morfométricas e funcionais cardiacas,
uma vez que o estresse oxidativo se instalou antes das disfungdes ventriculares.

Estes dados abriram a perspectiva de estudar mais profundamente o
envolvimento do estresse oxidativo e o mecanismo pelo qual as EAO
desencadeiam a hipertrofia cardiaca, juntamente, com as alteragdes funcionais
dela decorrentes. Para tanto, foi necessaria a utilizacado de um antioxidante de
acao e eficacia conhecidas, que garantisse o bloqueio da agdo dos radicais
livres efetivamente. Havia a necessidade de explorar um mecanismo molecular
que explicasse a hipertrofia e que confirmasse o envolvimento dos radicais
livres. Por conseguinte, foi utilizado um antioxidante classico, a vitamina E
(Devaraj et al., 2005), para verificar a acdo dos radicais livres no
desenvolvimento da hipertrofia (Kuo et al.,2005).

O segundo artigo estudou a relagao do estresse oxidativo com o controle
da expresséao de proteinas do IGF-IR, para averiguar o envolvimento deste fator
de crescimento num mecanismo molecular que justificasse o desenvolvimento
da hipertrofia cardiaca no hipertireoidismo. O hipertireoidismo, mantido durante
quatro semanas, aumentou os niveis de PSVE e de PDFVE, a massa cardiaca e
os indices marcadores de estresse oxidativo (lipoperoxidacdo e a deplegao da
glutationa total), demonstrando uma correlagdo positiva entre a hipertrofia e o
dano produzido pelos radicais livres. Isto reafirma os dados encontrados no
primeiro artigo. Com este modelo bem estabelecido, promoveu-se o tratamento
com a vitamina E, classica molécula antioxidante que impede os efeitos da acao
oxidativa dos radicais livres, com o intuito de comprovar a participagdo do

estresse oxidativo no remodelamento cardiaco provocado pelo hipertireoidismo.
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O tratamento com a vitamina E diminuiu a lipoperoxidagdo e a deplecdo da
glutationa total, como ja descrito (Pryor et al., 2000). Somado a estes resultados,
o tratamento com a vitamina E induziu também ao decréscimo da hipertrofia
cardiaca nos animais hipertireoideos. Isto indica que o bloqueio da acdo dos
radicais livres representa uma cardio-prote¢do, uma vez que a hipertrofia é fator
de risco para alteragbes elétricas do miocardio. As derivadas (+dP/dt) também
melhoraram, indicando contratilidade e relaxamento melhores devido ao
tratamento com vitamina E. A literatura ndo explicita outro efeito relevante da
vitamina E, no sistema cardiovascular, que o seu potencial antioxidante (Tucker
and Townsend, 2005). Portanto, estes dados apontam para a participagéo critica
das EAO no aumento da massa ventricular. Na analise da expresséao do IGF-IR,
por Western blot, observou-se o0 aumento da sua expressao nos animais
hipertireoideos que regrediu com o tratamento destes animais com a vitamina E.
Este acréscimo na quantidade da proteina do IGF-IR apresentou uma correlagao
positiva com a hipertrofia cardiaca e negativa com o conteudo da glutationa total
nos animais hipertireoideos (Das et al., 2004). A deplecdo da glutationa pode
mudar o estado redox da célula e desencadear uma sinalizagao intracelular.
Esta sinalizagcdo poderia aumentar a expressdao do IGF-IR e estimular o
desenvolvimento da hipertrofia cardiaca. Isto sugere que ha uma efetiva
participagcdo das EAO e do IGF-IR na hipertrofia e na disfungdo cardiaca no
hipertireoidismo. Tais alteragdes foram inibidas pelo tratamento com alfa
tocoferol.

Com os dados deste artigo, sugeriu-se o0 seguinte: a L-tiroxina eleva o
consumo de oxigénio e, por conseguinte, aumenta a geragdo das EAO (Venditti

& Di Meo, 2006), o que causaria um desbalanc¢o no estado redox celular e, desta
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forma, poderia modular o desenvolvimento da hipertrofia cardiaca, envolvendo o
IGF-IR neste processo. No entanto, as vias de sinalizagao intracelular sensivel
ao estado redox ndo estavam bem estabelecidas no nosso modelo de
hipertireoidismo experimental, sendo necessario ampliar os objetivos para
estudar algumas vias intracelulares de sinalizagdo que estivessem relacionadas
com a hipertrofia ventricular desenvolvida pelos hipertireoideos. Portanto, foi
avaliada a ativacéo da via de sinalizagdo da Akt cuja relagdo com o aumento da
massa ventricular, devido aos altos niveis de L-tiroxina, foi recentemente
demonstrada (Kuzman et al., 2005).

Os dados da literatura demonstram que a via de sinalizagdo da proteina
quinase B (Akt) modula o processo de hipertrofia cardiaca (DeBosch et al.,
2006). Entretanto, ainda esta obscura a participagdo dos radicais livres na
ativacdo desta via na promogdo do crescimento das células cardiacas no
hipertireoidismo. Desta forma, um dos objetivos do terceiro artigo foi esclarecer a
participacdo das EAO na ativacdo da via Akt de sinalizacido intracelular que
culminaria na hipertrofia do tecido cardiaco. Os resultados obtidos neste
experimento indicam um cenario em que os radicais livres parecem modular a
fosforilacdo da Akt, aumentando a sua ativacdo e a conseqliente inibicdo da
proteina GSK-3B, via que promove a atrofia tecidual. O tratamento com a
vitamina E, que previamente tinha prevenido o aumento da acdo dos radicais
livres e a hipertrofia cardiaca, também inibiu a ativagao da via de sinalizacédo da
Akt. A fosforilacdo da Akt e da GSK-3, juntamente com o estresse oxidativo,
também diminuiu com a administracdo da vitamina E em animais eutireoideos.
Isto confirma o papel dos radicais livres como mediadores da sinalizagao

intracelular. No entanto, Kempna et al. (2004) relataram o efeito direto da
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molécula vitamina E sobre a fosforilagdo da GSK-3B. Alguns fatores de
transcricdo também foram analisados neste artigo, sobretudo, o c-Jun e o c-Fos,
que sao estimulados pelo estresse oxidativo e formam um heterodimero,
denominado proteina ativadora -1 (AP-1) (Liu et al., 2005). A expresséo destes
fatores de transcricdo estava elevada nos animais hipertireoideos e se
correlacionaram positivamente com o estresse oxidativo. No entanto, quando se
bloqueou a acado dos radicais livres, pela administracdo de vitamina E, houve
regressdo na expressao destes fatores de transcrigdo, sugerindo que este
aumento foi causado pelo desbalanco redox provocado pelo hipertireoidismo
(Cai et al., 2003). Estabelecida a participagdo das EAO, faltava ainda determinar
quais destas espécies estavam agindo de forma significativa no processo de
sinalizacao intracelular. Desta forma, foram medidos os niveis de peréxido de
hidrogénio (H202) no tecido cardiaco, uma vez que esta € a espécie com maior
estabilidade e, portanto, seria a molécula mais provavel de atuar como
mediadora na sinalizagdo intracelular. Os resultados deste experimento
indicaram que as concentragdes de H202 aumentaram nos animais
hipertireoideos, e esta elevacdo se correlacionava nao somente com a
diminuicdo da razdao GSH/GSSG, mas também com a ativacdo da via de
sinalizagdo da Akt. Estes dados indicam o envolvimento do H202 na geracéao do
estresse oxidativo, sugerindo também que esta molécula poderia ser um
importante mediador no processo de sinalizagcdo celular. De fato, esta é uma
abordagem mais recente no estudo do estresse oxidativo, gerando uma nova
visdo sobre as EAO que atuariam como mediadores nido apenas do dano
oxidativo, mas também da sinalizacdo intracelular que culminaria com a

hipertrofia cardiaca.
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O conjunto destes resultados aponta para um papel relevante das EAO na
hipertrofia cardiaca desenvolvida no hipertireoidismo, tanto pela acédo direta do
H,O, nas vias moleculares de sinalizacdo que conduzem a célula para o
crescimento celular, como pelo estresse oxidativo gerado pelo aumento das
concentragdbes das EAO representado pela deplecdo da glutationa. O
desbalanco na razdo GSH/GSSG também pode ativar as vias de comunicacao
intracelular responsaveis pelo estabelecimento da hipertrofia cardiaca. As
alteragcbes hemodinamicas, decorrentes do aumento da massa ventricular,
correlacionaram-se com as variagées do estresse oxidativo nos animais tratados
com a L -tiroxina. Portanto, o tratamento preventivo dos danos oxidativos pode
auxiliar significativamente na melhora da disfungao ventricular apresentada no

hipertireoidismo.

8. PERSPECTIVAS

Embora os resultados apontem para uma clara participagédo das EAO na
modulagcdo das vias de sinalizagao intracelular, outros experimentos seriam
necessarios para definir mais especificamente o papel dos radicais livres no
controle da ativagdo e expressao das proteinas destas e de outras vias de
sinalizacado envolvidas na hipertrofia cardiaca desenvolvida no hipertireoidismo.
Poderiam ser avaliados os seguintes parametros:

e a expressao de RNA mensageiro das proteinas Akt, GSK-3 e IGF-IR;

e aexpressao de proteina e de RNA mensageiro da ERK 1/2 , ASK e P38;

e a hipertrofia cardiaca através da utilizacao de métodos mais adequados;
e a disfuncéo ventricular promovida pela L-tiroxina através de instrumentos

mais precisos, como a analise ecocardiografica;
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e as vias de sinalizacdo intracelular em diferentes tempos de
hipertireoidismo.

¢ Medir a concentragao do fator de crescimento insulin like-1 IGF-I.
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