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RESUMO

ENVOLVIMENTO DOS SISTEMAS PURINERGICO, COLINERGICO E ESTRESSE
OXIDATIVO NOS DISTURBIOS DA TIREOIDE: POSSIVEL EFEITO PROTETOR
DA QUERCETINA

AUTORA: Jucimara Baldissarelli
ORIENTADORA: Profd. Dré Maria Rosa Chitolina Schetinger
CO-ORIENTADORA: Prof2, Dr2 Roberta Schmatz

Os hormdnios tireoidianos modulam as rotas metabdlicas no organismo e apresentam funcdes fisioldgicas
importantes no cérebro e sistema vascular. Alteragdes na sua produgdo ou distribuicdo levam a distdrbios
como o hipotireoidismo e o hipertireoidismo, os quais estdo relacionados @ mudancgas na fungéo endotelial,
contribuindo para uma maior incidéncia de doencas vasculares, além de possuirem relagdo com a formacao
de espécies reativas de oxigénio (ERO). Além disso, no Sistema Nervoso Central (SNC), o envolvimento
dos sistemas purinérgico e colinérgico nos distdrbios tireoidianos vem ganhando importancia. Adenosina
trifosfato (ATP) e acetilcolina (ACh) sdo moléculas de sinalizacdo extracelular no SNC e outros tecidos que
ao serem liberadas sdo degradadas pela acdo das ectonucleotidases e da acetilcolinesterase (AChE),
respectivamente. Juntamente com o ATP, 0o ADP, o AMP e a adenosina (Ado) regulam processos fisiolégicos
como a agregacgdo plaquetaria e o tonus vascular. Neste contexto, o objetivo deste estudo foi avaliar o efeito
do tratamento com quercetina na atividade das ectonucleotidases e da AChE em sinaptossomas de cortex
cerebral de ratos com hipotireoidismo. Além disso, avaliar a atividade e expressdo das ectonucleotidases em
plaquetas e biomarcadores de estresse oxidativo em modelo experimental de hipotireoidismo e
hipertireoidismo e em pacientes com hipotireoidismo pos-tireoidectomia. O hipotireoidismo e o
hipertireoidismo nos modelos animais foram induzidos pela administracdo de metimazol ou L-Tiroxina,
respectivamente, durante 30 dias. O tratamento com quercetina 10 ou 25 mg/kg iniciou apés a inducéo do
hipotireoidismo ser confirmada e seguiu-se por 60 dias concomitantemente a administracdo de metimazol.
As coletas dos pacientes foram realizadas aproximadamente 45 dias apds a tireoidectomia. Os resultados
demonstraram que o hipotireoidismo causou uma diminui¢do na atividade da AChE em sinaptossomas de
cértex cerebral e o tratamento com quercetina manteve essa atividade diminuida. Testes in vitro confirmaram
a inibicdo da AChE proporcional a dose de quercetina testada, o que sugere que ela poderia ser utilizada
como adjuvante no tratamento de desordens neuroldgicas. A atividade da NTPDase ndo foi alterada no
hipotireoidismo, mas a hidrdlise de AMP pela ecto-5'-nucleotidase (E-5’-NT) aumentou. O tratamento com
quercetina causou uma diminuicao nas atividades da NTPDase, E-5’-NT e adenosina desaminase (ADA), o
gue poderia contribuir para niveis moderadamente aumentados de Ado no SNC. Como a Ado atua como uma
molécula neuroprotetora esse pode ser um dos mecanismos pelos quais a quercetina exerce os seus efeitos
benéficos no SNC. Os resultados encontrados em plaquetas mostraram uma diminuicdo nas atividades da
NTPDase e E-5'-NT e um aumento nos niveis de ATP, ADP e AMP em animais com hipertireoidismo. J& 0s
niveis de Ado foram menores, 0 que pode ser atribuido a atividade reduzida da 5-NT e aumentada da ADA.
Os animais com hipotireoidismo apresentaram diminui¢do apenas na atividade da E-5’-NT e aumento nos
niveis de AMP, o que pode ser devido a maior hidrélise de ATP a AMP pela ectonucleotideo
pirofosfatase/fosfodiesterase (NPP), que aumentou em ambos os grupos. No terceiro trabalho desta tese os
resultados mostraram um aumento nas atividades das enzimas do sistema purinérgico em pacientes com
hipotireoidismo. Além disso, a expressdo de NTPDase 1 (CD39) também foi maior, indicando que o impacto
da remocdo da tireoide pode causar mudancas importantes a nivel molecular. Os niveis de Ado foram
menores nos pacientes e a atividade da ADA aumentada. Observamos também alteragdes nos parametros
redox como: aumento na producdo de ERO, na peroxidacao lipidica, na carbonilacdo de proteinas, nos niveis
de T-SH, NPSH e &cido ascérbico, além de diminuicdo da atividade da GST. Sugerimos com esses resultados
que o estresse oxidativo apresentado por pacientes possui relagdo com o aumento na atividade das
ectonucleotidases e da ADA, o que foi demonstrado pela correlagdo positiva entre a producdo de ERO e as
atividades enzimaticas. Por fim, os resultados apresentados podem ajudar a compreender as alteracdes
metabdlicas que ocorrem nos distirbios da tireoide, com 0 envolvimento dos sistema purinérgico e
colinérgico e do estresse oxidativo, e a buscar terapias que previnam o agravamento das doengas.

Palavras-chave: hipotireoidismo; hipertireoidismo, ectonucleotidases, estresse oxidativo, quercetina



ABSTRACT

INVOLVEMENT OF PURINERGIC AND COLINERGIC SYSTEMS AND
OXIDATIVE STRESS IN TYROID DISORDERS: POSSIBLE PROTECTIVE
EFFECT OF QUERCETIN

AUTHOR: Jucimara Baldissarelli
ADVISER: Profé, Dr2, Maria Rosa Chitolina Schetinger
CO-ADVISER: Prof?, Dr2. Roberta Schmatz

Thyroid hormones modulate the metabolic pathways in the body and have important physiological
functions in the brain and vascular system. Changes in their production or distribution lead to disorders
such as hypothyroidism and hyperthyroidism, which are related to modifications in endothelial function,
contributing to a higher incidence of vascular diseases, besides being related to reactive oxygen species
production (ROS). Moreover, in the Central Nervous System (CNS), the involvement of purinergic and
cholinergic systems in thyroid disorders has been gaining significance. Adenosine triphosphate (ATP)
and acetylcholine (ACh) are extracellular signaling molecules in the CNS and other tissues that upon
release are degraded by the action of ectonucleotidases and acetylcholinesterase (AChE), respectively.
Together with the ATP, ADP, AMP and adenosine (Ado) regulate physiological processes such as
platelet aggregation and vascular tone. In this context, the objective of this study was to evaluate the
effect of quercetin on ectonucleotidase and AChE activities in the synaptosomes of the cerebral cortex
of rats with hypothyroidism. Moreover, to evaluate the activity and expression of ectonucleotidases in
platelets and biomarkers of oxidative stress in experimental model of hypothyroidism and
hyperthyroidism and in patients with post thyroidectomy hypothyroidism. Hypothyroidism and
hyperthyroidism in animal models were induced by administration of methimazole or L-Thyroxine,
respectively, for 30 days. Treatment with quercetin 10 or 25 mg/kg started after that the hypothyroidism
induction was confirmed and followed for 60 days. Patient collections were performed approximately
45 days after thyroidectomy. The results demonstrated that hypothyroidism caused a decrease in AChE
activity in synaptosomes of cerebral cortex and quercetin treatment maintained this activity decreased.
In vitro tests confirmed the inhibition of AChE proportional to the quercetin’s dose tested, suggesting
that quercetin could be used as adjuvant in the treatment of neurological disorders. NTPDase activity
was not altered in hypothyroidism, but the hydrolysis of AMP by ecto-5'-nucleotidase (E-5'-NT)
increased. Treatment with quercetin caused a decrease in the activities of NTPDase, E-5'-NT and
adenosine deaminase (ADA), which could contribute to moderately increased levels of Ado in the CNS.
As Ado acts as a neuroprotective molecule this may be one of the mechanisms by which quercetin exerts
its beneficial effects on the CNS. The results found in platelets showed a decrease in the activities of
NTPDase and E-5'-NT and an increase in ATP, ADP and AMP levels in animals with hyperthyroidism.
However, Ado levels were lower, which can be attributed to the reduced 5'-NT and increased ADA
activities. Animals with hypothyroidism showed only a decrease in E-5'-NT activity and an increase in
AMP levels, which may be due to the greater hydrolysis of ATP to AMP by echnophosphatase/
phosphodiesterase (NPP), which increased in both groups. In the third work of this thesis, the results
showed an increase in the activities of the enzymes of the purinergic system in patients with
hypothyroidism. In addition, the expression of NTPDase 1 (CD39) was also higher, indicating that the
impact of thyroid removal may cause important changes at the molecular level. Ado levels were lower
in patients and ADA activity was increased. We also observed changes in redox parameters such as:
increased ROS production, lipid peroxidation, protein carbonylation, T-SH, NPSH and ascorbic acid
levels, as well as decreased GST activity. We suggest with these results that the oxidative stress
presented by patients is related to the increase in the activity of the ectonucleotidases and the ADA,
which was demonstrated by the positive correlation between the ROS production and the enzymatic
activities. Finally, the presented results can help to understand the metabolic alterations that occur in
thyroid disorders, with the involvement of the purinergic and cholinergic system and of the oxidative
stress, and to seek therapies that prevent the aggravation of the diseases.

Keywords: hypothyroidism; hyperthyroidism, ectonucleotidases, oxidative stress, quercetin
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Os resultados que fazem parte desta tese estdo apresentados sob a forma de um artigo
cientifico e dois manuscritos. As secOes Materiais e Métodos, Resultados e Referéncias
Bibliograficas encontram-se nos proprios artigos e representam a integra deste estudo. Os itens
Discussdo e Conclusdes encontram-se no final desta tese e apresentam interpretacGes e
comentarios gerais sobre os artigos contidos neste trabalho. As referéncias referem-se somente
as citacbes que aparecem nos itens introducdo, revisdo bibliografica e discussdo. Os

manuscritos estao estruturados de acordo com as normas das revistas cientificas para a quais

serdo submetidos.

Descrigdo dos objetivos especificos e produtos obtidos mediante a execucdo dos

experimentos:

APRESENTACAO

colinérgico em sinaptossomas
de cortex cerebral de ratos
com hipotireoidismo.

activities in rat synaptosomes
can be prevented by the
naturally occurring
polyphenol quercetin”

Objetivo especifico Produto Situacéo

Avaliar o efeito da quercetina | Artigo: “Hypothyroidism | Publicado na revista
na atividade das enzimas dos | enhanced ectonucleotidases | Cellular and Molecular
sistemas  purinérgico e | and acetylcholinesterase | Neurobiology, V 37,

1:53-63, 2017.

Investigar a hidrolise dos
nucleotideos e nucleosideos
de adenina em plaquetas, seus
niveis no soro e sua relacao
com a producdo de ERO em
ratos com hipertireoidismo e
hipotireoidismo

Manuscrito 1
“Hypothyroidism and
hyperthyroidism change the
ectoenzymes activities in
platelets of rats”

A ser submetido.

atividade de enzimas do
sistema purinérgico e a
relacdo desse sistema com
parametros  de  estresse
oxidativo em pacientes com
hipotireoidismo pos-
tireoidectomia.

Investigar a expressdao e a

Manuscrito 2: “Post-
thyroidectomy
hypothyroidism increases

expression and activity of
ectonucleotidases in platelets:
possible  involvement  of
reactive oxygen species.”

Em revisdo na revista
Platelets.
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1. INTRODUCAO

A tireoide é uma das maiores glandulas do corpo humano, que atua na producéo de
horménios tireoidianos e na regulacdo do metabolismo. A sintese dos hormdnios ocorre com
0 iodeto proveniente da dieta, o qual é concentrado na tireoide, e oxidado simultaneamente
com residuos da tireoglobulina, resultando na formacdo de monoiodotirosina e
dioiodotirosina, que ao se unirem dardo origem a tiroxina (T4) e triiodotironina (T3)
(RHOADES E TANNER, 2005). A secre¢do dos hormonios a partir da tireoglobulina sera
regulada pelo horménio estimulante da tireoide (TSH), através de um mecanismo de
retroalimentacdo negativa (STATHATOQOS, 2012). A maior parte dos hormonios secretados €
T4, enquanto que T3 corresponde a uma parcela pequena. Contudo, nos tecidos periféricos,
aproximadamente 40% de T4 é convertida em T3 (MEYER, 2007).

Os hormonios tireoidianos apresentam muitas funcées fisioldgicas e modulam todas as
rotas metabdlicas através de alteragdes no consumo de oxigénio e mudancas no metabolismo
das proteinas, lipidios e carboidratos, além de afetar a sintese e a degradacdo de outros
horménios e estarem relacionados a muitas doengas envolvendo o Sistema Nervoso Central
(SNC). A produgédo ou distribuicdo alteradas dos horménios tireoidianos podem levar a
significantes distdrbios enddcrinos, tais como o hipotireoidismo e o hipertireoidismo (SILVA,
et al., 2011; VANDERPUMP, 2011). O hipotireoidismo resulta da producdo ou secrecao
diminuida dos hormonios tireoidianos, e leva a manifestagdes clinicas caracteristicas de
insuficiéncia da glandula, tais como baixo indice metabdlico, intolerancia ao frio, fraqueza
muscular, fadiga, alteracdes cardiovasculares, depressdo e déficit cognitivo (JONES, et al.,
2010; CAMACHO, 2011). J& o hipertireoidismo se refere a0 aumento da producdo ou
secrecdo de hormonios devido a hiperfungdo da tireoide (SILVA, et al., 2011; WU, et al.,
2013) e € caracterizado pela presenca de um estado hipermetabolico, com perda de peso,
fraqueza muscular, sudorese excessiva, irritabilidade, ansiedade, aumento de apetite,
taquicardia, tremores, distdrbios do sono, fadiga e depressdo (FARWELL E BRAVERMAN,
2006; BOELAERT, et al., 2010).

Estima-se que a prevaléncia do hipotireoidismo varia entre 1 a 2% em areas com
suprimento suficiente de iodo e 4 a 5% em areas com deficiéncia de iodo (VANDERPUMP et
al., 2009), acometendo cerca de 8 vezes mais 0 sexo feminino do que o masculino, iniciando
com maior frequéncia entre os 20 e 50 anos de idade (CENCI et al., 2006; CAMACHO,
2011). Ja o hipertireoidismo apresenta uma prevaléncia aproximada de 2 a 3% das mulheres,
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podendo ser alterada também de acordo com a ingestdo de iodo e a idade (SILVA, et al.,
2011). Os pacientes com ambas as disfun¢des necessitam de tratamento para reestabelecer 0s
horménios a valores normais, o que € possivel com monitoramento frequente dos niveis
desses no organismo. Contudo, devido a variacdo da resposta alguns pacientes podem néo
responder bem ao tratamento ou apresentar efeitos indesejaveis (LONGMORE, 2007;
TYERNEY, et al., 2009).

Além de estudos realizados com pacientes, modelos experimentais também tém sido
utilizados com o objetivo de contribuir para o estabelecimento dos mecanismos envolvidos
nas desordens da tireoide. O Metimazol (MTZ) e o Propiltiouracil (PTU) sdo agentes
antitireoidianos que reproduzem nos animais um quadro de hipotireoidismo (JENA, et al.,
2012; BALDISSARELLLI, et al., 2016), enquanto 0 hormdnio sintético L-Tiroxina reproduz
um quadro de hipertireoidismo (BRUNO, et al., 2005). Nesse contexto, 0s sistemas
purinérgico e colinérgico destacam-se por sua grande importancia nos mecanismos de
resposta de varias doengas, e agora também vém sendo estudados nas alteracGes dos sistemas
nervoso central (VASILOPOULOU, et al., 2016) e periférico (SNP) que ocorrem nos
distdrbios da tireoide (BRUNO, et al. 2011; BALDISSARELLLI, et al., 2016).

A acetilcolina (ACh), o primeiro neurotransmissor identificado nas sinapses cerebrais
¢ um dos principais representantes do sistema colinérgico. E sintetizada na juncio
neuroefetora a partir de acetil-Coa e colina e transportada para o interior das vesiculas pré-
sinapticas até que ocorra sua liberacdo. Ao ser liberada ativa receptores especificos na células
pos-sinapticas, que irdo efetivar seus efeitos. Apds exercer sua acdo a ACh € hidrolisada na
fenda sinaptica pelas colinesterases, as quais desempenham um papel muito importante na
neurotransmissédo colinérgica, além de interferirem também em outras fungdes fisiologicas. A
Acetilcolinesterase (AChE) é a principal responsavel por esta hidrodlise, ja que esta presente
principalmente nas sinapses do SNC e juncdo neuromuscular (COKUGRAS, 2003) e
alteracbes na sua atividade podem ser relacionadas a disponibilidade de ACh e
consequentemente distarbios no SNC (GUTIERRES, et al., 2014; DA COSTA, et al., 2015);

Em adicdo ao sistema colinérgico a sinalizacdo intercelular mediada por purinas como
o0s nucleotideos ATP, ADP, AMP e o nucleosideo adenosina também constitui um importante
alvo de estudos devido ao seu papel em modular uma variedade de processos biolédgicos (DI
VIRGILIO, 2007; SCHETINGER, et al., 2007). No sistema vascular a sinaliza¢do purinérgica
tem o potencial de influenciar funcbes cardiacas, participar de respostas vasomotoras e
controlar as fungdes plaquetarias (BURNSTOCK E RALEVIC, 2014). Além disso, no SNC

pode modular a producdo e diferenciagdo neuronal, sendo o ATP liberado nas sinapses como
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co-transmissor juntamente com outros neurotransmissores como a acetilcolina e o glutamato.
As ectonucleotidases sdo uma classe de enzimas que incluem as nucleosideo trifosfato
difosfoidrolases (NTPDases/CD39), as nucleotideo pirofosfatase/ fosfodiesterases (E-NPPSs),
e a E-5’-nucleotidase (5"-NT/CD73) (ROBSON, et al., 2006; ZIMMERMANN, et al., 2012)
responsaveis pelo controle dos niveis extracelulares dessas moléculas. A atividade destas
enzimas ja foi encontrada alterada em doengas como esclerose multipla, diabetes mellitus,
hipertensdo e cancer (SPANEVELLO, et al., 2010; CARDOSO, et al., 2012; ZANINI, et al.,
2012; SCHMATZ, et al., 2013), o que as torna de consideravel importancia no estudo das
alteracbes apresentadas pelos pacientes ou em modelos experimentais de distarbios
tireoidianas.

Além do SNC, os horménios da tireoide podem atuar no sistema cardiovascular,
causando alteraces como hipertensdo, hipercolesterolemia, variacdes na taxa metabdlica, as
quais podem estar associadas & maior incidéncia de doencas cardiovasculares (DCV) (SANTI,
et al., 2010). As plaquetas sdo componentes essenciais associadas a alteracdes vasculares e
desempenham importantes fungdes no processo hemostatico, através de mecanismos de
adesdo, agregacéo e formacéao de trombos em locais de lesdo vascular (MEIKLE, et al., 2016),
além de participarem da liberacdo de nucleotideos, o que as torna intensamente envolvidas
nesses processos.

Os radicais livres liberados no sistema vascular também podem causar ativacao
plaquetaria e consequentemente a interrupcdo na hemostasia, favorecendo a formacdo de
trombos (FARACI E LENTZ, 2004). Durante o processo de oxidacdo das moléculas espécies
reativas de oxigénio (ERO) s&o produzidas naturalmente em quantidades controladas
(BARREIROS E DAVID, 2006). Quando ha alguma disfuncdo bioldgica essas ERO podem
iniciar a peroxidacdo lipidica na superficie das celulas endoteliais, além de causar danos a
proteinas e ao DNA (HALLIWELL, 2006).

Para equilibrar e neutralizar os efeitos das espécies reativas de oxigénio o organismo
dispde da acdo de um sistema antioxidante. Essas defesas antioxidantes sdo extremamente
importantes, pois promovem a supressao direta das ERO fornecendo a protecdo maxima para
os sitios bioldgicos (KLAUNIG E KAMENDULLIS, 2004). Dentre esses agentes antioxidantes
estdo o acido ascorbico, os tiois proteicos (T-SH) e ndo-proteicos (NPSH) e a enzima
glutationa S- transferase (GST). Ambos atuam no combate as espécies reativas com
mecanismos de acdo diversos, podendo incluir inibicdo da formagédo ou a varredura destas e
seus precursores (MAY, 2012; AQUILANO, et al., 2014). O desequilibrio dos sistemas



18

oxidantes e antioxidantes resulta em um quadro de estresse oxidativo, gerando danos que, se
ndo forem reparados, alterardo a funcionalidade de células, tecidos e 6rgaos (BARREIROS E
DAVID, 2006). Assim, o estresse oxidativo possui estreita ligacdo com o desenvolvimento
de doencas neurodegenerativas e complicacgdes vasculares (ZHU, et al., 2007).

O interesse em torno dos produtos naturais e dos nutrientes presentes nos alimentos
para uso no tratamento e prevencgdo de doencas vem aumentando consideravelmente. Grande
parte deste interesse é devido a presenca de antioxidantes naturais, 0s quais possuem
numerosos efeitos benéficos para o organismo. Os antioxidantes vegetais sdo de natureza
muito variada, mas 0s compostos fendlicos tém sido apontados como responsaveis pela maior
capacidade antioxidante, sendo representados entre outros pelos flavonoides (RAZAVI, et al.,
2008). Muitos estudos tém sugerido a existéncia de uma correlacdo entre ingestdo de
alimentos ricos em polifenois e a reducdo de mortalidade por DCV (GIOVANNINI, et al.,
2008; KAWAI, et al., 2008).

Os flavonoides sdo um importante grupo desses antioxidantes cuja atividade
sequestradora de radicais livres pode ser prevista devido a sua estrutura quimica, que engloba
0s grupos hidroxila presentes na estrutura da maioria dos flavonoides e que possibilita sua
acdo quelante de espécies reativas (QUIDEAU, et al., 2011). Dentre os flavonoides, a
quercetina destaca-se em quantidade e potencial antioxidante, além da capacidade de se unir a
polimeros bioldgicos, catalisar transporte de elétrons e depurar radicais livres (DA SILVA, et
al., 2006).

Deste  modo, considerando-se a elevada incidéncia de hipotireoidismo e
hipertireoidismo na populagdo e pelo fato dos sistemas purinérgico e colinérgico estarem
envolvidos em muitos dos mecanismos das alteragdes fisioldgicas apresentadas por pacientes
com desordens tireoidianas, torna-se relevante um estudo da atividade e expressdo das
enzimas que hidrolisam nucleotideos e nucleosideos de adenina, sua relacdo com o estresse
oxidativo e seus marcadores, e a atividade da enzima acetilcolinesterase em pacientes e
modelos experimentais. Além disso, devido a busca de alternativas que auxiliem no
tratamento e atenuacdo dos sintomas causados por essas desordens, a avaliagdo do tratamento
com o flavonoide quercetina em modelo experimental de ratos com hipotireoidismo também
pode auxiliar a esclarecer os mecanismos envolvidos e beneficiar pacientes com esta

endocrinopatia.
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2. REVISAO BIBLIOGRAFICA

A tireoide é uma glandula em formato de borboleta, situada na regido inferior do
pescoco, anterior a traqueia, possuindo dois lobos laterais ligados por uma camada fina de
tecido denominada istmo. E uma glandula rica em vasos sanguineos, que pesa, em adultos
normais, cerca de 10 a 25 gramas e possui nervos importantes para a qualidade da voz
passando através dela (Figura 1). Além disso, a tireoide possui um papel essencial no
controle do metabolismo do organismo, uma vez que os hormonios produzidos, armazenados
e liberados pela glandula agem em quase todas as células do corpo auxiliando no controle de
suas fungdes (GUYTON E HALL, 2006). A variagdo na concentracdo destes hormonios,
triiodotironina (T3) e tiroxina (T4), no organismo, estd, portanto, envolvida em muitas
desordens metabolicas (MAYER, et al., 2006).

O processo de sintese dos hormonios da tireoide (HTs) ocorre dentro das células
foliculares da glandula e o horménio estimulante da tireoide (TSH) age estimulando a
liberacdo destes na circulacdo sistémica. A tireoglobulina é uma glicoproteina iodada de alto
peso molecular presente nos foliculos que funciona como um suporte para a producdo dos
HTs, consistindo, portanto, em uma forma de armazenamento destes e de Seus precursores
(STATHATOS, 2012). A biossintese dos hormonios tireoidianos requer a presenca do iodeto
proveniente da dieta. A Organizagdo Mundial de Saude recomenda para adultos a ingestdo

diaria de 150 pg de iodo.

Figura 1 — Localizacéo da tireoide

Tireoide

Adaptado de Fundagdo Mayo para a educacdo médica e pesquisa.
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O iodeto é captado e concentrado na tireoide através de um mecanismo de
bombeamento proprio ativado pelo TSH. Apds atravessar a célula, ocorre a oxidacdo do
iodeto a iodo elementar pela tireoperoxidase (TPO), assim, 0 iodo esta presente nos tiredcitos
em concentracdes 20 a 40 vezes maior do que no soro. A TPO é uma hemoglicoproteina que
se encontra na membrana plasmatica apical da célula folicular e que simultaneamente oxida
os residuos tirosil da tireoglobulina. A oxidacdo ocorre na presenca de peroxido de hidrogénio
e esse processo é chamado organificacdo do iodo (STATHATOS, 2012).

A iodetacdo dos residuos de tirosina resulta na formacéo de monoiodotirosina (MIT) e
diiodotirosina (DIT), iodotirosinas que armazenam aproximadamente 70% do iodo na
tireoglobulina, enquanto os residuos iodotironil, T3 e T4, armazenam aproximadamente 30%.
A T4 e formada pelo acoplamento de dois residuos DIT, enquanto que o acoplamento de um
residuo DIT com um residuo MIT forma a T3 (RHOADES E TANNER, 2005) (Figura 2).

Figura 2 — Esquema representativo da producdo dos hormonios tireoidianos T3 e T4.

Corrente Incorporacio —
sanguinea a tirosina

lodeto

Oxidacdo
pela TPO

Tireoide

A tiroxina (T4) constitui a maior parte dos horménios secretados pela tireoide,
enquanto que apenas cerca de 10% secretados sdo T3 (Figura 3). A T3 € cerca de quatro vezes
mais potente que a T4, porém, além de estar em menor concentragdo, também permanece no
sangue por menor tempo. Entretanto, pela acdo da enzima deiodinase 2 uma grande porc¢ao
de T4 é convertida em T3 nos tecidos periféricos, permitindo assim que exerca sua acao
(GUYTON E HALL, 2006; BURCH, 2009). Os hormdnios sdo transportados na circulacéo
ligados as proteinas plasmaticas, sendo que apenas uma pequena quantidade esta na sua forma
livre, a qual produz os efeitos bioldgicos. Assim, a forma ligada é considerada como um
reservatorio hormonal que supre a fracdo livre a medida que ela é consumida pelos tecidos
(BIANCO, et al., 2002).
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Figura 3 - Estrutura quimica dos horménios da tireoide

oun
O N

HO

3,3’,5 —Triiodotironina (T3) 3,3’,5,5” Tetraiodotironina (T4)

Fonte: (MURRAY, 2003).

A sintese e secrecdo dos hormonios da tireoide sdo reguladas pelo horménio
estimulador da tireoide (TSH) em um sistema de retroalimentacdo negativa que envolve o
hipotalamo, a hipofise e a glandula tireoide. O horménio liberador de tireotrofina (TRH) é
sintetizado pelo hipotdlamo e em seguida transportado para a hipofise, onde liga-se a seus
receptores, estimulando a secre¢do do TSH, o qual estimula a producéo e secrecdo de T3 e T4
pela tireoide. Tanto o TRH, quanto o TSH sdo regulados pelos niveis circulantes dos
hormonios da tireoide (NOGUEIRA, et al., 2011; STATHATOS, 2012). Assim, quando 0s
niveis de T4 caem, aumenta a secre¢do do TSH pela hipéfise. O TSH liga-se a receptores
especificos na membrana basal dos tiredcitos, estimulando a sintese de AMPc, que atua como
segundo mensageiro, causando multiplas fosforilacbes por toda a célula, o que resulta em
aumento na captacgéo de iodo e secregdo de T3 e T4 (RHOADES E TANNER, 2005) (Figura
4).

Os horménios da tireoide sdo importantes no desenvolvimento, homeostase e
crescimento do organismo (WHITE, 2010). Além disso, possuem efeitos em varios 6rgéos e
vias metabolicas, tais como regulacdo da temperatura corporal e o desenvolvimento de
tecidos, como o do sistema nervoso central, onde s&o essenciais para a maturacdo e fungéo
normais. Além disso também influenciam na frequéncia cardiaca e no metabolismo de

carboidratos, proteinas e lipideos, podendo regular outras vias endocrinas através da alteracao
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das taxas de sintese e degradacdo de outros hormonios e fatores de crescimento (BARRA, et
al., 2004; HAMPL, et al., 2006; LARSEN, 2008; ABBRACCHIO, et al., 2009). E ainda, os
horménios tireoidianos sdo os maiores reguladores dos processos metabolicos oxidativos,
sendo que 0 metabolismo oxidativo total em repouso medido pelo consumo de oxigénio, €

altamente sensivel ao status dos horménios tireoidianos (HAMPL, et al., 2006).

Figura 4 - Mecanismo de regulacdo dos hormonios da tireoide.

Hipotalamo
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T3eT4 > TSH
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Alteracdes na producdo ou distribuicdo dos hormonios tireoidianos podem levar a

Hipofise

significantes distdrbios endocrinos. Dentre eles, o hipotireoidismo e o hipertireoidismo. O
hipotireoidismo ¢ a patologia endécrina mais comum cuja prevaléncia varia dependendo da
regido geografica, alterada por fatores como idade e sexo. A prevaléncia estimada é entre 1 a
2% em areas com suprimento suficiente de iodo e 4 a 5% em areas com deficiéncia de iodo
(VANDERPUMP, 2011) e as mulheres sédo aproximadamente 8 vezes mais acometidas
(CAMACHO, 2011). O hipertiroidismo afeta aproximadamente 2% das mulheres e 0,2% dos
homens a nivel mundial e também no Brasil, sendo que a prevaléncia pode ser alterada de
acordo com a idade e a ingestdo de iodo (CAMARGO, 2006; KAHALY et al., 2011).

O hipotireoidismo pode se desenvolver devido a vérias etiologias, como deficiéncia de

iodo, doenca autoimune da tireoide, reducédo do tecido tireoidiano por iodo radioativo, uso de
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alguns medicamentos como o carbonato de litio (que inibe a sintese dos horménios
tireoidianos), ou apds tireoidectomia (WOEBER, 2000). Ele pode ser classificado em
hipotireoidismo primario, o qual € o mais comumente observado e tem origem na propria
tireoide, sendo acompanhado de niveis sericos elevados de TSH, ou hipotireoidismo
secundario, quando a origem da disfuncdo provem da hipdfise, e os niveis séricos de TSH
podem estar normais ou baixos (GUSSO E LOPES, 2012).

O individuo com hipotireoidismo apresenta manifestacbes em diversos sistemas e
tecidos, os quais inicialmente sdo pouco especificos, como fadiga, letargia, intolerancia ao
frio, dores de cabeca e fraqueza. J& quando acentuado, os sintomas sdo mais evidentes, tais
como: ganho de peso, pele seca e palida, unhas fracas e quebradigas, rouquiddo,
irregularidades menstruais, constipacdo, bradicardia, além de sonoléncia, lentiddo no
processamento de informacéo, reflexos lentos, problemas de memdria, depressdo, deméncia
ou mudangas de personalidade (LARSEN, 2008; JONES, et al., 2010; WHITE, 2010;
CAMACHO, 2011).

Por outro lado, o hipertireoidismo se refere ao aumento da producédo de hormdnios
pela tireoide e o termo tireotoxicose ao quadro clinico decorrente da exposicdo dos tecidos-
alvo ao excesso desses horménios, secundérios a hiperfuncdo da glandula ou néo
(ABBRACCHIO, et al., 2009; SILVA, et al., 2011; WU, et al., 2013). A tireotoxicose por
hipertireoidismo, em sua maioria possui trés etiologias principais: doenca de Graves, bdcio
multinodular e adenoma toxico, com uma pequena contribuicdo das tireoidites. Cerca de 60%
a 90% dos casos de hipertireoidismo tem como causa a doenca de Graves, uma doenca
autoimune resultante da producdo de anticorpos que estimulam os receptores de TSH e assim,
0 aumento de volume e funcdo da tireoide, a qual secreta hormdénios excessivamente
(FARWELL E BRAVERMAN, 2006). Dentre as manifestacdes clinicas do hipertireoidismo
as mais comuns sao relacionadas a presenca de um estado hipermetabdlico, tais como perda
de peso, fraqueza muscular, sudorese excessiva, alteracdes oculares, irritabilidade, ansiedade,
aumento de apetite, pele quente e Umida, taquicardia, tremores, disturbios do sono, fadiga,
paranoia e depressdo (FARWELL E BRAVERMAN, 2006; BOELAERT, et al., 2010).

Um ndmero crescente de estudos tem indicado que os HTs possuem importantes
funcdes fisioldgicas no cérebro, tanto durante o desenvolvimento (REID, et al., 2007) quanto
na fase adulta (ANDERSON, 2001). Além disso, 0 envolvimento dos sistemas purinérgico e
colinérgico nas alteracdes dos SNC (BRUNO, et al., 2005; VASILOPOULOU, et al., 2016) e
SNP vem sendo estudado (BALDISSARELLI, et al., 2016). Os pacientes com
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hipotireoidismo sdo geralmente tratados através de administracdo de levotiroxina (T4), sendo
que a maior parte desta ira se transformar em triiodotironina (T3) para exercer seus efeitos
nos receptores nucleares. O tratamento é geralmente necessario durante toda a vida e a dose
deve ser individualizada e periodicamente avaliada através de exames clinicos e analises
hormonais, pois as necessidades podem variar com o decorrer do tempo (LONGMORE,
2007). Para o tratamento de hipertireoidismo existem trés opcdes terapéuticas: medicamentos
antitireoide como o metimazol, cirurgia e radioisotopos. Nenhuma delas é considerada ideal,
ja que cada um tem suas vantagens e desvantagens e frequentemente uma combinacdo de
terapias é feita. Além disso, alguns sintomas mais graves como frequéncia cardiaca acelerada,
tremores e ansiedade podem ser controlados com o uso de betabloqueadores (FARWELL E
BRAVERMAN, 2006; MAIA, et al., 2013).

De encontro a crescente incidéncia das desordens da tireoide, além de estudos com
pacientes, modelos experimentais tém sido utilizados a fim de contribuir para melhorar o
entendimento das causas, consequéncias e tratamento destas desordens metabolicas (BRUNO,
et al., 2011; DIAS, et al., 2014; BALDISSARELLI, et al., 2016). Para a pratica desses
modelos séo utilizados agentes antitireoidianos como o0 Metimazol (MTZ) e o Propiltiouracil
(PTU), os quais reproduzem nos animais o quadro de alteracbes metabolicas e sinais clinicos
semelhantes aos que ocorrem no hipotireoidismo ou 0 hormonio L-Tiroxina, o qual reproduz
0 quadro de hipertireoidismo. Tais farmacos caracterizam-se por seu efeito de inibicdo da
sintese dos hormoénios tireoidianos T3 e T4 ou elevacdo dos niveis destes na circulacao
(RANG, et al., 2012).

O MTZ faz parte de um grupo de farmacos usados no controle do hipertireoidismo.
Eles sdo denominados tioureilenos e se relacionam quimicamente com a tioureia, sendo o
grupo tiocarbamida (S-C-N) essencial para a atividade antitireoidiana. Na pratica clinica
dentre os medicamentos existentes, seu uso é mais indicado devido ao efeito prolongado e,
assim, a facilidade de dose Unica didria e hepatotoxicidade menos grave, podendo ser
utilizado em tratamentos mais prolongados (ANDRADE, 2001). Sua acdo reduz a liberacdo
de hormonios tireoidianos e, embora o mecanismo de acdo ndo seja completamente
compreendido, ha evidéncias de que inibem a iodetacdo dos residuos de tirosil na
tireoglobulina. Sendo assim, eles interrompem as reagdes de oxidagdo catalisadas pela
tireoperoxidase por atuarem como substratos para o suposto complexo iodo-peroxidase,
inibindo a interacdo com a tirosina e por consequéncia a formacao de T4 e T3 (RANG, et al.,
2012).
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Desta forma, similarmente a pacientes com hipotireoidismo, 0s animais tratados com
MTZ podem desenvolver danos em diversos tecidos e 6rgdos, como no cérebro e no sistema
vascular, constituindo assim um importante modelo para o estudo de complica¢fes causadas
pelo hipotireoidismo (DIAS, et al., 2012). Da mesma maneira, 0s animais tratados com L-
Tiroxina, ao reproduzirem o quadro de hipertireoidismo apresentam comportamento e
transtornos semelhantes aos pacientes acometidos pelo distdrbio, o que nos permite avaliar 0s
danos e alteragdes ocasionados (BRUNO, et al., 2005; ARAUJO, et al., 2006).

Os hormonios tireoidianos possuem papel fundamental no processo de
neurotransmissdo por promoverem um aumento na sintese e sensibilidade dos receptores
centrais de catecolaminas e também modular o transporte de adenosina e seus receptores em
cérebros adultos (SILVEIRA, et al.,, 2013). ATP e acetilcolina (ACh) sdo importantes
moléculas de sinalizacdo extracelular que fazem parte do sistema colinérgico e purinérgico e
atuam no sistema nervoso e outros tecidos. Eles podem ser co-armazenados em vesiculas e
co-liberados na fenda sinaptica (BURNSTOCK, 2004).

O sistema colinérgico é uma das mais importantes vias modulatérias do SNC e possui
papel fundamental em vérias fungdes vitais, sendo a ACh a molécula neurotransmissora mais
importante e amplamente estudada nas sinapses do SNC. A ACh desempenha um papel
fundamental no SNC e esta relacionada ao comportamento, aprendizado e controle do fluxo
sanguineo cerebral (LENDVAI E VIZI, 2008). Além de sua acdo neurotransmissora tambem
possui fungcdo neuromoduladora, sendo que seus niveis podem regular a concentragdo de
outros neurotransmissores no cérebro (HUT E VAN DER ZEE, 2011).

A ACh é sintetizada pela enzima colina acetiltransferase a partir da colina e Acetil-
Coa. Ap0s a sintese é carregada para as vesiculas sinapticas, onde fica armazenada até sua
liberacdo. Esse processo inicia apds um potencial de acdo que desencadeia sua liberagdo por
exocitose em um mecanismo Ca?*-dependente (SOREQ E SEIDMAN, 2001). Depois de
liberada se difunde na fenda sinaptica e ativa seus receptores especificos nas células pés-
sinapticas, que podem ser do tipo muscarinicos ou nicotinicos (RANG, et al., 2012). A acéo
da ACh é finalizada através da hidrolise em acetato e colina pela agdo das colinesterases. A
colina é recaptada pelo transportador de colina para o terminal pré-sinaptico e podera ser
reutilizada para formacdo de novas moléculas de ACh (MESULAM, GUILLOZET et al.,
2002) (Figura 5).
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Figura 5 - Acetilcolina: Produgéo, liberacdo, degradacéo e interagdo com
receptores colinérgicos.
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Ao hidrolisarem a ACh na fenda sinaptica, as colinesterases desempenham um papel
muito importante na neurotransmissdo colinérgica, além de interferirem também em outras
fungdes fisioldgicas. Sdo classificadas em: Acetilcolinesterase (AChE), a qual hidrolisa
preferencialmente ésteres com grupamento acetil, estando presente principalmente nas
sinapses do SNC e juncdo neuromuscular; e a butirilcolinesterase (BuChE), a qual hidrolisa
outros tipos de ésteres como a butirilcolina e possui uma distribuicdo neuronal mais restrita
em relacdo & AChE (COKUGRAS, 2003).

A AChE ¢é uma glicoproteina que ocorre na forma globular ou assimeétrica e possui a
capacidade de catalisar até 6x10° moléculas de ACh por molécula de enzima a cada minuto
(PETRONILHO, et al., 2011). A forma globular é composta por monémeros (G1), dimeros
(G2) e tetrameros (G4) da subunidade catalitica. A forma G1 esté ligada ao citosol, enquanto
que G4 a membrana da célula, sendo a forma mais observada no sistema nervoso e muscular
(XIE, et al., 2007). As formas homoméricas sdo encontradas como espécies sollveis na
celula, provavelmente para a exportagdo, ou se apresentam associadas @ membrana celular
externa através de uma sequéncia de aminodcidos hidrofobicos intrinsecos ou de um
glicofosfolipidio acoplado. As formas assimétricas da AChE estdo associadas a lamina basal
externa por proteinas que consistem de um (A4), dois (A8) e trés (A12) tetrameros cataliticos
ligados ao coldgeno Q (ColQ) e que determinam sua localizagdo sinaptica, que €
predominante nas jun¢fes musculares (ZIMMERMAN E SOREQ, 2006).
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Os niveis de AChE parecem ser controlados pela interacdo da ACh com seus
receptores, sendo que quando a interacdo € acentuada, aumentam os niveis da enzima. No
entanto, a AChE pode ser usada como um marcador da funcéo colinérgica, e mudancas na sua
atividade podem indicar alteragdes na disponibilidade de ACh e dos niveis de seus receptores
(ANGLADE E LARABI-GODINOT, 2010). Sabe-se que inibidores da AChE vem sendo
utilizados na prética clinica para o tratamento da doenca de Alzheimer, Miastenia Gravis, e
que, a intoxicacdo por organofosforados causa a inibicdo irreversivel da atividade da enzima
(SIKORA, 2011; MEHTA, et al., 2012). Além disso, alteracbes na atividade da enzima ja
foram observadas em doencas, dentre elas o hipotireoidismo e o0 hipertireoidismo
(CARAGEORGIOU, et al., 2007; VASILOPOULOU, et al., 2016).

Outro neurotransmissor de grande importancia no sistema nervoso central, o ATP
possui concentracdo intracelular alta (3-10 mM), enquanto que a concentracao fisiologica
extracelular é muito baixa (400-700 nM) (BOURS, et al., 2006). Recentemente foi
demonstrado que o ATP além de ser liberado por exocitose como um co-transmissor
juntamente com outros neurotransmissores como a acetilcolina e o glutamato pode ser
liberado atraves de panexinas (canais proteicos transmembrana, que conectam 0 espaco
intracelular com o extracelular) ou pelas conexinas (originalmente descritas como proteinas
de juncOes gap, consistindo de dois hemicanais. Estes hemicanais isoladamente funcionam
como condutores entre o citoplasma e o espaco extracelular, controlando a liberagdo de ATP
das células (JUNGER, 2011; ELTZSCHIG, et al., 2012; IDZKO, et al., 2014).

O ATP faz parte do sistema purinergico, o qual compreende também outros
nucleotideos e nucleosideo de adenina, como o ADP, AMP e adenosina (Ado), conhecidos
por serem moléculas sinalizadoras capazes de modular uma variedade de processos bioldgicos
(SCHETINGER, et al., 2007; FUENTES E PALOMO, 2015). Essas moléculas sdo secretadas
nos fluidos extracelulares e tém sua concentragdo influenciada por fatores como a lise celular,
permeabilidade seletiva da membrana plasmaética, exocitose das vesiculas secretoras e
atividade catalitica das enzimas que realizam sua hidrélise (MALMSJO, et al., 2000). Os
nucleotideos e nucleosideos derivados de purinas exercem seu papel de moléculas
sinalizadoras extracelulares em varios tecidos, através dos receptores purinérgicos,
localizados na superficie celular (BURNSTOCK, 2004; ABBRACCHIO, et al., 2009). Sendo
assim, os nucleotideos ATP, ADP, AMP e seu nucleosideo correspondente, a adenosina,

possuem uma multiplicidade de fungbes teciduais incluindo neurotransmissdao, contracdo
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muscular, fluxo sanguineo, secrecdo, inflamacédo e tromborregulacdo (ROBSON, et al., 2006;
ABBRACCHIO, et al., 2009; FUENTES E PALOMO, 2015).

Os receptores purinérgicos sdo divididos em P1 e P2, ativados por Ado e ATP
respectivamente, sendo que os receptores P2 classificam-se ainda em duas classes: receptores
ionotrépicos P2X e receptores metabotropicos P2Y (ILLES, et al., 2000). Ja foram
identificados sete subtipos de receptores P2X (P2X1-P2X7), e o ATP é o principal agonista,
ja que os outros nucleotideos ou ndo possuem afinidade ou possuem muito pouca por esses
receptores. Assim, no SNC, o ATP exerce seus efeitos atraves de muitos desses receptores.
Para os receptores P2Y j& foram identificados oito subtipos diferentes (P2Y1, P2Y2, P2Y4,
P2Y6, P2Y11, P2Y12, P2Y13 e P2Y14) que diferem entre sim pela afinidade aos seus
agonistas (WHITE E BURNSTOCK, 2006).

Além de ser uma molécula altamente energética e um neurotransmissor excitatorio nas
sinapses purinérgicas, o ATP, juntamente com o ADP, atua como substancia ativadora e
reguladora dos processos tromboembolicos desencadeados pelas plaquetas. O ATP atua sobre
0 sistema vascular e pode mediar vasoconstricdo via receptores do subtipo P2X1,
promovendo proliferacdo de células musculares lisas e células endoteliais (RALEVIC E
BURNSTOCK, 2003). O ADP é reconhecidamente o principal agente indutor da agregagédo
plaquetaria, recrutando mais plaquetas para o local da lesdo e atuando nestas através dos
receptores P2Y1 e P2Y12 (HECHLER, et al., 2005).

O nucleosideo adenosina, um dos produtos resultantes da hidrdlise extracelular dos
nucleotideos pode ser considerada outra molécula sinalizadora de dano celular, sendo um
potente inibidor da agregacdo plaquetaria e atuando como modulador do ténus vascular
(BURNSTOCK E RALEVIC, 2014). Ja foi demonstrado que a vasodilatagdo coronéria
mediada por este nucleosideo durante a hipoxia é uma tentativa de aumentar o fluxo
sanguineo e restaurar o suprimento de oxigénio ao tecido cardiaco (RALEVIC E
BURNSTOCK, 2003). Além disso, ja foram comprovadas a¢des protetoras da adenosina em
outros tecidos, como o cérebro e os rins (CUNHA, 2005; OYARZUN, et al., 2017).

A Ado exerce sua acdo pela ligacdo aos receptores de superficie celular: os receptores
Al e A2a séo ativados por concentracdes basais de Ado, ja os receptores A2b e A3 tornam-se
ativos somente quando os niveis extracelulares de Ado sdo abundantes (HAM E EVANS,
2012). Os receptores Al possuem uma ampla distribuicdo no cérebro e sdo mediadores dos
efeitos neuroprotetores da Ado, além de estarem presentes no coracdo e na medula espinhal.
Os receptores A2a estdo localizados nas células endoteliais e plaquetas, musculatura lisa e

neuronios, principalmente na regido do estriado. Os receptores A2b sdo encontrados em



29

pequenas quantidades na maioria das células do SNC, além de intestino e bexiga, enquanto 0s
receptores A3, além de serem encontrados no cérebro, também estdo presentes nos
macrofagos, pulméo e coracdo (BURNSTOCK, 2007).

Além de serem liberados no meio extracelular por células sanguineas e vasculares,
como eritrocitos, plaquetas, e células endoteliais (BURNSTOCK, 2015), os nucleotideos
podem também ser liberados frente ao dano celular nos sitios inflamatérios ou pelo estresse
oxidativo, onde ha um aumento da liberacdo de nucleotideos. J& a Ado pode ser liberada no
meio extracelular como resultado da degradacdo do ATP e ADP por enzimas especificas
(YEGUTKIN, 2008) ou através de transportadores na membrana das células que transportam
a Ado de dentro das células para o meio extracelular (BOROWIEC, et al., 2006). Sendo
assim, no sistema vascular a sinalizacdo purinérgica tem o potencial de influenciar funcdes
cardiacas, participar de respostas vasomotoras e controlar as funcdes plaquetarias e 0s
processos inflamatorios (BURNSTOCK E RALEVIC, 2014).

Os hormonios tireoidianos podem atuar no sistema cardiovascular, causando
alteracdes que podem estar associadas a maior incidéncia de doencas cardiovasculares, como
aterosclerose e insuficiéncia cardiaca. No hipotireoidismo pode ocorrer hipertenséo,
hipercolesterolemia, aumento de lipoproteinas de baixa densidade (LDL) e de apolipoproteina
(KLEIN E DANZI, 2007; SANTI, et al., 2010), fatores que favorecem um acentuado estado
pré-trombotico. J& o hipertireoidismo causa um estado cardiovascular hiperdindmico,
incluindo uma maior taxa metabdlica do coracdo e diminuicdo da resisténcia vascular
periférica, podendo levar a arritmias cardiacas (TIERNEY, et al., 2009).

Apesar de estudos sugerirem associagdo do hipotireoidismo com a aterogénese
(ICHIKI, 2015; ALTAY, et al., 2017) outros estudos clinicos ja realizados mostraram relacdo
entre hipertireoidismo e aumento do risco de eventos tromboticos (SQUIZZATO, et al.,
2007). Estas controveérsias indicam a necessidade de mais estudos para estabelecer o papel
destes hormonios nas doencas cardiovasculares. Nesse contexto, as plaquetas possuem
fundamental importancia ao desempenhar importantes fun¢fes no processo hemostético,
através de mecanismos de adesdo, agregacdo e formacgdo de trombos em locais de dano
vascular (SEMPLE, et al., 2011; MEIKLE, et al., 2016).

As plaguetas circulam em estreito contato com a mucosa das células endoteliais da
parede dos vasos sanguineos e, no momento em que ocorre algum dano, elas aderem ao local
lesionado (SALLES, et al., 2008). A adesédo plaquetaria é mediada por receptores especificos,

0s quais se ligam aos seus agonistas, gerando uma propagacdo do fluxo de ions Ca* do
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exterior para o interior da célula. Assim que o agonista se liga, a agregacdo plaquetéria €
estimulada, ocorrendo a fase de secrecdo, sendo liberadas substancias contidas nos granulos
densos (ADP, ATP, calcio e serotonina), além de enzimas e fatores de coagulacdo presentes
nos granulos alfa (BIRK, et al., 2002; DIAMOND, et al., 2013).

As concentracfes de ATP, ADP, AMP e Ado séo influenciadas por varios fatores, tais
como: secrecdo e/ou lise celulares, efeito da diluicdo no espago extracelular e pela acédo
catalitica de uma variedade de enzimas ancoradas na membrana celular ou localizadas no
meio intersticial de forma solGvel. Dentre estas enzimas podem-se destacar as NTPDases
(Nucleotideo trifosfato difosfoidrolase, EC 3.6.1.5), a familia das NPPs (Nucleotideo
pirofosfatases/fosfodiesterases), a ecto-5’-nucleotidase (E-5’-NT; E.C. 3.1.3.5) e a adenosina
desaminase (ADA, EC 3.5.4.4) (YEGUTKIN, 2008; ZIMMERMANN, et al., 2012).

Juntas estas enzimas compfe uma cadeia enzimatica cuja atuacdo tem inicio com a
acdo da NTPDase e da NPP, as quais catalisam a hidrélise do ATP e do ADP formando AMP.
Em seguida a enzima E-5’-NT hidrolisa a molécula do AMP formando Ado, que por fim é
degradada pela ADA gerando inosina (GODING, 2000; ZIMMERMANN, et al., 2012)
(Figura 6).

Figura 6 — Visdo geral do sistema purinérgico.
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As NTPDases formam uma familia de enzimas presentes na membrana plasmatica de
diversos tecidos, que catalisam a hidrolise de nucleotideos difosfato e trifosfatos até suas
formas monofosfato (ZIMMERMANN, et al., 2012). Atualmente, oito membros da familia
das NTPDases ja foram identificadas, as quais sdo denominadas NTPDases 1-8. Elas diferem
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entre si quanto a especificidade ao substrato e quanto a dependéncia de cétions divalentes e
também quanto a localizacdo celular. Quatro das NTPDases sdo enzimas tipicamente
localizadas na membrana celular com um sitio catalitico voltado para a face extracelular
(NTPDase 1, 2, 3 e 8) e quatro delas exibem localizacdo intracelular (NTPDases 4, 5, 6 e 7)
(ROBSON, et al., 2006) (Figura 7).

Figura 7 - Membros da familia das enzimas NTPDases
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A NTPDase-1 (CD39), a qual hidrolisa tanto ATP como ADP formando AMP na
presenca de ions Ca?* e Mg?*, foi a primeira enzima da familia das NTPDases a ser descrita, e
estd ancorada na superficie celular através de duas regides transmembrana, com o0 seu sitio
catalitico voltado para o meio extracelular (ZIMMERMANN, et al., 2012) Uma expressao
abundante foi encontrada no endotélio vascular, nas células da musculatura lisa, no pancreas,
nas células dendriticas e em células sanguineas como linfécitos, plaquetas e eritrocitos, bem
como no plasma (YEGUTKIN, 2008; KAUFFENSTEIN, et al., 2010; ZIMMERMANN, et
al., 2012) Sabe-se que a NTPDase-1 de plaguetas humanas intactas pode estar envolvida na
regulacdo da concentragdo dos nucleotideos, na circulagdo e no tdnus vascular

(KAUFFENSTEIN, et al., 2010). Estudos demonstraram que ela inibe a agregacgéo plaquetaria
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por participar da cascata de liberacdo dos nucleotideos ATP e ADP e, juntamente, com a E-
5’-NT promover a formacédo de Ado (ZIMMERMANN, et al., 2012).

A NTPDase-2 é associada particularmente com o SNC e SNP e a enzima presente no
sistema vascular pode regular ou inibir a agregacdo plaquetaria induzida pelo ADP ou ATP
(YEGUTKIN, 2008). A NTPDase-3 esta associada com estruturas neuronais, onde ela pode
atuar regulando os niveis de ATP nos locais pré-sinapticos e coordenar a homeostase de
processos como a fome e 0 sono. As NTPDases 5 e 6 tém uma localizacdo intracelular e
podem ser clivadas formando uma proteina solivel. As NTPDases 4 e 7 estdo completamente
localizadas no meio intracelular com face para o lumen de organelas citoplasmaticas
(ZIMMERMANN, et al., 2012). A NTPDase-8, ultima a ser caracterizada, mostrou uma
grande expressdo no figado com niveis menores da enzima detectados nos rins e jejuno. A
enzima também demonstrou envolvimento na regulacdo da secrecdo da bile (YEGUTKIN,
2008).

A familia das NPPs (nucleotideo pirofosfatase/fosfodiesterases) é constituida por sete
enzimas nomeadas de NPP1 até NPP7, sendo numeradas de acordo com sua ordem de
descoberta (YEGUTKIN, 2008). A NPP2 ¢ a Unica secretada no meio extracelular, sendo as
demais ligadas & membrana por um Unico dominio transmembrana (STEFAN, et al., 2006).
Estas enzimas possuem uma ampla especificidade por substratos e uma ampla distribuigéo
tecidual o que Ihe confere mdltiplos papéis bioldgicos, incluindo reciclagem de nucleotideos,
modulacdo da sinalizacdo purinérgica, regulacdo dos niveis de pirofosfato extracelular,
resisténcia a insulina no Diabetes tipo Il, proliferacdo e motilidade celular (STEFAN, et al.,
2005; 2006). Entretanto somente as NPP1, 2 e 3 sdo capazes de hidrolisar nucleotideos e séo,
portanto relevantes no contexto da cascata de sinalizacdo purinérgica (STEFAN, et al., 2006;
YEGUTKIN, 2008).

A E-5-NT é uma glicoproteina ligada a membrana via um glicosilfosfatidilinositol
(GPI) com seu sitio catalitico voltado para 0 meio extracelular que catalisa a hidrélise éster
fosforica do 5'-ribonucleotideo para o correspondente nucleosideo e fosfato. Geralmente o
nucleotideo mais susceptivel a hidrolise € o AMP, o qual formara a Ado (ZIMMERMANN, et
al., 2012). O ancoramento da enzima pode ser clivado por uma fosfolipase C especifica para
GPI dando origem as formas solUveis da enzima. Sete membros dessa familia j& foram
caracterizados, apresentando diferentes localizagdes: cinco no citosol, um na matriz
mitocondrial e um ancorado na membrana plasmatica. Os sete membros diferem entre si
atraves das suas propriedades moleculares e cinéticas, bem como de sua especificidade pelo
substrato (BOROWIEC, et al., 2006). Variadas funcbes j& foram atribuidas a E-5’-NT de
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acordo com sua expressdo tecidual e celular. O seu principal papel fisiologico é a formacao de
Ado a partir do AMP extracelular (ROBSON, et al., 2006). No sistema nervoso, ativacdo dos
receptores P1 resulta principalmente na inibicdo da liberagdo de neurotransmissores
excitatorios, enquanto que em sistema vascular, resulta em vasodilatacdo e na inibicdo da
agregacdo plaquetaria (BURNSTOCK, 2007).

A adenosina desaminase catalisa a desaminagdo irreversivel de adenosina e 2'-
deoxioadenosina para inosina e 2'-deoxiinosina, respectivamente. Desta forma é responséavel
por regular as concentragdes extracelulares de Ado (YEGUTKIN, 2008). Em humanos, trés
formas moleculares da ADA ja foram encontradas: a ADAL, a ADA1+CP, a qual é formada
por duas moléculas de ADA1 combinadas por uma proteina de ligagdo (CP), e a ADA2
codificada por um gene separado de posi¢do ainda desconhecida. Essas formas da enzima
diferem entre si através de caracteristicas como peso molecular, propriedades cinéticas e
distribuicédo tecidual (SHAROYAN, et al., 2006). A ADAL esta presente em todos os tecidos
humanos e representa a maior parte da atividade da ADA total, enquanto que a ADA2 € a
isoenzima predominante no soro (IWAKI-EGAWA, et al., 2004; ZAVIALQV, et al., 2010).

A importancia das ectoenzimas NTPDase, NPP, E-5’-NT e ADA no processo de
regulacdo da formacgdo de trombos e homeostasia sanguinea em diversas condigdes
patolégicas tem sido alvo de estudos desenvolvidos pelo nosso grupo de pesquisa. Dentre
estes, o papel das enzimas foi avaliado no cancer (MALDONADOQO, et al., 2010; ZANINI, et
al., 2012), esclerose mdltipla (SPANEVELLO, et al., 2010), artrite reumatoide (BECKER, et
al., 2010), infarto agudo do miocardio (BAGATINI, et al., 2008) e diabetes (LUNKES, et al.,
2004; STEFANELLO, et al., 2016).

Do mesmo modo, estudos envolvendo a atividade das ectonucleotidases no
hipotireoidismo e no hipertireoidismo também vém sendo realizados e seus resultados
demonstram alteragdes enzimaticas, evidenciando a suscetibilidade destas enzimas a
variagdes nos niveis dos hormonios tireoidianos (BRUNO, et al., 2011; COTOMACCI, et al.,
2012; BALDISSARELLI, et al.,, 2016). Considerando-se tais trabalhos que sugerem uma
possivel participacdo do sistema purinérgico na fisiopatologia de véarias doencas, entre elas
patologias enddcrinas, como € o caso do hipotireoidismo, torna-se extremamente interessante
elucidar as possiveis relacdes entre o sistema purinérgico e as patologias associadas aos
disturbios da tireoide decorrentes de alteracGes plaquetérias.

Cabe ressaltar que alguns estudos tém sugerido que o0 estresse oxidativo que

acompanha as doencas tireoidianas pode induzir disfuncdo endotelial e aumentar a reatividade
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plaquetéria atraves de efeitos diretos sobre as plaquetas, tais como um aumento da
peroxidacdo lipidica e deplecdo de sistemas de defesa antioxidantes (SANTI, et al., 2014;
BALDISSARELLLI, et al., 2016). Em conjunto, estes mecanismos podem contribuir para o
aumento do potencial trombético evidenciado no hipotireoidismo (COLWELL E NESTO,
2003; GRANT, 2007).

A oxidacéo das moléculas faz parte da vida aerdbica e do metabolismo e, assim, as
espécies reativas sdo produzidas naturalmente em quantidades controladas ou por alguma
disfuncdo bioldgica (BARREIROS E DAVID, 2006). Os radicais derivados do oxigénio e
nitrogénio, mais conhecidos como espécies reativas de oxigénio (ERQ) e espécies reativas de
nitrogénio (ERN), sdo moléculas altamente instaveis, com meia-vida curta e, quimicamente,
muito reativas, pois apresentam um ou mais elétrons desemparelhados em seus orbitais
externos (HALLIWELL, 2011). Os radicais derivados do oxigénio representam a classe mais
importante de espécies radicais geradas nos sistemas vivos. O anion superéxido (02°), € a
ERO priméria, resultante da redugdo monovalente do O até H>O e pode reagir com outras
moléculas para gerar ERO secundarias (VALKO, et al., 2007). O (02°) € considerado um
radical pouco reativo, entretanto, pode estar associado a lesGes bioldgicas secundarias
(HALLIWELL, 2011).

O radical hidroxil (OH") tem uma alta reatividade, com uma meia vida bem curta de
aproximadamente 10", Outra ERO, gerada nos sistemas vivos, é o radical peroxil (ROO). Os
peroxissomos sdo conhecidos por produzir o peréxido de hidrogénio (H20.), sob condigdes
fisiolégicas, onde o consumo de oxigénio leva a producdo de H»O2, o qual participa da
oxidacdo de uma variedade de moléculas (VALKO, et al., 2007).

As espécies reativas, quando presentes em quantidades exageradas e em desequilibrio
com o0s antioxidantes causam um quadro de estresse oxidativo, que leva a danos a lipidios,
proteinas e acidos nucléicos (REDON, et al., 2003) (Figura 8). Se esses danos nao forem
reparados, alterardo a funcionalidade de células, tecidos e 6rgdos, podendo levar ao
desenvolvimento de doencas neurodegenerativas e complicagfes vasculares (HALLIWELL,
2006; ZHU, et al., 2007; ZANINI, et al., 2013).

A membrana celular € o componente mais susceptivel a acdo deletéria das espécies
reativas, devido a peroxidacdo lipidica que ocorre quando essas reagem com lipideos
insaturados. A reagdo causa alteragdes na estrutura, permeabilidade e fluidez da membrana
celular, afetando as proteinas transmembrana como enzimas, receptores e canais i6nicos, com
consequente perda de seletividade nas trocas idnicas e liberacdo do conteudo de organelas,
levando a formacao de produtos citotoxicos (DMITRIEV E TITOV, 2010). Um dos produtos
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da lipoperoxidacdo bem conhecidos é o malondialdeido (MDA), que é o produto final da
degradacdo ndo enzimatica de &cidos graxos poli-insaturados (CHERUBINI, et al., 2005).
Altos niveis de MDA elevam a formacéo de lipoperdxidos e indicam um aumento da
lipoperoxidacdo (KASHYAP, et al., 2005).

Figura 8 — Principais espécies reativas de oxigénio e nitrogénio e seus alvos

bioldgicos.

As moléculas proteicas também sdo alvos bioldgicos e podem sofrer alteracGes por
meio da acdo danosa das espécies reativas, desencadeando o processo de oxidacdo dos seus
aminoacidos, além de fragmentacdo, modifica¢cGes na hidrofobicidade e formacdo de novos
grupos reativos, como 0s grupos carbonil, alterando, assim, a sua capacidade funcional
(DONNE et al., 2003; MORAES, 2013). A producdo dos grupos carbonil se da pela oxidacéo
das cadeias laterais das proteinas ou através de uma reacdo secundaria das cadeias laterais
nucleofilicas dos aminoacidos cisteina, histidina e lisina com aldeidos produzidos durante a
peroxidacgdo lipidica (STADTMAN, 2004). Os niveis de proteina carbonil e de peroxidacdo
lipidica séo frequentemente utilizados como marcadores de dano oxidativo. Alguns estudos ja
relataram o aumento desses biomarcadores tanto em pacientes quanto em animais com
desordens tireoidianas (SANTI, et al., 2014).

Para equilibrar e neutralizar os efeitos das espécies reativas de oxigénio o organismo
dispde da acdo de um sistema antioxidante, formado por defesas enzimaticas e nao

enzimaticas, que atuam concomitantemente desempenhando seu papel na protecdo celular.
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Essas defesas antioxidantes sdo extremamente importantes, pois promovem a supressdo direta
de ERO, fornecendo a protecdo maxima para os sitios biolégicos. Assim, na maioria dos
casos, ha um decréscimo das defesas antioxidantes na tentativa de recuperar o balanco
oxidativo celular e compensar o excesso de ERO lancados na circulagdo (KLAUNIG E
KAMENDULLIS, 2004).

A defesa enzimética envolve a acdo cooperativa de enzimas intracelulares que agem
juntas na neutralizacdo das ERO (NORDBERG E ARNER, 2001). A glutationa S-transferase
(GST) e parte importante dessa defesa, esta entre as enzimas detoxificantes mais estudadas
em diferentes organismos e pertence a uma familia multifuncional de enzimas que catalisam a
conjugacdo da molécula de glutationa a varias outras moléculas neutralizando-as e tornando-
as mais hidrossoluveis e de facil excrecdo (AQUILANO, et al., 2014).

Em adicdo, a defesa ndo enzimatica inclui antioxidantes como o &cido ascorbico,
tocoferol, vitamina A e glutationa. Seus mecanismos de agdo sdo diversos, podendo incluir
inibicdo da formacdo de ERO e varredura destas e seus precursores (HALLIWELL, 2006). O
acido ascorbico (vitamina C) é um nutriente hidrossolivel e termolabil encontrado
primariamente em frutas e vegetais e exerce a¢ao protetora sobre componentes hidrossoluveis
do organismo (MAYNE, 2003). Ele inclui compostos com atividade antioxidante como o
acido L-ascorbico e &cido L-dehidroascérbico, os quais sdo absorvidos pelo trato
gastrointestinal. (HALLIWELL, 2011).

Os tidis proteicos (T-SH) e ndo-proteicos (NPSH) sdo outros exemplos de
antioxidantes com importante funcdo na defesa contra ERO. A glutationa reduzida (GSH) é o
tiol ndo-proteico mais abundante presente nas células animais e sua capacidade redutora é
determinada pelo grupamento -SH, presente na cisteina, um de seus aminoacidos
componentes. A GSH possui a capacidade de transformar a vitamina C e a vitamina E
oxidadas, em suas formas originais e também desempenha um papel protetor frente as
proteinas. Além disso, tem um papel importante na sintese e reparo da molécula do DNA e é
usada pelo figado na desintoxicacdo de compostos toxicos (TOWNSEND E TEW, 2003).

A acdo da GSH envolve a decomposicdo do H202, que é convertido em agua em uma
reacdo catalisada pela GPx, as custas da GSH; a glutationa oxidada resultante é reciclada a
sua forma reduzida pela glutationa redutase e NADPH (Figura 4). Dessa forma, este processo
de reciclagem e consequente manutencdo de niveis adequados de GSH podem prevenir o
dano celular causado pelo estresse oxidativo (GIUSTARINI, et al., 2011). Em situacdes de
estresse oxidativo muito intenso a GSH pode ser perdida de maneira irreversivel,

permanecendo na forma oxidada e néo sendo novamente reduzida (GUL, et al., 2000).
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A melhora dos sintomas de algumas doencas e diversos efeitos benéficos vem sendo
cada vez mais atribuida aos compostos presentes nos alimentos, os quais além da funcéo
nutricional e do apelo sensorial, podem estar relacionados a respostas fisioldgicas especificas
nos organismos. Os alimentos e seus antioxidantes naturais tém sido entdo amplamente
estudados na tentativa de serem descobertas novas funcdes e propriedades dos mesmos, que
possam auxiliar no tratamento e prevencdo das doencas (SCHMATZ, et al., 2009; DA
COSTA, et al., 2015). Dentre esses estudos, 0 uso de compostos naturais como os flavonoides
tem sido foco de grande interesse (IRITI E FAORO, 2009) e sustentam a hipdtese de que as
propriedades antioxidantes desses compostos podem reduzir as reacOes de peroxidacéo
lipidica e os demais danos oxidativos e possiveis complicacBes causados por doencas
(SCHMATZ, et al., 2012; ANWAR, et al., 2013).

Os flavonoides sdo uma extensa classe de produtos naturais distribuida no reino
vegetal, cuja sintese ndo ocorre na espécie humana. Eles sdo universalmente encontrados em
uma grande variedade de frutas, vegetais e algumas bebidas, incluindo cha e vinho, e por isso,
sdo largamente consumidos na dieta humana (ARABBI, et al., 2004; KIM, et al., 2007) A
ingestdo regular desses compostos tem sido relacionada a diversos efeitos benéficos, devido,
além de seu potencial antioxidante, as suas propriedades farmacoldgicas ja reconhecidas, tais
como propriedades anticarcinogénica, vasodilatadora, antiagregante, anti-inflamatoria,
imunoestimulante, antialérgica, vasoprotetora, neuroprotetora, entre outras (CHO, et al., 2003;
Prior, 2003; ANWAR, et al., 2013).

A estrutura béasica dos flavonoides consiste em um nucleo fundamental, constituido
por 15 atomos de carbono, com estrutura basica CeCsCs (Figura 9), onde os dois anéis C6 séo
necessariamente aromaticos (A e B) conectados por uma ponte de 3 carbonos, que geralmente
contétm um atomo de oxigénio (anel C). S&@o biossintetizados a partir da via dos
fenilpropanoides e do acetato sendo precursores de outros grupos como aminoacidos
alifaticos e terpenoides (QUIDEAU, et al., 2011). Possuem caracteristicas particulares na sua
estrutura quimica que os diferem entre si, como os tipos de ligagcOes, as quantidades de
grupamentos hidroxilas e a presenca ou nao de grupos cetonas (NIJVELDT, et al., 2001).
Devido a ampla diversidade estrutural, os flavonoides séo classificados em diferentes classes,
tais como flavonas, flavononas, flavandis, flavondis, diidroflavondis e antocianidinas
(QUIDEAU, et al., 2011).
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Figura 9 — Estrutura quimica geral dos flavonoides

5 4
(Adaptado de DI CARLO et al., 1999).

A atividade sequestradora de radicais livres dos flavonoides pode ser prevista devido a
sua estrutura quimica. Assim eles podem neutralizar as espécies reativas através de varios
mecanismos, sendo o0 mais provavel a elevada reatividade do grupo hidroxila presente na
estrutura da maioria dos flavonoides, o que possibilita sua acdo de quelar espécies reativas e
estabiliza-las quimicamente. A atividade antioxidante geralmente aumenta com o aumento
dos grupos hidroxilas e diminui com as glicosilacdes (PROCHAZKOVA, et al., 2011).

Os flavonoides podem ser encontrados em duas formas: livres (agliconas) ou ligados a
acucares (glicosideos). Possuem propriedades quimicas dos fendis e sdo considerados
substancias lipossoluveis e hidrossoliveis, sendo que a forma intacta glicosilada é
dificilmente absorvida no intestino delgado devido ao favorecimento da sua hidrofilicidade.
As formas livres de acucares s@o entdo consideradas mais apolares, e as formas glicosiladas,
mais polares (YAO, et al., 2004).

A quercetina é um flavonoide aglicona que representa aproximadamente 95% do total
de flavonoides ingeridos na dieta humana, e possui um dos mais altos potenciais
antioxidantes. Suas principais fontes sdo a cebola, a macd, a couve e o brocolis (MUROTA E
TERAO, 2003). E classificada como um flavonol tipico e a sua denominacio cientifica é 2-
(3,4 diidroxifenil)-3,5,7-triidroxil-4H-1-benzo-piran-4-ona, ou também denominada de
3,5,7,3’,4’- pentahidroxiflavona pela Organizacdo Internacional de Quimica Pura e Aplicada
(IJUPAC). A estimativa de ingestdo didria média da populacdo € de aproximadamente
25mg/dia (CHOI et al., 2003), o que proporciona uma baixa disponibilidade desse flavonoide
no organismo. Assim, a administragcdo de suplemento por via oral pode ser uma alternativa

para disponibilizar maior quantidade de quercetina (SILVA, 2011).
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A quercetina possui excelente potencial antioxidante devido as suas propriedades de
eliminar radicais livres, especialmente radicais hidroxil e superéxido (ZIZKOVA, et al.,
2017). Essa atividade antioxidante e farmacoldgica é possivel devido a presenca de
insaturacdo em sua estrutura (Figura 10), funcdo 4-oxo no anel C, e 0 mais importante, 0
grupamento catecol (QUIDEAU, et al., 2011). Além, disso, foi observada a capacidade da
quercetina de unir-se a polimeros bioldgicos como enzimas, transportadores de horménios e
DNA, podendo quelar ions metalicos de transicdo, tais como Fe?* e Cu?*, e catalisar
transporte de elétrons e depurar radicais livres (DA SILVA, et al., 2006). Sua acgédo
antioxidante pode ser explicada também por sua participacdo em inibir as enzimas
ciclooxigenase, lipoxigenase e xantina oxidase que estdo envolvidas na citoxicidade

oxidativa.

Figura 10 - Estrutura do flavonoide quercetina. Em destaque: O grupamento catecol que é o
mais importante (amarelo), presenca de insaturagcéo no anel C (vermelho), presenca de fungédo
4-ox0 no anel C (verde). O grupo catecol e os grupos hidroxil (azul) possuem a habilidade em

quelar metais de transicdo como o cobre e o ferro.

OH
Quercetin

OH 0

(Adaptado de SPENCER et al., 2003).

Apesar de ser aglicona, a quercetina pode ser encontrada ligada a vérios glicosideos e
a digestdo da maior parte desses inicia na cavidade oral com a clivagem dos glicosideos
catalisada por [-glicosidases. Uma vez aglicosilada torna-se um composto facilmente
absorvido por pequenas células intestinais onde sofre hidrélise para posteriormente entrar na

corrente sanguinea (MUROTA E TERAO, 2003). Assim que atinge a corrente sanguinea a
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quercetina é metabolizada no figado e distribuida através da circulagdo sanguinea para todos
o0s tecidos, podendo entdo realizar uma gama de efeitos, em sua grande maioria, benéficos
(ABDALLA, et al., 2013; MARUNAKA, et al., 2017; ZIZKOVA, et al., 2017).

O consumo diério da quercetina pode estar associado com um risco diminuido de
desenvolvimento de vérias doencas, entre elas: alteracdes cardiovasculares, tumores, doencas
neurodegenerativas e acidente vascular cerebral (SOLEAS, et al., 2002; PASHEVIN, et al.,
2011). Além disso, varios estudos tém demonstrado que a quercetina protege contra danos
oxidativos ao DNA (FAROMBI, et al., 2005), peroxidacdo de lipidios (YAMAMOTO E
OUE, 2006) e liberacdo da inibicdo de mediadores inflamatérios (VALERIO, et al., 2009),
além de possuir conhecida propriedade neuroprotetora com estudos que demonstraram sua
acdo no SNC e relataram protecdo em testes de memoria espacial e reducéo da morte neuronal
em ratos (LU et al., 2006; ABDALLA et al., 2014).
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3. OBJETIVOS

3.1. Objetivo geral

Investigar as acfes dos hormonios da tireoide sobre parametros oxidativos e de
sinalizacdo purinérgica em modelos experimentais e pacientes, aléem de avaliar o efeito do

tratamento com quercetina no SNC de animais com hipotireoidismo.

3.2.  Objetivos especificos

e Determinar o efeito do tratamento com quercetina na atividade de enzimas do sistema
purinérgico em sinaptossomas cerebrais de ratos com hipotireoidismo.

e Determinar o efeito do tratamento com quercetina na atividade da enzima
acetilcolinesterase em sinaptossomas de ratos com hipotireoidismo.

e Determinar a atividade das enzimas do sistema purinérgico em plaquetas de ratos com
hipotireoidismo e hipertireoidismo.

e Quantificar os niveis dos nucleotideos e nucleosideos de adenina em soro de ratos com
hipotireoidismo e hipertireoidismo.

e Avaliar marcadores de estresse oxidativo em soro de ratos com hipotireoidismo e
hipertireoidismo.

e Determinar a atividade e expressdo das enzimas nucleosideo trifosfato difosfoidrolase
(NTPDase) e ecto-5’-nucleotidase (E-5’-NT) e a atividade da adenosina desaminase
(ADA) em plaquetas de pacientes com hipotireoidismo pos tireoidectomia.

e Quantificar os niveis dos nucleotideos e nucleosideos de adenina em soro dos
referidos pacientes.

e Avaliar indicadores do perfil redox em soro ou plaquetas dos referidos pacientes.
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4, RESULTADOS

4.1. CAPITULO |

ARTIGO: publicado na Revista “Cellular and Molecular Neurobiology”.

Hypothyroidism enhanced ectonucleotidases and acetylcholinesterase
activities in rat synaptosomes can be prevented by the naturally

occurring polyphenol quercetin

O trabalho teve como objetivo verificar os efeitos do hipotireoidismo no
funcionamento do sistema nervoso central. A extensdo dos danos que podem ser causados
pelas alteragbes nos niveis dos hormonios tireoidianos ainda ndo estd completamente
esclarecida. Neste artigo foram avaliadas as atividades de enzimas do sistema colinérgico e
purinérgico, as quais possuem amplo envolvimento na funcéo cerebral, em sinaptossomas de
cortex cerebral de ratos. O hipotireoidismo foi induzido pela administracdo de metimazol e
comprovado por dosagens hormonais. Além disso, buscou-se testar o possivel efeito protetor
do polifenol quercetina nesse modelo experimental.

A atividade da enzima 5’-nucleotidase mostrou-se aumentada nos animais com
hipotireoidismo e a atividade da enzima acetilcolinesterase diminuida, o que corrobora com a
hipotese de alteracdo em ambos os sistemas purinérgico e colinérgico. O tratamento com
guercetina reverteu a atividade aumentada da 5’-nucleotidase, além de diminuir a atividade de
ambas as enzimas purinérgicas e também da acetilcolinesterase, 0 que também aconteceu nos
testes in vitro e confirmou seu efeito inibidor. Assim € possivel sugerir que a quercetina
possui acbes importantes no SNC, as quais devem ser melhor avaliadas, para comprovar seus
efeitos protetores.

Espera-se com esse trabalho auxiliar no entendimento das alteragdes causadas pelo
hipotireoidismo na neurotransmissdo purinérgica e colinérgica. Além disso, demonstrar 0s
efeitos da quercetina a fim de que aumente o interesse pelo seu uso como possivel adjuvante
terapéutico e, assim possa ser utilizada, principalmente em casos onde as doengas levam a

alteracdes nesses sistemas.
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Abstract

Thyroid hormones have influence on the functioning of the central nervous system.
Furthermore, the cholinergic and purinergic systems also are extensively involved in brain
function. In this context, quercetin is a polyphenol with antioxidant and neuroprotective
properties. This study investigated the effects of (MMI)-induced hypothyroidism on the
NTPDase, 5’-nucleotidase, adenosine deaminase (ADA) and acetylcholinesterase (AChE)
activities in synaptosomes of rats and whether the quercetin can prevent it. MMI at a
concentration of 20 mg/100mL was administered for 90 days in the drinking water. The
animals were divided into six groups: control/water (CT/W), control/quercetin 10mg/kg
(CT/Q10), control/quercetin  25mg/kg  (CT/Q25), methimazole/water (MMI/W),
methimazole/quercetin - 10mg/kg (MMI/Q10) and methimazole/quercetin  25mg/kg
(MMI1/Q25). On the 30th day, hormonal dosing was performed to confirm hypothyroidism,
and the animals were subsequently treated with 10 or 25mg/kg quercetin for 60 days.
NTPDase activity was not altered in the MMI/W group. However, treatment with quercetin
decreased ATP and ADP hydrolysis in the MMI/Q10 and MMI/Q25 groups. 5’-nucleotidase
activity increased in the MMI/W group, but treatments with 10 or 25mg/kg quercetin
decreased 5’-nucleotidase activity. ADA activity decreased in the CT/25 and MMI/Q25
groups. Furthermore, AChE activity was reduced in all groups with hypothyroidism. In vitro
tests also demonstrated that quercetin per se decreased NTPDase, 5’-nucleotidase and AChE
activities. This study demonstrated changes in the 5’-nucleotidase and AChE activities
indicating that purinergic and cholinergic neurotransmission are altered in this condition. In
addition, quercetin can alter these parameters and may be a promising natural compound with

important neuroprotective actions in hypothyroidism.

Keywords: hypothyroidism, synaptosomes, ectonucleotidases, acetylcholinesterase, quercetin
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1. Introduction

Triiodothyronine (T3) and tetraiodothyronine (T4) are thyroid hormones that are
recognized as key metabolic hormones of the body, which have important effects on the
normal functioning of the central nervous system (CNS). The reduction in the synthesis of T3
and T4 leads to hypothyroidism, a relatively common disease resulting in the reduced action
of these hormones in the peripheral tissues (Devdhar et al., 2007). Hypothyroidism can lead to
an ample range of behavioral and neurological clinical symptoms, including fatigue,
drowsiness, loss of concentration and memory, depression, and others (Smith et al., 2002). In
rats, thyroid hormone deficiency causes a number of abnormalities in the CNS, including the
migration of abnormal cells and demyelination (Bernal et al., 2003; Stoica et al., 2007).
However, the relationship between thyroid hormones and psychiatric disorders and cognitive
impairments is still uncertain and should be better studied.

Engstrom et al. (1974) established the fundamental role of thyroid hormones in the
process of neurotransmission by promoting an increase in the synthesis and sensitivity of
central catecholamine receptors in adult brains. Furthermore, adenosine transport and Al
adenosine receptors, which are involved in neurotransmission control, can also be modulated
by the thyroid hormones in rat brains (Fideu et al., 1994). Investigations have highlighted a
very close association between these hormones and brain cholinergic function (Smith et al.,
2002).

ATP and acetylcholine (ACh) are extracellular signaling molecules in the nervous
system and other tissues. They can be co-stored in synaptic vesicles and co-released from
cholinergic nerves (Burnstock, 2004). ACh and ATP cannot be directly recycled and must
first be degraded to either choline or adenosine, respectively, which are then transported back

into cells (Zimmermann, 2008).
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ATP and the other extracellular nucleoside tri- and diphosphates can be hydrolyzed by
NTPDases (nucleoside triphosphate diphosphohydrolase). NTPDases are membrane-bound
enzymes that hydrolyze ATP and ADP to AMP, which is subsequently converted to
adenosine by 5’-nucleotidase (Spanevello, Mazzanti, Schmatz, et al., 2010). These
ectoenzymes are present in the CNS of several species and are involved in the control of
nucleotide and nucleoside levels in the synaptic cleft and in the control of purinergic
neuromodulation and neurotransmission (Yegutkin, 2008). Because these enzymes contribute
to the maintenance of physiological levels of extracellular ATP, ADP, AMP, and adenosine,
they could constitute a considerable point of regulation in several pathophysiological
conditions, such as the hypothyroidism (Schetinger et al., 2007; Bruno et al., 2011; Zanini et
al., 2012; Polachini, Spanevello, Zanini, et al., 2014).

Conversely, studies in experimental models of hypothyroidism have found alterations
in the activity of acetylcholinesterase (AChE), indicating modifications to cholinergic
neurotransmission in this disease. However, these studies are sometimes unconcluded and are
need more explanations. AChE is one of the most efficient biological catalysts known and
plays a key role in cholinergic neurotransmission by hydrolyzing the transmitter acetylcholine
(ACh) in the synaptic cleft of cholinergic synapses and neuromuscular junctions
(Zimmermann, 2008). Thus, this enzyme is essential in the regulation of many vital functions,
including learning, memory, and the cortical organization that controls the movement of the
cerebral blood flow (Lendvai e Vizi, 2008).

In the same context, several studies from our laboratory have shown that
cholinesterases and ectonucleotidases play an important role in neurotransmission and, thus,
changes in the activity of these enzymes have been observed in several diseases, suggesting
that this could be an important physiological and pathological parameter (Schmatz, Mazzanti,

et al.,, 2009; Abdalla et al., 2013). Accordingly, Bruno, Ricachenevsky, et al. (2005)
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demonstrated that a deficiency of these hormones can induce changes in the enzymatic
cascade responsible for the hydrolysis of ATP to adenosine in the CNS. Moreover, changes in
the levels of these hormones can also alter the AChE activity (Smith et al., 2002;
Carageorgiou et al., 2007b). However, this is the first study aiming to analyze the possible
alterations that may occur simultaneously on purinergic and cholinergic systems in the
synaptosomes of rats with MMI-induced hypothyroidism as well as the possible effects of
quercetin treatment in these animals.

Usually, treatment for hypothyroidism is conducted through the intake of
levothyroxine (T4). However, there is a growing interest in natural products such as
polyphenols to prevent and improve complications observed in this pathology (Smith et al.,
2002), or even, possible side effects caused by medication use. The polyphenols are a large
group of compounds that can be divided into several subgroups, including the flavonoids,
which have relevant effects in both vegetables and animals. Studies have suggested that these
compounds are able to cross the blood-brain barrier (BBB) (Mendez-Armenta e Rios, 2007)
and can act as neuroprotective agent, primarily by reducing reactive oxygen species (ROS),
by preventing the neurotoxicity of other substances, and by modulating the activities of
enzymes such as AChE and ectonucleotidases (Schmatz, Mazzanti, et al., 2009; Goncalves et
al., 2010).

One of the most widely and abundantly consumed flavonoids by humans is quercetin,
which is primarily found in apples, onions and broccoli (Murota e Terao, 2003). Research has
described the various therapeutic properties of quercetin, including antioxidant, anti-
inflammatory, antithrombotic, vasoprotective and neuroprotective activities (Dajas, 2012;
Seiva et al., 2012; Santi et al., 2014).

Due to the importance of NTPDase, 5’-nucleotidase, adenosine deaminase (ADA) and

AChE for CNS functioning, the aim of the present study was to evaluate the activity of these
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enzymes in the synaptosomes of the cerebral cortex of rats with MMI-induced
hypothyroidism. The animals were treated with quercetin to investigate the potential
therapeutic use of this compound in cerebral dysfunction associated with the hypothyroid

state.

2. Materials and Methods

2.1. Chemicals

The substrates ATP, ADP, AMP, adenosine and acetylcholine, as well as Trizma
base, malachite green, 95% quercetin (3,5,7,3,4'pentahidroxiflavone, CisH1007,
approximately 95% purity), methimazole, 5,5 '-dithio-bis-2-nitrobenzoic acid (DTNB),
trichloroacetic acid (TCA), and Coomassie brilliant blue G were obtained from Sigma
Chemical Co (St. Louis, MO, USA). Bovine serum albumin and dibasic anhydrous potassium
phosphate (K2HPO4) were obtained from Reagen (Colombo, PR, Brazil). Further chemicals

used in this experiment were of highest purity.

2.2. Animals

Adult male Wistar rats (50-60 days; 250-300 g) were obtained from the Central
Animal House of the Federal University of Santa Maria for use in this experiment. The
animals were maintained at a constant temperature (231 °C) on a 12h light/dark cycle with
free access to food and water or methimazole solution. All animal procedures were approved
by the Animal Ethics Committee from the Federal University of Santa Maria (protocol

number 083/2012).
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2.3. Experimental induction of hypothyroidism

In order to induce hypothyroidism, the antithyroid drug, MMI, was administered ad
libitum in the drinking water at a concentration of 20 mg/100 mL during 90 days of treatment.
During this period, the control group animals, CT/W, CT/Q10 e CT/Q25, received only pure
water. After 1 month of treatment some animals (two per group) were euthanized and the
whole blood collected by cardiac puncture for measurement of the total levels of thyroid
hormones (tT3 and tT4) and the synaptosomes of cortex were isolated for enzymatic assay.
The induction of hypothyroidism by MMI was confirmed by an enzyme immunoassay
(AXSYM ®) (Dias et al., 2012). Only after this confirmation, the remaining animals (8 rats
per group) started to receive the quercetin. At the end of the treatment (3 months) the same
analysis were performed for assessed the hormone levels. tT3 concentration is expressed as
ng/mL plasma and tT4 as pg/mL plasma (Dias et al., 2012). The values are expressed as the

means = SEM (P< 0.05, n=5).

2.4. Treatment with quercetin (C1sH1007)

The animals were randomly divided into six groups (10 rats per group): Control/water
(CT/W); control/quercetin 10 mg/kg (CT/Q10); control/quercetin 25 mg/kg (CT/Q25);
methimazole/water (MMI/W); methimazole/quercetin 10 (MMI/Q10); and
methimazole/quercetin 25 (MMI/Q25). The animals of the CT/W, CT/Q10 e CT/Q25 groups
received only water for drinking during the three months of treatment. In addition, from the
second month the animals of the CT/Q10 and CT/Q25 groups received quercetin 10 or 25
mg/kg orally by gavage respectively until the end of treatment. On the other hand, to induce
hypothyroidism, the animals of the MMI/W, MMI/Q10 and MMI/Q25 groups received for
drinking a 20 mg/100mL solution of MMI during the three months of treatment. Moreover,

from the second month until the end of treatment, the remaining animals of the MMI/Q10 and
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MMI/Q25 groups received the MMI solution present in the drinking water and quercetin 10 or
25 mg/Kg orally by gavage, respectively.

Quercetin was freshly prepared in 25% ethanol and was administered orally, by
gavage, between 10 a.m. and 11 a.m. once a day for 60 days. The administered volume did
not exceed 0.1 mL/100g rat weight. The choice of 10 or 25 mg/kg doses of quercetin was
made based on previous works of our research group and also in some studies that used these
same concentrations of quercetin and observed beneficial results (Punithavathi e Prince, 2010)
(Abdalla et al., 2014).

It is important to note that controls were performed in order to correct the vehicle
(ethanol 25%) interference and no differences between vehicle and control enzyme activities
were observed (data not shown), then they were grouped into one group named Control/water

(CTIW).

2.5. Synaptosomes preparation

Cerebral cortex was diluted 1:10 with an ice-cold medium (medium 1) that consisted
of 320 mM sucrose, 0.1 mM EDTA and 5 mM HEPES, pH 7.5, and then homogenized in a
motor driven Teflon-glass homogenizer. The synaptosomes were isolated using a
discontinuous Percoll gradient as previously described (Nagy e Delgado-Escueta, 1984). The
pellet was suspended in an isoosmotic solution and the final protein concentration was
adjusted to 0.4-0.6 mg/mL. Synaptosomes were prepared fresh daily, maintained at 0-4°C

throughout the procedure, and used for the enzymatic assays.

2.6. NTPDase and 5’-nucleotidase activities assays
The assay to detect NTPDase enzymatic activity in the synaptosomes was carried out

in a reaction medium containing 5 mM KCI, 1.5 mM CaCl2, 0.1 mM EDTA, 10 mM glucose,
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225 mM sucrose and 45 mM Tris—HCI buffer, pH 8.0. The final volume was 200 uL, as
described in previous works from our laboratory (Mazzanti et al., 2009; Spanevello et al.,
2009). Twenty microliters of enzyme preparation (8—12 pg of protein) were added to the
reaction mixture and pre-incubated at 37°C for 10 min. The reaction was initiated by the
addition of ATP or ADP to obtain a final concentration of 1.0 mM. Incubation proceeded for
20 min in both cases. 5’-nucleotidase activity was determined in a reaction medium
containing 10 mM MgSO4 and 100 mM Tris—HCI buffer, pH 7.5, in a final volume of 200
uL. Twenty microliters of enzyme preparation (8—12ug of protein) were added to the reaction
mixture and pre-incubated at 37°C for 10 min. The reaction was initiated by the addition of
AMP, bringing the final concentration to 2.0mM, and proceeded for 20 min. In all cases, the
reactions were stopped by the addition of 200ul of 10% TCA to obtain a final concentration
of 5%. The released inorganic phosphate (Pi) was assayed using the method of Chan et al.
(Chan et al., 1986), in which malachite green was used as a colorimetric reagent and KH2PO4
was used as a standard. Controls were carried out by adding the synaptosomal fraction after
the addition of TCA to correct for non-enzymatic nucleotide hydrolysis. All samples were run

in triplicate. The enzymatic activities were reported as nmol Pi released/min/mg of protein.

2.7. Adenosine deaminase (ADA) activity

The ADA activity in synaptosomes was determined according to a previously
described method (Giusti, 1984) based on the Bertholet reaction. In this assay, ammonia is
released from adenosine to form a colored indophenol complex, which is quantified
spectrophotometrically. Briefly, 25 puL of synaptosome was reacted with 21 mmol/L of
adenosine pH 6.5 and was incubated at 37 °C for 60 min. This method is based on the direct

production of ammonia when ADA acts in an excess of adenosine. The protein content used
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for the platelet experiment was adjusted to a range of 0.7 to 0.9 mg/mL. The results were

expressed in U/mg protein.

2.8. AChE activity assay

The AChE enzymatic assay was determined using a modification of the
spectrophotometric method developed by Ellman et al. (1961) as previously described by
Rocha et al. (1993). The reaction mixture (2 mL final volume) contained 100 mM K+-
phosphate buffer, pH 7.5 and 1 mM 5,5’-dithiobisnitrobenzoic acid (DTNB). The method is
based on the formation of the yellow anion, 5,5’-dithio-bis-acid-nitrobenzoic, which is
measured by the absorbance at 412 nm during 2 min incubation at 25°C. The enzyme (40-50
ug of protein) was pre-incubated for 2 min and the reaction was initiated by adding 0.8 mM
acetylthiocholine iodide. All samples were run in triplicate and the enzymatic activities were

expressed in umol AcSCh/h/mg of protein.

2.9. In vitro experiments

For these experiments were utilized healthy rats. To evaluate the effect of quercetin in
nucleotide hydrolysis in the synaptosomes of the cerebral cortex, in vitro experiments were
performed using different concentrations of quercetin (in 1, 5, 10, 25, 50 uM) diluted in
methanol in the presence of ATP, ADP, and AMP as substrates and the incubation medium
described above. The same concentrations of quercetin used in assessing ADA activity were
used here. To evaluate the effect of quercetin on the AChE activity in synaptosomes from the
cerebral cortex, the in vitro experiments were performed using 10, 25, 50, 75, 100, and 200
uM of quercetin diluted in methanol. The final concentrations of methanol, when tested alone
in the incubation media, did not affect the enzymatic activity. All the other procedures for

enzymatic assays were the same as those described above.
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2.10. Protein determination
The protein content was measured by the Coomassie blue method according to

Bradford (1976). Serum albumin was used as a standard.

2.11. Statistical analysis

The statistical analysis used for in vitro assays was one-way ANOVA, followed by
Duncan’s multiple range tests. For hormone levels and ex vivo assays after one month of MMI
administration T test was utilized and, for analyzed the other ex vivo assays two-way ANOVA
was used, followed by Bonferroni post-test. P < 0.05 was considered to represent a significant

difference for both analyses used. All data were expressed as the means + S.E.M.

3. Results

3.1. Body weight, plasma tT3 and tT4 levels

Initially, it was necessary to confirm the hypothyroidism induction in the group of
animals used in this work. For this, the analysis of plasma tT3 and tT4 levels in the first and
third months of the experimental period was performed. T test revealed that MMI
significantly reduced the levels of tT3 and tT4 levels after 1 month of administration. In
addition, MM kept this significant effect on tT3 and tT4 levels, which remained diminished
after 3 months and was not altered with quercetin treatment. Furthermore, the MMI
administration caused a significant reduction in the body weight of animals at the end of
experiment when compared with control group. The treatment with quercetin (MMI/Q25)

prevent this effect. (Tablel).
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3.2. NTPDase and 5'-nucleotidase activities

Hypothyroidism can result in neurodegenerative disorders (31), and the role of the
purinergic ecto-enzymes in SNC is well known (10). Thus, the present study assessed whether
rats with MMI - induced hypothyroidism present changes in activity of these enzymes in
cortex synaptosomes. The figure 1 shows the results obtained after one month of MMI
administration. As it is shown in figure 1A and 1B, the results obtained for NTPDase activity
using ATP or ADP as substrate was not altered in the hypothyroid (MMI) group compared to
the control (CT) group. Moreover, in the figure 2A (ATP) and 2B (ADP), it is possible
observe that in the third month of treatment the NTPDase activity in MMI/W group kept the
same conduct of the first month when it presented no difference compared to the CT/W
group.

Meantime, interestingly, the results obtained for the 5’-nucleotidase activity in the first
month revealed that AMP hydrolysis was increased in rats with hypothyroidism (MMI/W)
when compared to the control group (CT/W) (Fig. 1C, P<0.01). Similarly, in the third month
of the treatment, the 5’-nucleotidase activity (AMP hydrolysis) was also enhanced in MMI/W
group compared to CT/W group (Fig. 2C, P<0.05).

On the other hand, since it is known that quercetin has neuroprotective properties, the
current study assessed whether the treatment with 10 or 25 mg of this flavonoid interfere in
the enzymatic activities in the synaptosomes of the cerebral cortex of rats with
hypothyroidism. Thus, the results showed that when quercetin was administered to the control
rats ATP hydrolysis was significantly decreased in the CT/Q10 and CT/Q25 groups compared
to the CT/W group. Moreover, post hoc comparisons revealed that ATP hydrolysis was
significantly decreased in the MMI/Q10 and MMI/Q25 groups compared to the CT/W group,
but there was no difference when compared to the MMI/W group (Fig. 2A, P<0.05). In

addition, the treatment with quercetin decreased ADP hydrolysis in the MMI/Q10 and
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MMI/Q25 compared to the CT/W group (P<0.05 and P<0.001 respectively) and compared to
the MMI/W group (P<0.05 and P<0.001 respectively). Moreover, the administration of
quercetin to control rats also decreased ADP hydrolysis in the CT/Q10 and CT/Q25 groups
compared to the CT/W group (Fig. 2B, P<0.05).

In addition, when 5’-nucleotidase activity was assessed the results showed a
significant interaction between hypothyroidism and quercetin (Fs42 = 4,81; P < 0.01). Post
hoc comparisons indicated that quercetin treatment decreased AMP hydrolysis in the
MMI/Q10 and MMI/Q25 groups compared to the CT/W and MMI/W group (Fig. 2C, P<0.05
and P<0.001 respectively). When quercetin was given to control rats, the 5’-nucleotidase
activity (AMP hydrolysis) was decreased in the CT/Q10 and CT/Q25 groups compared to the
CT/W group (P<0.05).

Remarkably, our results showed that quercetin can decrease the NTPDase and 5’-
nucleotidase activities. Thus, for confirm the per se inhibitory effect of this important
flavonoid, in vitro analysis were performed. It was possible observe a significant decrease in
the ATP hydrolysis in vitro in cerebral cortex of groups treated with 25 and 50 puM of
quercetin in comparison to the control group (Fig. 3A, P<0.05). We also observed a
significant decrease in ADP hydrolysis in vitro in groups treated with concentrations of 25
and 50 uM of quercetin compared to the control group (Fig. 3B, P<0.05). The in vitro results
obtained for 5’-nucleotidase activity were similar to those found for the NTPDase activity: a
significant decrease was observed in AMP hydrolysis in groups treated with 25 and 50 uM of

quercetin when compared to the control (Fig. 3C, P<0.05).

3.3. Adenosine deaminase (ADA) activity
The results obtained for the ADA activity in the first month (Fig. 1D) showed that

there was no difference in hypothyroid group (MMI) compared to the control group. The
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same result was observed for this enzyme in the third month of the treatment when there was
not significant difference in MMI/W group compared to the CT/W group (Fig. 4).

However, post hoc comparisons revealed that the quercetin treatment decreased ADA
activity in the MMI/Q25 group compared to the MMI/W group (Fig. 4, P<0.001). When
quercetin was given to control rats, the hydrolysis of adenosine was decreased in the CT/Q25
group compared to the CT/W group (P<0.001). No significant alterations in ADA activity
were observed in the CT/Q10, MMI/Q10 and MMI/W groups. The in vitro results obtained

for the ADA activity were not significantly different (data not shown).

3.4. AChE activity

Besides purinergic signaling, other important system broadly involved in the
neurotransmission is the cholinergic system. In this context for evaluate the effects of
hypothyroidism in this system we assessed AChE assay. In the first month of MMI
administration the AChE activity was not altered in hypothyroid (MMI) animals compared to
the control group (Fig. 1E). However, interestingly, on the third month, post hoc comparisons
showed that the AChE activity was significantly decreased in the MMI/W group compared to
the CT/W group (Fig. 5, P<0.05).

Furthermore, this study assessed the effects of quercetin on AChE activity in the
synaptosomes of the cerebral cortex of rats with hypothyroidism and the quercetin treatment
significantly decreased the AChE activity in the MMI/Q25 group compared to the CT/W
group (Fig. 5, P<0.001). No difference was observed in the CT/Q10 and CT/Q25 groups
compared to the CT/W group.

The in vitro results obtained for AChE activity in the synaptosomes of the cerebral

cortex are shown in figure 6. As can be observed, the AChE activity was significantly
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decreased under treatment with 100 and 200 uM of quercetin relative to the control group

(P<0.05).

4. Discussion

Thyroid hormones are essential for the normal development of metabolism and have
been associated with brain development, especially in neurotransmission and the maintenance
of neuronal system functions (Carageorgiou et al. 2007; Smith et al. 2002). Furthermore, it is
well known that the ectonucleotidases are located on the extracellular surface (Tougu and
Kesvatera 1996) and also intracellularly (Yegutkin 2008). In addition, the AChE enzyme
found in nervous tissue is primarily of type G4, which is connected to the plasma membrane
(Zimmermann et al. 2008).

Our results demonstrated that when ATP or ADP were used as substrates, the
NTPDase activity showed no significant changes between the group of animals with
hypothyroidism and the control groups. This result was observed both in the first as well as in
third month of treatment, suggesting that the disease does not affect the activity of this
enzyme in the synaptosomes of the cerebral cortex. On the other hand, the AMP hydrolysis by
activity of 5'-nucleotidase presented an increase in the group of animals with hypothyroidism
in the first and the third months, which could result in an increase in the levels of adenosine
since the early stages of disease. It is important to note that this nucleoside has a significant
role in regulating neuromodulation and in the release of several neurotransmitters that act
both pre- and post-synaptically (Cunha, 2001).

In addition, we observed that there was no difference in the activity of ADA in
animals with hypothyroidism in both, first and third month of the treatment. Thus, even with

maintenance of the treatment, the enzyme activity was not altered.
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On the other hand, when animals with hypothyroidism were treated with quercetin (10
or 25 mg/kg), a decrease in the activity of NTPDase and 5’- nucleotidase was observed. The
reduced activities of these enzymes could contribute to a reduction in ATP, ADP and AMP
hydrolysis. Moreover, ADA activity also decreased in the groups of animals with
hypothyroidism treated with quercetin. This decrease could contribute to moderately
increased levels of adenosine, which acts as a neuroprotective molecule. Thus, we suggest
that one of mechanisms by which quercetin exerts its beneficial effects in the CNS is though
the modulation of ADA activity because inhibiting the activity of this enzyme can contribute
to increased adenosine levels, which are known to exert protective effects in the brain (Dajas,
2012; Dong et al., 2014).

In agreement with these findings, the in vitro tests showed that quercetin altered the
activities of NTPDase and 5'-nucleotidase. There was a decrease in the hydrolysis of the
nucleotides ATP and ADP when concentrations of 25 and 50 pM of quercetin were
administered. The in vitro results obtained for the 5'-nucleotidase activity were similar to
those found for the NTPDase activity. A decrease in AMP hydrolysis was observed when
concentrations of 25 and 50 uM of quercetin, which would generate a decreased amount of
adenosine.

The results obtained in our study are in accordance with several other studies that have
suggested that the quercetin inhibits the activities of ectonucleotidases. Schmatz et al. (2013)
demonstrated that quercetin inhibits the ATP, ADP and AMP hydrolysis in vitro in platelets
from control and diabetic rats. Furthermore, Abdalla et al. (2013) also noted a decrease in the
nucleotide hydrolysis caused by quercetin in the cerebral cortex synaptosomes of cadmium-
exposed rats. In addition, 5'-nucleotidase was also inhibited by quercetin in the human

U138MG glioma cell line (Braganhol et al., 2007). However, more studies are needed to
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elucidate the mechanism by which quercetin inhibits the activities of NTPDase and 5’-
nucleotidase in the CNS.

In relation to the results obtained for the AChE enzyme, our findings demonstrated
that the activity of this enzyme was decreased in the cerebral cortex synaptosomes from rats
with hypothyroidism in the third month of the treatment. These results are similar to those
found by Carageorgiou et al. (2007b), who also observed a significant reduction in AChE
activity in the cerebral cortexes of rats with hypothyroidism. Moreover, Virgili et al. (1991),
also reported decreased AChE activity in the prefrontal cortex and the striatum of rats with
hypothyroidism. It has been reported that a deficit in thyroid hormones generates cholinergic
neurons with small somata and decreased numbers (Gould e Butcher, 1989), thus leading to
an insufficient synthesis of the neurotransmitter ACh. Further studies have demonstrated a
significant decrease in ACh content in the hippocampus of rats with adult-onset
hypothyroidism (Wang et al., 2014). A decrease in ACh content has also been identified in the
spinal cords of adult rats with methimazole-induced hypothyroidism (Molinengo et al., 1986).

These findings allowed us to infer that the ACh levels may in fact be diminished in the
CNS of rats with MMI-induced hypothyroidism due to a decrease in the synthesis of the
neurotransmitter. Based on these results, it is plausible that this decline in AChE activity after
MMI administration could be correlated with the disruption of the central homeostatic
mechanism and alterations in the neuronal functional state. Thus, the reduced activity of
AChE may be a compensatory mechanism for increasing ACh levels and restoring brain
function in hypothyroidism.

Interestingly, in animals with hypothyroidism treated with 25 mg/kg quercetin, the
AChE activity remained at decreased levels. Based on these results, we suggest that quercetin
treatment can increase synaptic transmission by inhibiting AChE, causing reduced hydrolysis

of free ACh and an increase in ACh levels in the synapse. It is important to note that Ach is
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the main neurotransmitter of the cholinergic system, which plays vital functions in learning,
memory, movement control, and the modulation of cerebral blood flow (Kiehn, 2006).

Natural compounds that present AChE inhibitory properties can be important co-
therapeutics for the treatment of many neurological diseases, such as Alzheimer’s. Thus, we
suggest that quercetin can increase the efficiency of cholinergic transmission by inhibiting
AChE, thus preventing the hydrolysis of released ACh. This demonstrates that quercetin may
consequently improve cognitive dysfunctions.

In addition, in vitro tests with quercetin performed in rat cortex synaptosomes
demonstrated an inhibition of enzymatic activity that was proportional to the dose tested.
These results are in accordance with Khan et al. (2009), who used enzymatic kinetic studies to
demonstrate that the quercetin is a competitive, concentration-dependent inhibitor of AChE.
In that work, Khan et al. (2009) also showed that quercetin formed several strong hydrogen
bonds with several important amino acid residues of the AChE enzyme, which, in addition to
hydrophobic interactions, could also explain the potency of the compound as an AChE
inhibitor. We observed that the enzymatic activity tended to decrease in the control groups
treated with quercetin, which corroborated our in vitro results. Previous studies have shown
that natural substances such as quercetin (Abdalla et al., 2013) and other dietary components
such as resveratrol (Schmatz, Schetinger, et al., 2009), chlorogenic acid (Kwon et al., 2010),
caffeic acid (Anwar et al., 2012) and rosmarinic acid (Mushtaq et al., 2014) alter the activity
of AChE in the CNS. Therefore, these in vivo and ex vivo results confirm that quercetin exerts

a neuroprotective role by increasing the levels of ACh.

5. Conclusions
The results obtained in the present study demonstrated alterations in the activities of

5’-nucleotidase and AChE in the cerebral cortex synaptosomes from rats with
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hypothyroidism, indicating that purinergic and cholinergic neurotransmission are altered in
this condition. Furthermore, quercetin treatment decreased the hydrolysis of adenine
nucleotides and nucleosides, suggesting an increase in the production of adenosine in the
CNS. This may have an important neuroprotective role in pathophysiological conditions
caused by hypothyroidism. Thus, we can suggest that quercetin may be a promising natural
polyphenolic compound with important neuroprotective actions. Future studies should
therefore investigate the use of quercetin as a better therapy for patients with hypothyroidism-

induced purinergic and cholinergic disorders.
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LEGENDS

Fig. 1. Effects of hypothyroidism on NTPDase using ATP (A) and ADP (B) as substrate, 5'-
nucleotidase using AMP (C), adenosine deaminase (D) and acetylcholinesterase (E) activities
in the first month of the treatment with MMI. The data are presented as the means £ SEM (P<
0.05; n=5).

Fig. 2. Effects of quercetin on NTPDase using ATP (A) and ADP (B) as substrate and 5'-
nucleotidase using AMP (C) as substrate in the synaptosomes of rats with MMI-induced
hypothyroidism. The data are presented as the means £ SEM. * and *** represent a
significant difference with the CT/W group (P< 0.05 and P< 0.001 respectively; n=8). # and
## represent a significant difference with the MMI/W group (P< 0.05 and P< 0.001; n=8).
Fig. 3. In vitro effects of quercetin on ATP (A), ADP (B) and AMP (C) hydrolysis in the
synaptosomes of the rat cerebral cortex. The first bars represent the control. The other bars
represent different concentrations of quercetin (WM). Each column represents a mean = SEM.
The results are expressed as nmol/Pi/min/mg protein. Different letters indicate significant
differences from the control (P < 0.05; n=5).

Fig. 4. Effects of quercetin on ADA activity in the synaptosomes of rats with MMI-induced
hypothyroidism. ~ The bars represent the means + SEM. *** represents a significant
difference with the CT/W group and *# represents a significant difference with the MMI/W
group (P< 0.001; n=8).

Fig. 5. Effects of quercetin on AChE activity in the synaptosomes of rats with MMI-induced
hypothyroidism. The bars represent the means £ SEM. * and *** represent a significant
difference with the CT/W group (P< 0.05 and P< 0.001 respectively; n=8).

Fig. 6. In vitro effects of quercetin on the AChE activity in the synaptosomes of the rat

cerebral cortex. The first bar represents the control. The other bars represent different
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concentrations of quercetin (uM). Each column represents a mean = SEM. Different letters

indicate significant differences from the control (P < 0.05; n=5).
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Table 1. Final body weight and plasma tT3 and tT4 levels at the first and third months of

assessment.

MMI/W MMI1/Q10 MMI/Q25

Final body weight (g)

tT3 (1st month)
tT3 (3rd month)
tT4 (1st month)

tT4 (3rd month)

252,9 +8,34* 264,30 £12,67* 314,60 + 17,63

0.19 £ 0.03***

0.31£0.03* 0.32 £ 0.010** 0.030 +0.04*

0.65 £ 0.07***

0.15 £ 0.07*** 0.23 +£0.03*** 0.74 £ 0.11%**

tT3 is expressed as ng/mL plasma and tT4 as pg/mL plasma. * and *** show a significant
difference from the CT/W group (P< 0.05 or P< 0.001, n=5). The values are expressed as the

means

SEM.
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4.2. CAPITULO II

MANUSCRITO 1

Hypothyroidism and hyperthyroidism change the ectoenzymes activities in

platelets of rats

A regulacéo das fungdes vasculares depende de varios fatores e sistemas, dentre eles a
atuacdo do sistema purinérgico possui extrema relevancia. Este trabalho teve como objetivo
avaliar a interferéncia dos hormonios tireoidianos nesse sistema e 0s possiveis efeitos
deletérios causados por estas alteracbes. Para a inducdo do hipotireoidismo e do
hipertireoidismo nos animais, foram administrados Metimazol e L-Tiroxina, respectivamente.

Foram avaliadas as atividades das enzimas purinérgicas em plaquetas e a atividade das
enzimas NTPDases diminuiu nos animais com hipertireoidismo, enquanto a atividade da 5’-
nucleotidase diminuiu em ambos, hipotireoidismo e hipertireoidismo. Ja a atividade da ADA
aumentou no hipertireoidismo e a atividade da NPP aumentou em ambos 0s grupos. Além
disso para avaliar se as alteragBes nas enzimas interferem nos niveis dos nucleotideos e
nucleosideos em soro, as concentracfes desses foram analisadas e mostraram-se modificadas
em ambas as desordens tireoidianas.

As mudangcas nas atividades enzimaticas foram ainda correlacionadas com a producéo
aumentada de espécies reativas de oxigénio. Assim, é possivel sugerir com esses resultados
que as mudancas no sistema purinérgico causadas por ambos, hipotireoidismo e
hipertireoidismo, poderiam estar contribuindo para os efeitos indesejaveis observados, e que
se ndo forem monitorados podem levar a maiores danos cardiovasculares, devido a estreita
ligagdo desse sistema com as plaquetas e a agregacao plaquetaria.

Espera-se com esse trabalho contribuir para um maior esclarecimento dos sistemas
envolvidos nos distuirbios tireoidianos, principalmente o papel do sistema purinérgico, a fim
de se iniciarem mais estudos com o objetivo de elucidar os mecanismos envolvidos nas

doencas tireoidianas e assim prevenir efeitos secundarios maiores.
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LIST OF ABBREVIATIONS

ADA - adenosine deaminase

ADP - adenosine diphosphate

AMP - adenosine monophosphate

ANOVA - analysis of variance

ATP - adenosine triphosphate

HTs - thyroid hormones

NPP- nucleotide pyrophosphatase/phosphodiesterase
NTPDase - nucleoside triphosphate diphosphohydrolase
PRP - platelet-rich plasma

ROS - reactive oxygen species

TSH - thyroid-stimulating hormone

T3 — triiodothyronine

T4 - thyroxine
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Abstract

Purinergic system has an important role in regulation of vascular functions. The
interference of thyroid hormones in this system and in cardiovascular events has been studied
in recent years. However, there are still some questions and the mechanisms involved in
vascular, purinergic and oxidative changes in thyroid disorders are not completely
understood. Therefore, the present study aimed to assess purinergic enzyme activities in
platelets from rats with hypothyroidism and hyperthyroidism and the involvement of reactive
species in this context. Hypothyroidism and hyperthyroidism condition were induced by
continuous exposure to methimazole (MMI) at 20 mg/100 mL or L-Thyroxine at 1.2 mg/100
mL, respectively, in the drinking water for one month. Results showed that rats exposed to L-
Thyroxine had a significant decrease in NTPDase activities, wherein ATP hydrolysis was
53% lower and ADP hydrolysis was 40% lower, when compared to control. Moreover, ecto-
5'-nucleotidase activity was decreased in both groups, 39% in the hypothyroidism and 52% in
the hyperthyroidism. On the other hand, the adenosine deaminase (ADA) activity was
increased in hyperthyroidism (75%) and nucleotide pyrophosphatase/phosphodiesterase
(NPP) activity was increased in animals with hypothyroidism (127%) and hyperthyroidism
(128%). Our findings suggest that changes in purinergic enzymes and purine levels could be
contributing to undesirable effects of the thyroid disturbances. Moreover, the oxidative stress,
and particularly the high ROS production, showed a causal relation with changes in

ectonucleotidases activities and nucleotides and nucleoside levels.

Keywords: Thyroid hormones, platelets, ectonucleotidases, nucleotides, reactive oxygen

species
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1. Introduction

Thyroid hormones (T4 and T3) are extensively related to homeostasis of
cardiovascular system. They are associated to several vascular diseases that involve processes
such as platelet aggregation and vascular tone control. Hyperthyroidism or hypothyroidism
are developed due to changes in these hormone levels (1). Hyperthyroidism causes a
hyperdynamic cardiovascular status including a higher metabolic rate of heart and decrease in
peripheral vascular resistance (2). On the other hand, hypothyroidism can lead to development
of cardiovascular disorders associated with increased risk of atherosclerosis and ischemic
heart disease (3, 4).

Hypothyroidism and hyperthyroidism have been studied in humans and animal models. In
animals, hypothyroidism can be inducted by ingestion of Methimazole (MMI), an antithyroid
drug used for patients for decrease the hormone production (22). Oppositely, hyperthyroidism
can be induced by administration of Thyroxin (T4). Thus, in this study the hypothyroidism
and hyperthyroidism were induced by addition to the drinking water of MMI or L-Thyroxin,
respectively.

Although studies suggest an association of hypothyroidism with atherogenesis (4) other
clinical studies already carried out have shown an association between hyperthyroidism and
an increased risk of thrombotic events, whereas in hypothyroidism a bleeding tendency is
observed (5). These controversies indicate that the relationship between thyroid hormones and
cardiovascular events is elusive and that more studies are needed to establish the role of
thyroid hormone in atherosclerotic cardiovascular disease.

In the vascular system, the purinergic signaling has the capacity of influence cardiac
function, participate in vasomotor responses, control platelet function and inflammatory
processes (6). This important system is compound for adenine nucleotides and nucleosides,

receptors and purinergic enzymes (7). Extracellular adenine nucleotides and nucleosides
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represent an important class of extracellular molecules, they are present in several tissues and
cells, shut as erythrocytes and platelets and exhibit a multiplicity of functions, including
development, blood flow, secretion, inflammation and regulation of thrombus formation (8).

It is know that platelets are cells which play important role in hemostatic process (9,
10) and their activation results in release of contents stored in alpha granules and dense
granules present in cytoplasm (11). The dense granules hold e and liberate ATP and ADP.
Upon release to extracellular medium, they can contribute to the change of platelet
aggregation (12). Similarly, adenosine is involved in this process as a potent inhibitor of the
aggregation, besides provide anti-inflammatory properties (9).

The ectoenzymes NTPDases (nucleoside triphosphate phosphohydrolases), ecto-5'-
nucleotidase, NPPs (nucleotide pyrophosphatase/ phosphodiesterase) and ADA (adenosine
deaminase) are a complex of enzymes expressed on platelets surface, which constitutes a
multiple system for extracellular nucleotide degradation (13). NTPDases hydrolyzes ATP to
ADP and ADP to AMP (14), while NPPs hydrolyze ATP directly to AMP, which is
subsequently hydrolyzed to adenosine by ecto-5'-nucleotidase (15). In addition, ADA is
responsible for the irreversible deamination of adenosine to inosine (16). Together, these
enzymes constitute a highly refined system for the regulation of nucleotide mediated
signaling, controlling the rate, degradation and nucleoside formation and thus, possessing a
very important role in maintaining normal homeostasis and preventing excessive platelet
aggregation (7, 8). In this context, due to this important physiological role, ectonucleotidases
have been studied in different pathological and experimental conditions (17-21).

Considering the several physiological changes in vascular system caused by hypo and
hyperthyroidism and since these processes can be also affected by ATP, ADP and adenosine
levels, this study aimed investigate the hydrolysis of these nucleotides and nucleoside in

platelets and their levels in serum from rats with hyperthyroidism and hypothyroidism.
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Moreover, oxidative parameters and their relation with purinergic signaling also was

investigated.

2. Materials and methods

2.1. Chemicals

The substrates ATP, ADP, AMP, adenosine, p-Nph-5-TMP, as well as trizma base,
sodium azide, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES); malachite green,
trichloroacetic acid (TCA), dichlorofluorescein diacetate, Coomassie brilliant blue G, beyond
methimazole (MMI) and L-Thyroxine were obtained from Sigma Chemical Co (St. Louis,
MO, USA); Bovine serum albumin from Reagen (Colombo, PR, Brazil). Further chemicals

used in this experiment were of the highest purity.

2.2. Animals

Adult male Wistar rats (50-70 days; 200-300 g) from the Central Animal House of
the Federal University of Santa Maria were used in this experiment. The animals were
maintained at a constant temperature (23£1°C) on a 12 h light/dark cycle with free access to
food and water or methimazole solution or thyroxin solution. All animal procedures were
approved by the Animal Ethics Committee from the Federal University of Santa Maria

(protocol under number: 083/2012).

2.3. Experimental induction of hypothyroidism and hyperthyroidism in rats

To indution of hypothyroidism the antithyroid drug MTZ was administered to Wistar
rats ad libitum in the drinking water at a concentration of 20 mg/100 mL during 30 days of
treatment (23). On the other hand, to induce hyperthyroidism, L-Thyroxine was administered

ad libitum in the drinking water at a concentration of 1.2 mg/100 mL during the same
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treatment time while the control group received only pure water. After 1 month of treatment
the animals were anesthetized and the whole blood collected by cardiac puncture. The
induction of hypothyroidism by MTZ and hyperthyroidism by L-Thyroxine was confirmed by
enzyme immunoassay (AXSYM ®). tT3 was expressed as ng/mL plasma, tT4 as pug/mL
plasma and TSH as pUI/mL plasma. Values were expressed as means + SEM (P< 0.05, n=5)

(24-26).

2.4. Platelet preparation

Platelet-Rich Plasma (PRP) was prepared by the method of Lunkes et al. (2004) (27)
with some modifications. Total blood was collected by cardiac puncture with 0.120M sodium
citrate as anticoagulant. The total blood-citrate system was centrifuged at 160xg during 15
min. After this, PRP was centrifuged at 1400xg for 30 min and washed twice with 3.5 mM
HEPES buffer (pH 7.0), containing 142 mM NaCl, 2.5 mM KCI and 5.5 mM glucose. The

platelet pellets were resuspended in HEPES buffer and used to determine enzymatic activities.

2.5. NTPDase and 5’-nucleotidase assays

The NTPDase enzymatic assay was carried out in a reaction medium containing 5 mM
CaClz, 100 mM NaCl, 5 mM KCI, 6 mM glucose and 50 mM Tris-HCI buffer (pH 7.4), at a
final volume of 200 pL as described by Lunkes et al. Twenty microliters of enzyme
preparation (8-12 g of protein) was added to the reaction mixture and pre incubation
proceeded for 10 min at 37°C. The reaction was initiated by the addition of ATP or ADP at a
final concentration of 1.0 mM and AMP at a final concentration of 2.0 mM. The incubation
was carried out in ELISA plates for 60 min. Both enzyme assays were stopped by the addition
of 150 pL of 15% TCA. Released inorganic phosphate (Pi) was assayed by the method of
Chan et al. (28) using malachite green as colorimetric reagent and KH2PO4 as standard.

However, some modifications were performed: after to stop the reaction, 30 pL of preparation
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were transferred to a new plate and malachite green was added. Controls were carried out to
correct non-enzymatic hydrolyses of nucleotides by adding enzyme preparation after TCA
addition. All samples were run in triplicate. Enzyme specific activities are reported as nmol Pi

released/min/mg of protein.

2.6. Adenosine deaminase and ectonucleotide pyrophosphatase/ phosphodiesterase

activities

ADA from platelets was determined according to Guisti & Galanti, (29), based on
Bertholet reaction. Briefly, 50 uL of platelets reacted with 21 mmol/L of adenosine pH 6.5
and was incubated at 37°C for 60 min. The protein content used for platelet experiment was
adjusted between 0.6 and 0.8 mg/mL. Results were expressed in U/L. One unit (1U) of ADA
is defined as the amount of enzyme required to release 1 mmol of ammonia per minute from
adenosine at standard assay conditions.

NPP activity was assessed using p-nitrophenyl 5’-thymidine monophosphate (p-Nph-
5'-TMP) as substrate as described by Furstenau et al. (13). Approximately 20 mg of platelet
was preincubed with incubation medium containing 50 mM Tris—HCI buffer, 120 mM NacCl,
5.0 mM KCI, 6 mM glicose, 5.0 mM CaCl2 (pH 8.9), for 10 min at 37 °C in a final volume of
200 pL. The reaction started with the addition of p-Nph- 5’-TMP to a final concentration of
0.5 mM and the time of incubation was 80 min. To stop the reaction 200 uL NaOH 0.2 N was
added to the medium. The amount of p-nitrophenol released from the enzyme activity was
measured at 400 nm using a molar extinction coefficient of 18.8x10—3/M/cm. Enzyme

activity was expressed as nmol of p-nitrophenol released/min/mg of protein.
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2.7. Analysis of purine levels in serum by high-pressure liquid chromatography

(HPLC)

The denaturation of sample proteins was performed using 0.6 mol/L perchloric acid.
All samples were then centrifuged (14,0009 for 10 min) and the supernatants were neutralized
with 4.0 N KOH and clarified with a second centrifugation. Aliquots of 50 puL were applied to
a reverse-phase HPLC system using a 25-cm C18 Shimadzu column at 260 nm with a mobile
phase containing 60 mM KH2POs, 5.0 mM tetrabutylammonium chloride (pH 6.0), in 30%
methanol according to a method previously described by Voelter et al. (30). The peaks of
purines were identified by their retention times and quantified by comparison with standards.

Results are expressed as nmol/mL of serum.

2.8. Intracellular reactive species (RS) production

For measure the reactive species production by cellular components, the
dichlorofluorescein fluorescence assay was used. A 50uL aliquot of serum was added to a
medium containing Tris—HCI buffer (0.01 mM, pH 7.4) and dichlorofluorescein diacetate (7
mM). After this, the medium was incubated in the dark for 1 h until the fluorescence
measurement. The oxidized dichlorofluorescein was determined using a standard curve of

oxidized dichlorofluorescein and the results were expressed as nM DCFOxide/mL (31).

2.9. Protein determination

Comassie Blue method was used to measured protein content, using bovine serum
albumin as the standard in according to Bradford (32). This assay is based on the binding of
the dye Comassie Blue G-250 to protein, and this binding is accompanied by measuring the

absorbance maximum of the solution at 595 nm.
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2.10. Statistical analysis

Data were analyzed statistically by one-way ANOVA, followed by Bonferroni test.
All data were expressed as mean = SEM. Differences were considered significant when the

probability was P<0.05.

3. Results
3.1. Plasma tT3 and tT4 levels and body weight

To confirm the experimental model effectiveness, plasma hormone tT3, tT4 and TSH
levels were measured in the animals at the end of the experiment. As expected, tT3 and tT4
levels were significantly lower (38% and 17% respectively, P<0.05) and TSH was
significantly higher (70%, P<0.01) in MTZ group than in control group. On the other hand in
L-Thyroxin group the hormone levels were analyzed and tT3 and tT4 levels after 1 month of
treatment increased (170% and 370% respectively, P<0.001) and the TSH levels decreased
(70%, P<0.05) (Table 1).

Additionally, both groups showed a decrease in the body weight when compared with

control group (Table 1).

3.2. NTPDase and ecto-5-nucleotidase activities

The results of the present study demonstrate that the cascade of ecto-enzymes was
altered in thyroid disorders. Fig. 1A shows the results obtained for the NTPDase activity. Post
hoc tests revealed that NTPDase activity with ATP or ADP as substrate was significantly
decreased in animals with hyperthyroidism (53%, P<0.05 and 40%, P<0.01, respectively)
when compared to control group. On the other hand, in the animals with hypothyroidism, no

showed difference in the NTPDase activity.
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Statistical analysis also revealed significant alterations for the 5’-nucleotidase activity
(Fig. 1C). Thus, the AMP hydrolysis was decreased in animals with hypothyroidism (39%,

P<0.01) and with hyperthyroidism (52%, P<0.001) when compared to control group.

3.3. ADA and NPP activities

Since these enzymes also acts in the regulation of nucleotides and adenosine we
carried out the enzymatic activity. Fig. 2A shows the results obtained for ADA activity. Post
hoc tests revealed that there was no difference between the group of animals with
hypothyroidism and the control group. However, there was a significant increase (75%,
P<0,001) in ADA activity in the group of animals with hyperthyroidism when compared to
the control group.

Furthermore, E-NPP activity was significantly increased in the group of animals with
hypothyroidism (127%, P<0,001) and with hyperthyroidism (128%, P<0,001) when

compared to the control group (Fig.2B).

3.4. Analysis of purine levels in serum by HPLC
In order to confirm the influence of enzymes in nucleotides and nucleoside levels, the
HPLC assay for quantification of ATP, ADP, AMP, adenosine, Ino, Hyp, Xan and uric acid
was performed in serum from animals of the control, hypothyroidism and hyperthyroidism
groups. The Table 2 shows that ATP, ADP, AMP, adenosine, inosine, xanthine and uric acid
levels evaluated by HPLC increased in hyperthyroidism group, while in the hypothyroidism
group only AMP and inosine levels presented an increase in serum when compared to control

group (P<0.05).



87

3.5. Intracellular reactive species (RS) production
Since adenosine modulates levels of reactive species (33, 34), which participate in the
activation of platelets and subsequent thrombus formation, it was assessed whether serum
from rats showed changes in RS production as determined by dichlorofluorescein
fluorescence assay. The concentration of RS was increased in animals with hyperthyroidism
and no change was observed in the group with hypothyroidism when compared with the

control group (Figure 3).

3.6. Pearson’s correlation

Due to the high concentration of RS in rats with hyperthyroidism and the increase in
the activity of adenosine deaminase, and decrease in adenosine levels in the same animals, we
consider it essential to investigate the correlation between the production of reactive species
and these parameters. Results showed a negative correlation between the concentration of
adenosine and adenosine deaminase activity (Figure 4A). Moreover, we observed the same
negative correlation between the concentration of adenosine and the RS levels (Figure 4B).
Interestingly, RS levels and the activity of adenosine deaminase showed a positive correlation

(Figure 4C), which reinforces the connection between RS production and cell injury.

3. Discussion

Thyroid disorders can cause damage to the body because of the lack or excess of
thyroid hormones. Several studies related subclinical and clinical hypothyroidism with
thrombotic events and indicate that hypothyroidism can be considered a risk factor for
cardiovascular diseases because of its association with high levels of total cholesterol and
LDL (4, 33, 34). These events increase the risk of atherosclerosis development, platelet

aggregation, oxidative stress and leukocyte accumulation in the artery walls (19). On the other
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hand some studies have linked hypothyroidism with a tendency to bleeding and suggested that
hyperthyroidism is associated with an increase in thrombotic event (35). Due to these
controversies, the real role of thyroid hormones is not entirely clear in this condition.

Both bleeding or prothrombotic events are very dependent of the platelets action,
which are a major source of purine signaling molecules, such as ATP and ADP, into the blood
(36). Therefore, it is relevant evaluating some parameters of the purinergic system and
oxidative stress, which may be involved in platelet aggregation processes and
thromborregulation in rats with hypothyroidism and hyperthyroidism. We have shown the
effects of these disturbances on the NTPDase, ecto-5’-nucleotidase, adenosine deaminase and
nucleotide pyrophosphatase/ phosphodiesterase activities in platelets and purine levels in
serum, as well as on the RS generation in serum of rats.

Opposed to some studies that demonstrate the 5-NT activity increased in
hyperthyroidism (37), we found the ectonucleotidases activities decreased in this group of
animals. However, many factors such as the different stages of the disease or different
experimental models may be involved in these different responses from the body. The
decrease in the NTPDase and 5'-nucleotidase activities observed in animals with L-Thyroxine
induced - hyperthyroidism may suggest an increase in the nucleotide levels, due to their low
hydrolysis. Therefore, to assessed this, we conducted the HPLC analysis for nucleotides,
which confirmed that ATP, ADP and AMP levels were increased in the hyperthyroidism.

On the other hand, the animals with hypothyroidism showed no difference in
NTPDase activity, but the 5’-nucleotidase was decrease. Interestingly, in this group, the levels
of nucleotides ATP and ADP remained unchanged, whereas the AMP increased. Since the
NTPDase activity present no change in this group of animals, the highest amount of AMP can

be explained due to the low activity of 5’-NT and the high activity of NPP. The activity of
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this enzyme was improved in both groups, hypothyroidism and hyperthyroidism, indicating
an increase in the ATP hydrolysis and more AMP being formed.

Some studies have demonstrated that the activity of this enzyme is modified in several
diseases (17, 38) and suggest that an increase may be observed as an attempts of the body to
compensate the damages and produce more AMP, which would be a molecule with protective
function, besides be available for hydrolysis into adenosine (39, 40). Moreover, their altered
activity can be an indicator of disease stage or severity (40).

In addition, adenosine levels were lower in the group of animals with
hyperthyroidism. Besides it being formed in smaller amounts by reduced activity of ecto-
5’nucleotidase, this nucleoside concentration is regulated by the action of the enzyme ADA.
Therefore, a higher ADA activity can explain the low adenosine and high inosine
concentrations found in rats with hyperthyroidism. ADA activity has been shown to increase
in several diseases (17, 41) and this increase can be very adverse since that more adenosine is
deaminated and the body beginning more susceptible to the injury, due to the lack of this
nucleoside.

Furthermore, studies have reported the correlation between changed ADA activity and
oxidative stress (42) and here, interestingly, we observed a negative correlation between ADA
activity and adenosine levels (Figure 4A) and a positive correlation between ADA and RS
production (Figure 4B) and between RS and Ado levels (Figure 4C). These findings indicate
that there is a relation between ADA, Ado and oxidative stress conditions and, the increased
ROS production could be one of the responsible for the adenosine levels decreased in the
hyperthyroidism.

Concerning the levels of other nucleosides from the purinergic cascade, the inosine

levels were higher in both groups and xanthine and uric acid levels showed an increase only
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in animals with L-Thyroxin - induced hyperthyroidism. These results should be better
analyzed to understand its importance in the pathophysiology of thyroid disorders.
Noteworthy it was shown that the cellular damage caused due to an increased
production of reactive oxygen species may lead to an increased nucleotides release (43). In
fact, studies have suggested that the level of RS increases during physiologic platelet
activation because these cells are capable of generating RS. Furthermore, generation of RS by
platelets can be an important mechanism that contribute to atherogenesis. Based in these
studies we may suggest that the oxidative deterioration of platelet membrane caused by RS
found in our study can contribute to the alterations in activity of the enzymes NTPDase, 5-NT
and NPP, since that this ectoenzymes are present in platelet membrane and can suffer
modifications in their conformational states and consequently changes in their activities.
Furthermore, this cell damage could cause an increased nucleotides release and thus, it
can be suggested that in addition to the low degradation by enzymes, nucleotide levels are
increased in rats with hyperthyroidism due to increased release from platelets. Moreover, this

increase also could lead to the enhanced oxidative stress observed in this patology.

4. Conclusion

In conclusion, our results contribute to the understanding of changes that occurs in the
hypothyroidism and hyperthyroidism related with the purinergic system and oxidative stress.
Although additional studies are required to reach definite conclusions, our findings suggest
that oxidative stress presented by hypothyroid and hyperthyroid rats, and particularly high
ROS production, has a causal relationship with changes in ectonucleotidases activity and
nucleotides and nucleoside levels. The changes of purinergic enzymes and purine levels could

be one pathway that lead to undesirable effects in these diseases. Furthermore, the results
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presented in this study suggest promising ways to help in the monitoring of patients living

with these diseases for prevent some events that can harm the health of them.
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7. Tables

Table 1. Plasma tT3 and tT4 levels and final body weight.

Control Hypothyroidism Hyperthyroidism
tT3 (ng/dL) 34,10 13,00* 92,0%**
tT4 (pg/dL) 2,400 0,400* 11,47*
TSH (uUI/mL) 0,011 0,017** 0,007*
Final body weight (g) 282,7+8,72 238,6+5,02** 241,244 51**

Values are expressed as means + SEM. *, ** and *** show a significant difference from the
Control group (P< 0.05 or P< 0.001 or P< 0.0001, n=5).

Table 2. Purine levels in serum of control, hypothyroid and hyperthyroid rats analyzed by
HPLC.

ATP ADP AMP Ado Ino Hyp  Xan Uric acid

Control 3,522 2,872 1,897 52,80 6,957 32,33 258,7 261,4
Hypothyroidism 3,016 2,168  3,305** 4931 21,13** 50,58 3022 2852

Hyperthyroidism 6,394**  5,346* 3,455**  43,86** 22,58** 51,49 373,0* 667,0%**

Results are expressed in nmol/mL of serum. * Represents statistical difference from control

group (Student’s t test, P<0.05).
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8. Figures
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9. Legends

Table 2. Purine levels in serum of control, hypothyroid and hyperthyroid rats analyzed by
HPLC. Results are expressed in nmol/mL of serum. Data are represented as mean values +
SEM. *Indicates a significant difference between the control group and the group with
hypothyroidism or hyperthyroidism. (P< 0.05; n=5).

Figure 1. Effects of hypothyroidism and hyperthyroidism on NTPDase, using ATP (A) and
ADP (B) as substrate and ecto-5"-nucleotidase using AMP (C) as substrate in platelets of rats.
Data are presented as means = SEM. *** Indicates a significant difference between the
control group and the group with hypothyroidism or hyperthyroidism. (P< 0.05; n=5).

Figure 2. Effects of hypothyroidism and hyperthyroidism on ADA and NPP activities in
platelets of rats. Data are presented as means £ SEM. *** Indicates a significant difference
between the control group and the group with hypothyroidism or hyperthyroidism. (P< 0.05;
n=10).

Figure 3. Levels of reactive oxygen species (ROS) in serum of MMI-induced hypothyroidism
and T4-induced hyperthyroidism. Data are expressed as means + SEM. * Indicates a
significant difference between the control group and the group with hypothyroidism or
hyperthyroidism. (P< 0.05, n=5).

Figure 4. Pearson’s correlation analysis between Ado concentration and ADA activity (A)
(P< 0.05) or between Ado concentration and ROS levels (B) (P< 0.05), or between ROS

levels and ADA activity (C). (P< 0.05); (n=4).
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4.3. CAPITULO Il

Manuscrito 2: Em revisao na revista “Platelets”

Post-thyroidectomy hypothyroidism increases expression and activity of
ectonucleotidases in platelets: possible involvement of reactive oxygen

species

Apos trabalho realizado com animais, este estudo buscou avaliar as possiveis
alteracGes no sistema purinérgico causadas pelo hipotireoidismo em pacientes. Devido ao fato
de os pacientes pos-tireoidectomia permanecerem por um determinado periodo sem receber
reposi¢cdo hormonal, esse grupo de pacientes foi escolhido para fazer parte da pesquisa.

Observou-se que a atividade e a expressao das enzimas purinérgicas apresentaram-se
alteradas, assim como o0s niveis de nucleotideos e nucleosideos de adenina. Os pacientes
apresentaram também um elevado quadro de estresse oxidativo, demonstrado pela producao
aumentada de ERO, TBARS e proteina carbonil, além de diminuicdo da atividade da GST.
Assim, o estresse oxidativo foi correlacionado com a hidrolise alterada de nucleotideos e
nucleosideos e pode ser responsavel pelo aumento da atividade da ADA, levando a
desaminacdo rapida da adenosina. Concentracdes sistémicas desse nucleosideo diminuida
estdo associadas ao desenvolvimento de complicacgdes vasculares.

Com esses resultados espera-se contribuir para a compreensdo do hipotireoidismo pos-
tireoidectomia e o papel do sistema purinérgico e do estresse oxidativo nessa doenca. Estudos
adicionais sdo necessarios para se chegar a conclusdes definitivas, mas nossos achados
suportam a hipotese de que o estresse oxidativo apresentado por pacientes tem uma relacao
causal com mudancas na expressdo e atividade das ectonucleotidases. A sinalizacao
purinérgica esta amplamente relacionada com o controle vasomotor do organismo, sendo que
alteracOes nesse sistema podem levar a distdrbios no sistema cardiovascular. Por isso a
compreensdo das alteracbes metabolicas que ocorrem é extremamente importante para

prevenir episodios que possam agravar a saude dos pacientes.
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LIST OF ABBREVIATIONS

ADA - adenosine deaminase

ADP - adenosine diphosphate

AMP - adenosine monophosphate

ANOVA - analysis of variance

ATP - adenosine triphosphate

Hyp — Hypoxanthine

Ino - Inosine

MDA - malondialdehyde

NTPDase - nucleoside triphosphate diphosphohydrolase
PRP - platelet-rich plasma

ROS - Reactive oxygen species

TBARS - thiobarbituric acid reactive substances
TSH - thyroid-stimulating hormone

T3 — triiodothyronine

T4 — thyroxine

Xan — Xanthine
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Abstract

Signaling mediated by purines is a widespread mechanism of cell-cell communication
related to vasomotor responses and the control of platelet function in the vascular system.
However, little is known about the involvement of this signaling as well as the role of reactive
oxygen species in the development of hypothyroidism. Therefore, the present study
investigates changes in the purinergic system, including enzyme activities and expression in
platelets, and oxidative profiles in patients with post-thyroidectomy hypothyroidism. The
nucleoside triphosphate diphosphohydrolase 1 (NTPDase/CD39) expression in patients
increased by 40%, and the adenosine triphosphate (ATP) or adenosine diphosphate (ADP)
hydrolyzing activity increased by 82% and 70%, respectively. The activities of ecto-5"-
nucleotidase and adenosine deaminase (ADA) also significantly enhanced (39% and 52%
respectively), which correlates with a 45% decrease in adenosine concentration. Furthermore,
these patients demonstrated an increased production of reactive oxygen species (42%),
thiobarbituric acid reactive substances (115%), carbonyl protein (30%) and a decreased
Glutathione S-transferase activity (20%). This study demonstrates that hypothyroidism
interferes with adenine nucleoside and nucleotide hydrolysis and this is correlated with
oxidative stress, which might be responsible for the increase in ADA activity. This increase
causes rapid adenosine deamination, which can generate a decrease in their concentration in
the systemic circulation, which can be associated with the development of vascular

complications.

Keywords: hypothyroidism, platelets, ectonucleotidases, adenosine deaminase, oxidative

stress.
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1. Introduction

Thyroid cancer is the most common malignant neoplasia of the endocrine system and
occurs in all age groups. According to the World Health Organization, thyroid primary
carcinomas are the most common form, accounting for about 98% of malignancies. The most
common treatment for thyroid cancer is thyroid removal via surgery, which leads to the
cessation of thyroid hormone production and consequently, to a state of hypothyroidism®.

Hypothyroidism leads to several symptoms, including peripheral hypertension,
increase in systemic vascular resistance, decrease in tissue perfusion and weight gain? 2.
Additionally, hypercholesterolemia and an increase in low-density lipoprotein (LDL) in
hypothyroid patients have been reported®. This possibly leads to a thrombotic condition,
which can modify the functional properties of various cell types, including endothelial cells
and platelets, thus causing an increase in the risk of developing atherothrombosis®®. It is
interesting to point out that there are controversial findings related to the relationship between
hypothyroidism or hyperthyroidism and the development of prothrombotic state”®, however,
the role of platelets in both bleeding or thrombus formation is crucial.

Platelets play important roles in the hemostatic process, and their activation results in
the release of the contents stored in the alpha granules and dense granules present in
cytoplasm. The dense granules contain calcium ions, serotonin, and ATP and ADP required
for platelet aggregation®. Intercellular signaling mediated by purine nucleotides, such as ATP,
ADP, AMP and adenosine nucleoside, is a generalized route of cell-cell communication.
Currently, this signaling constitutes an important subject of study, due to its role in
modulating several biological processes, including inflammation and thrombus formation°.

Besides releasing adenine nucleotides, platelets express a multienzymatic complex on

their surface, which acts on extracellular nucleotides and nucleoside hydrolysis. This complex
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includes the ectoenzymes NTPDase 1 (nucleoside triphosphate phosphohydrolase), ecto-5'-
nucleotidase and adenosine deaminase (ADA). NTPDases hydrolyze ATP to ADP and ADP
to AMP, which is subsequently hydrolyzed to adenosine by ecto-5"-nucleotidase?. After
interacting with specific receptors, adenosine is irreversibly deaminated by ADA, resulting in
inosine formation®. The association of these enzymes constitutes a highly organized cascade,
which plays an extremely important role in maintaining normal homeostasis and preventing
excessive platelet aggregation by regulating the concentration of extracellular adenine
nucleotides and nucleosides'®*3,

Furthermore, thyroid hormones are involved in the regulation of the basal metabolic
state and in oxidative metabolism**. Mitochondrial respiratory chain components can be
affected and trigger an increase in generation of reactive oxygen species (ROS). However,
although it have been shown that ROS levels are altered in hypothyroidism, few studies have
analyzed this parameter and its implications in serum of patients with post-thyroidectomy
hypothyroidism. The increase in ROS production can lead to oxidative damage in cellular
macromolecules such as proteins and lipids. Nevertheless, controversy still exists concerning
the concentration of thiobarbituric acid reactive substances (TBARS) and protein carbonyl
involved in oxidative stress in hypothyroidism®>!°, Moreover, ascorbic acid, total (T-SH) and
non-protein thiols (NPSH) and glutathione S-transferase (GST), which are antioxidant
defenses, need to be investigated in more detail in patients with post-thyroidectomy
hypothyroidism.

In recent years, several studies developed by our research group have shown the
importance of the ectoenzymes NTPDase, ecto-5"-nucleotidase and ADA in the
thromboregulation process under several pathological conditions, including hypothyroidism®’,
cancer!®, multiple sclerosis®, hypercholesterolemia® and diabetes?®. These studies have

demonstrated the involvement of the purinergic system in the pathophysiology of several
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disorders, including endocrine diseases, which reinforces the importance of evaluation of this
system in hypothyroidism patients.

Moreover, the removal of the thyroid in most patients triggers several physiological
changes and the treatment can be inadequate to prevent the occurrence of other disorders due
to the post thyroidectomy hypothyroidism. Considering the importance of purinergic
signaling in modulating platelet functions that are supposedly altered in this pathology and the
possible involvement of oxidative stress in this condition, this study is pioneering in
investigating the expression and activity of enzymes of the purinergic system, as well as
linking this system with oxidative stress parameters in post-thyroidectomy hypothyroidism

patients.

2. Experimental procedures

2.1  Study population

The study sample consisted of 45 patients with post-thyroidectomy hypothyroidism
and 45 healthy subjects as a control group. Blood was collected from patients about 45 days
after surgery. The number of patients was decided after information gathering about how
many patients are being treated annually at the Nuclear Medicine Service of Santa Maria,
which serves patients from various cities of the central region of the Rio Grande do Sul. The
sample of 45 was chosen because it was sufficient to guarantee statistically correct results.

The diagnosis of hypothyroidism was confirmed and the hormonal dosage and
reference values used were TSH > 4.8 ulU/mL, T4 < 4.5 pg/dL and T3 < 0.6 ng/mL. The
general characteristics of patients are shown in Table 1. All subjects gave written informed
consent to participate in this study and the Human Ethics Committee of the Health Science
Center of the Federal University of Santa Maria approved the protocol under number

02121712.2.0000.5346. The same procedure was carried out for the control group, which
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consisted of volunteers that work or study at the Federal University of Santa Maria. For some
analyzes, the number of samples used was lower, because it was considered representative of

the group.

2.2 Thyroid Profile

The thyroid profile was assessed by estimating the serum TSH, tT3, and tT4
concentration via a chemiluminescent immunometric assay using an IMMULITE 2000
immunoassay system (Siemens Healthcare Diagnostics, Los Angeles, USA). The clinical
reference ranges were 0.55-4.55 plU/mL for TSH, 0.6-1.81 ng/mL for T3, and 4.5-12.5

pg/dL for T4.

2.3 Chemicals

Adenosine, ATP, ADP, AMP, Trizma base, 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES), malachite green, trichloroacetic acid and Coomassie Brilliant
Blue G were obtained from Sigma Chemical Co (St. Louis, MO, USA), and bovine serum
albumin and dibasic anhydrous potassium phosphate (KoHPO4) were purchased from Reagen

(Colombo, PR, Brazil). Further chemicals used in the experiment were of the highest purity.

2.4 Platelet preparation

Platelet-Rich Plasma (PRP) was prepared by the method of Lunkes et al.?! with the
following minor modifications. Total blood was collected with 0.120 M sodium citrate as an
anticoagulant. The total blood-citrate system was centrifuged at 160 g for 15 min, after
which, the PRP was centrifuged at 1,400 g for 30 min and was washed twice with 3.5 mM
HEPES buffer, pH 7.0, containing 142 mM NacCl, 2.5 mM KCI and 5.5 mM glucose. The

platelet pellets were resuspended in HEPES buffer and used to determine enzymatic activities.
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2.5 NTPDase and ecto-5"-nucleotidase assays

The NTPDase enzymatic assay was carried out in a reaction medium containing 5 mM
CaCl,, 100 mM NaCl, 5 mM KCI, 6 mM glucose and 50 mM Tris-HCI buffer, pH 7.4, in a
final volume of 200 pL, as described by Lunkes et al.?l. Although the NTPDases require
millimolar concentrations of Ca?*, ecto-5- nucleotidase depends on Mg?* for AMP
hydrolysis, thus, the reaction medium for ecto-5"- nucleotidase was as previously described,
except that 5 mM CaCl, was replaced by 10 mM MgCl,. Twenty microliters of the enzyme
preparation (8—12 pg protein) was added to the reaction mixture and pre-incubation proceeded
for 10 min at 37°C. The reaction was initiated by the addition of ATP or ADP at a final
concentration of 1.0 mM or AMP at a final concentration of 2.0 mM. The incubation was
carried out in ELISA plates for 60 min. Both enzyme assays were stopped by the addition of
150 uL 15% TCA. Released inorganic phosphate (Pi) was assayed by the method of Chan et
al. 22 using malachite green as the colorimetric reagent and KH,PO4 as a standard. However,
some modifications were performed: after stopping the reaction, 30 pL of the preparation was
transferred to a new plate and malachite green was added. Controls were carried out to correct
for non-enzymatic hydrolyses of nucleotides by adding the enzyme preparation after TCA
addition. All samples were run in triplicate. Enzyme specific activities are reported as nmol Pi

released/min/mg of protein.

2.6 Adenosine deaminase assay

The activity of ADA from platelets was determined according to Guisti and Galanti®,
based on the Bertholet reaction, which involves the formation of a complex from ammonia
that is released from adenosine and quantified spectrophotometrically. Briefly, 50 uL of
platelets reacted with 21 mmol/L of adenosine, pH 6.5, for 60 min at 37°C. This method is

based on the direct production of ammonia when ADA acts in excess of adenosine. The
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protein content used for the platelet experiment was adjusted between 0.7 and 0.9 mg/mL.
The results were expressed as U/mg protein. One unit (1U) of ADA is defined as the amount
of enzyme required to release 1 mmol of ammonia per minute from adenosine under standard

assay conditions.

2.7 Protein determination

Protein content was measured by the Coomassie Blue method according to Bradford?*,
using bovine serum albumin as the standard. This assay is based on the binding of the dye
Coomassie Blue G-250 to protein, and this binding is quantified by measuring the absorbance

maximum of the solution at 595 nm.

2.8 NTPDase and ecto-5"-nucleotidase expression

The expression of NTPDase (CD39) and ecto-5"-nucleotidase (CD73) in cell
populations was analyzed using flow cytometric analysis. Whole blood (100 pL) with EDTA
was incubated with 2 mL lysis solution for 15 min in the dark. Then the blood was
centrifuged at 120 g for 5 minutes, and cells were incubated with 10 pL of anti-CD39, anti-
CD73 and anti-CD61 (platelets) for 25 min in the dark at room temperature. The cells were
then recentrifuged at 120 g for 5 min, the supernatant was discarded and 1 mL PBS
supplemented with 0.1% azide and 1% FBS was added to the pellet. This washing process
was repeated twice, and ultimately, cells were resuspended in 1 mL of PBS and were
analyzed with medium speed on the flow cytometer BD Accuri C6, equipped with a blue and
red laser, two light scatter detectors, and four fluorescence detectors with optical filters
optimized for the detection of FITC, PE, PerCP, and APC. A negative sample was also
analyzed using cells not labeled with antibodies. Data were analyzed using FlowJo V10

software (Ashland, OR).
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2.9 Analysis of purine concentration in serum by high-performance liquid chromatography
(HPLC)

The denaturation of sample proteins was performed using 0.6 mol/L perchloric acid.
All samples of serum were then centrifuged (14,000 g for 10 min) and the supernatants were
neutralized with 4.0 N KOH and clarified by a second centrifugation (14,000 g for 15 min).
Aliquots of 50 puL were analyzed on a reversed-phase HPLC system using a 25-cm C18
Shimadzu column (Shimadzu, Chiyoda-ku, Tokyo, Japan) at 260 nm with a mobile phase
containing 60 mM KH2PO4, 5.0 mM tetrabutylammonium chloride, pH 6.0, in 30% methanol
according to a method previously described by Voelter et al.?>. The peaks of purines (ATP,
ADP, AMP, adenosine, inosine, hypoxanthine, and uric acid) were identified by their
retention times and were quantified by comparison with standards. The results are expressed

as the amount of the different compounds/mL serum.

2.10. Lipid peroxidation

Thiobarbituric acid reactive substances (TBARS) were measured according to Olas et
al. ® with some modifications. A 50 pL aliquot of platelets was incubated with an equal
volume of water, with the addition of 400 uL 15% (w/v) TCA in 0.25 M HCI and 400 pL
0.37% (wi/v) thiobarbituric acid (TBA) in 0.25 M HCI at 95°C for 15 min. Following cooling,
the absorbance at 535 nm was measured and the results were expressed as nmol MDA/mg

protein.

2.11. Protein carbonyl
The carbonylation of proteins in serum was determined by a modified Levine

method?’. The method is based on the quantification of protein carbonyl by reaction with 2,4-
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dinitrophenylhydrazine in acid medium, at 370 nm, using a molar extinction coefficient (21 x

10%/mol per cm). The results are expressed as nmol protein carbonyl/mg protein.

2.12. Intracellular reactive species (RS) production

The dichlorofluorescein fluorescence assay was used to measure reactive species
production by cellular components. A 50 pL aliquot of serum was added to a medium
containing Tris—HCI buffer (0.01 mM, pH 7.4) and dichlorofluorescein diacetate (7 mM).
After the addition of dichlorofluorescein diacetate, the medium was incubated in the dark for
1 h until the fluorescence measurement (excitation at 488 nm and emission at 525 nm, with
both slit widths at 1.5 nm). The oxidized dichlorofluorescein was determined using a standard

curve of oxidized dichlorofluorescein and the results were expressed as nM DCFOxide/mL2,

2.13. Measurement of ascorbic acid

Ascorbic acid concentration were determined by the method described by Abdalla et
al.?®. In this technique, 100pL of serum is mixed with 2,4-dinitrophenylhydrazine (DNPH),
incubated for two hours, and after, sulfuric acid was added, such that forms an orange red

compound measured at 520 nm and expressed in mg vit C/mL serum.

2.14. Glutathione S-transferase assay

The activity of GST was measured in the serum using a procedure described by Habig
et al.** that involved 1 cloro 2,4 dinitrobenzeno (CDNB) as a substrate. The assay mixture
contained 1 mM CDNB (in ethanol), 10 mM GSH, 20 mM potassium phosphate buffer (pH
6.5), and 20 uL of the serum. The enzyme activity was calculated from the changes in
absorbance at 340 nm using a molar extinction coefficient of 9.6 mM/cm. The activity was

expressed as umol GS-DNB min/mg protein.
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2.15. Determination of total thiols (T-SH) and non-protein thiols (NPSH) in platelets

The T-SH groups were assayed in platelets by the method of Boyne and Ellman3! with
some modifications. This method consists of the reduction of 5,5’-dithiobis(2-nitrobenzoic
acid) (DTNB) at pH 7.0, measured at 412 nm. The results were expressed as mmol T-SH/mL
of platelets. The amount of NPSH was also assayed in platelets by the method of Ellman with
some modifications. Aliquots (100 mL) of platelets were added to 750 mL 1 mol/L a
phosphate buffer, pH 7.4 and the reaction was read at 412 nm after the addition of 10 mM

DTNB (50 mL). Results were expressed as mmol NPSH/mL of platelet.

2.16. Statistical analysis

Data were analyzed statistically using the Student’s t-test for independent samples.
Pearson's correlation was performed between NTPDase, ecto-5’-nucleotidase, adenosine
deaminase, TBARS, carbonyl protein and ROS, P < 0.05 was considered to represent a

significant difference in all analyses used. All data were expressed as the mean + SEM.

3. Results
3.1. Thyroid Profile

Serum TSH, tT3 and tT4 concentration were measured on the day of blood collection
to confirm hypothyroidism in the experimental group. As expected, TSH concentration were
elevated (106.5 plU/mL), where as those of tT3 and tT4 were lower (0.32 ng/mL and 1.50
po/dL respectively) than reference values for healthy adults described in the Methods’
section.
3.2. Activity and expression of NTPDase and ecto-5"-nucleotidase

The activity of NTPDase using ATP or ADP as substrate was significantly higher

(82% and 70%, respectively) in the group of patients with hypothyroidism than in the control
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group (Figure 1A and 1B, P<0.001). Similarly, ecto-5"-nucleotidase activity also was
significantly increased (39%) in patients with hypothyroidism (Figure 1C, P < 0.001).

As a second step, it was investigated whether the increase in NTPDase and ecto-5"-
nucleotidase activities observed in patients with hypothyroidism is due to a change in
expression patterns of these enzymes. To assess this question, the frequency of platelets
expressing NTPDase (CD39) and ecto-5"-nucleotidase (CD73) was determined by flow
cytometry. Initially, gates were set to select the platelet population in 3D plot of CD61 FITC
(platelet-specific antibody), forward (FSC) and side (SSC) light scatter (Figure 2A). “After
that, we observed an increase in the percentage of CD39+ platelets in patients with
hypothyroidism compared with control subjects (P<0.05; Figure 2B and C). However, there
was no difference in the percentage of CD73" platelets (Figure 2B and C).
Similarly, the mean expression of NTPDase, estimated by mean fluorescence intensity (MFI),
was increased in platelets of patients with hypothyroidism compared with control subjects
(P<0.05) and there was no difference in the ecto-5’- nucleotidase expression (Figure 2B and

D).

3.3 Adenosine deaminase activity

Since adenosine exerts significant anti-aggregation effects, the enzymatic activity
responsible for purine degradation was also investigated. The activity of ADA (Figure 3) was
higher (52%) in patients with hypothyroidism than in individuals in the control group (P <
0.001), suggesting that adenosine is rapidly degraded in the blood of patients with

hypothyroidism.



117

3.4 Analysis of purine concentration in serum by HPLC

To confirm the impact of enzymes on nucleotide and nucleoside levels, the
concentration of ATP, ADP, AMP, adenosine, Inosine (Ino), Hypoxanthine (Hyo), Xanthine
(Xan), Uric acid were measured in serum from control individuals and patients with
hypothyroidism, using HPLC. Table 2 shows that no differences were observed in the
concentration of ATP, ADP and AMP, but adenosine levels were 45% lower in the serum of
hypothyroid patients than in the serum of control subjects (P < 0.05). No differences were
observed in the concentration of inosine and hypoxanthine. The uric acid decreased (60%) in

hypothyroid patients compared with the control group (Table 2).

3.5 Oxidative profile

Since adenosine modulates the levels of ROS®**%®, which in turn, participates in
platelet activation and subsequent thrombus formation®*, it was assessed whether serum from
post-thyroidectomy patients showed changes in ROS production. The concentration of ROS
were higher in the serum from patients with hypothyroidism compared with those in the
control group (42%, P < 0.001) (Figure 4).

Disorders that affect the oxidant/antioxidant balance and that result in an increased
production of ROS, can lead to the oxidative damage of cellular structures and biomolecules.
Thus, as a second step, we investigated whether the high levels of ROS might reflect higher
protein and lipid damage in patients with hypothyroidism. To assess this question, we
performed TBARS and protein carbonyl detection assays. As expected, TBARS in platelets
and proteic carbonylation in serum were higher by 125% and 30% respectively, than in
control subjects (P < 0.001), demonstrating higher levels of lipid and protein damage (Figure

5).
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To maintain a balance and counteract the effects of ROS, the body has an antioxidant
system, extremely important because it directly suppress ROS levels and provide maximum
protection for biological targets®. In this context, ascorbic acid concentration, which are an
important component of the non-enzymatic antioxidant defense system increased in the serum
from patients with post-thyroidectomy hypothyroidism by 40% (P < 0.01). Nevertheless,
another antioxidant defense mechanism involving Glutathione S-transferase activity
decreased by 20% (P < 0.05) in the serum from patients with hypothyroidism patients (Figure
6).

Additionally, total (T-SH) and non-protein thiols (NPSH) are part of the antioxidant
system, since they oxidize and deactivate compounds with available sulfhydryl (-SH)
groups®. The T-SH and NPSH levels increased (19% and 7%, respectively, P < 0.001) in
patients with post-thyroidectomy hypothyroidism in comparison to those of control subjects

(Figure 7).

3.6 Pearson’s correlation

In view of high ROS concentration in post-thyroidectomy patients and the increased
lipid and protein damage as well as the increased NTPDase, ecto-5"-nucleotidase and
adenosine deaminase activities in the same patients, we considered it essential to investigate
the correlation between reactive species production and the other parameters. The results
showed a positive correlation between ROS concentration and the activities of NTPDase
using ATP (Figure 8A, P < 0.01) or ADP as substrate (Figure 8B, P < 0.05), ecto-5"-
nucleotidase (Figure 8C, P < 0.01) or adenosine deaminase (Figure 8D, P < 0,001),
highlighting the novelty of this study in revealing the involvement of reactive species in the
modulation of purinergic enzymes. In addition, the same positive correlation was observed

between ROS levels and the parameters of oxidative damage, i.e., the level of TBARS (Figure
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8E, P < 0.05) and protein carbonyl (Figure 8F, P < 0.01), reinforcing the link between ROS

production and cell injury.

4. Discussion

Because thyroid cancer affects endocrine glands, when a thyroidectomy is required for
treatment, the patient will suffer from hypothyroidism and the lack of thyroid hormones can
cause damage to the body. Furthermore, recent studies have demonstrated the relationship
between thyroid hormones and diseases involved with the purinergic system®”*8, However, in
this study, we have shown, specifically, the effects of post-thyroidectomy hypothyroidism on
the purinergic system, including the activity and expression of ectoenzymes in platelets of
patients, and purine concentration, as well as on the redox profile, including ROS generation,
and protein injury in serum, besides lipid injury and non-enzymatic antioxidant levels, in
platelets of patients. Importantly, we have shown that an increase in ROS production
displayed a positive correlation with ectonucleotidase activities in post-thyroidectomy
hypothyroidism.

Adenine nucleotides and nucleosides are widely involved in thromboregulation, as
well as in the regulation of the vascular response to endothelial damage, by exerting a variety
of effects on platelets®®. The nucleotide concentration are regulated by purinergic system
enzymes and the role of these enzymes in thrombus formation has been widely studied. Since
hypothyroidism can result in thrombotic conditions, it is crucial to assess the activity of
NTPDase, ecto-5"-nucleotidase and adenosine deaminase in platelets from patients post-
thyroidectomy.

Our results show an increase in all purinergic system enzyme activities in hypothyroid
patients (Figure 1 and 2). Notably, the expression of NTPDase (CD39) was higher in

hypothyroidism patients, indicating that the impact of thyroid removal can also cause
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important changes at molecular level, especially regarding ATP and ADP hydrolysis, leading
to a major breakdown of these two nucleotides. Consistent with this reasoning, an increase in
ATP and ADP hydrolysis can be viewed as a protector effect, since ADP is responsible for
many of the abnormal processes, including platelet aggregation.

Regarding AMP hydrolysis, while the ecto-5"-nucleotidase activity was increased in
patients, the expression levels of this enzyme did not reveal any alteration in the platelets of
patients compared to those in control subjects, indicating non-significant changes in the
expression of this enzyme compared to prominent changes in NTPDases. Taken together,
increasing enzyme activities and expression might trigger a reduction in nucleotide
concentration. However, no changes in the ATP, ADP and AMP levels were observed in
hypothyroid patients compared to healthy subjects. Nonetheless, adenosine concentration
were lower in hypothyroid patients. Since the concentration of this nucleoside is regulated by
the action of the enzyme ADA, it is expected that the low adenosine concentration might be
due to a higher ADA enzyme activity, as confirmed in our study. The ADA enzyme is
responsible for the deamination of adenosine to inosine and its activity has been shown to
increase in several types of cancer and other diseases'®*.

Concerning the concentration of other nucleosides from the purinergic cascade, only
uric acid showed significant differences and was lower in patients. These results need to be
analyzed in more detail, to understand their importance in the pathophysiology of
hypothyroidism.

An important point related to nucleotide release is that besides its release into the
extracellular environment via the blood and vascular cells, such as erythrocytes, platelets and
endothelium*, this liberation can also occur in response to cellular injury in cases of
increased ROS production*?. Furthermore, previous studies have shown a negative correlation

between the activity of ADA and antioxidant enzymes* and a positive correlation between
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ADA activity and MDA levels in plasma**. Thus, to help understand the apparent discrepancy
between enzyme activities and nucleotide concentration in the studied patients, the oxidant
status of these patients needed to be verified.

In this study, lipid peroxidation levels assessed by the TBARS assay increased, which
might be associated with an increase in ADA activity, as already demonstrated in a previous
study**. This study also showed an increase in protein carbonylation, which together with
TBARS levels, is indicative of cell damage. “In addition, we analyzed the activity of GST,
one of the best-studied detoxifying enzymes in different organisms. This enzyme belongs to a
family of multifunctional enzymes that catalyze the conjugation of glutathione to several
other molecules. GSTs have two active sites per dimer. Each active site consists of at least
two binding regions, one very specific for GSH, and another binding site with less specificity
for the electrophiles®. The decrease observed in GST activity in some individuals could be
attributed to the decrease in GSH levels*.

However, our results showed no decrease in NPSH levels, which suggests that the
GST is being negatively modulated in order to maintain high levels of GSH, that can be used
by other reactions in the body, in the neutralization of hydroxyl radicals, especially in the
presence of oxidative stress*®. Therefore, a higher generation of reactive oxygen radicals and
imbalance in the antioxidant defense system could also cause a decrease in GST activity.
These results, together with the increase in lipid peroxidation and carbonyl protein and the
increase in ascorbic acid, indicate the presence of oxidative stress in patients with
hypothyroidism, which agrees with the findings of other authors*’8, We observed a positive
correlation between ADA and ROS production (Figure 8), which confirmed the relationship
between ADA and oxidative stress conditions.

Furthermore, our experimental findings suggest that hypothyroidism as a result of

oxidative disruption (caused by higher ROS generation) might activate antioxidant defense



122

systems, involving T-HS, NPSH and ascorbic acid. Indeed, these non-enzymatic antioxidant
defenses were higher in hypothyroid patients than in healthy subjects. These are important
defense processes in organisms, because they contribute to the protection of normal cell
structures and functions. The SH groups are involved in maintaining redox homeostasis,
quenching free radicals and participating in detoxification reactions*®. Moreover, the
increased concentraion of ascorbic acid observed in patients during this study might represent
an attempt by the organism to neutralize the damage caused by the increased production of
ROS and the pro-oxidant state, since this vitamin can directly combat ROS, nitric oxide and
hypochlorous acid production, which are directly involved in stress processes™.

Moreover, it should be highlighted that nucleotides can also be released in response to
cellular damage from oxidative injury and thus, the remarkable degree of oxidative stress in
patients might be due to the increased release of nucleotides by the body, which also caused
an increase in ectonucleotidase activity, demonstrated by the positive correlation between
ROS production and enzyme activities, which was confirmed by our results (Figure 8). Thus,
we can conclude that enzymatic activity is modulated to offset the pathological release of
nucleotides and to maintain homeostasis.

In conclusion, our findings contribute to the understanding of post-thyroidectomy
hypothyroidism and the role of the purinergic system and oxidative stress in this disorder. We
elucidate here a potential mechanism by which purinergic system enzymes are altered in this
disease. Although additional studies are required to reach definite conclusions, our findings
clearly support the hypothesis that oxidative stress presented by hypothyroid patients, and
particularly high ROS production, has a causal relationship with changes in ectonucleotidase
expression and activity levels. The modulation of purinergic enzymes appears to be one
pathway that prevents the undesirable effects of high nucleotide concentration, mainly of

ADP. Furthermore, the results presented in this study might help to understand the metabolic
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changes that occurs in patients after thyroidectomy, and prevent episodes that might pose

risks to the health of the patients.
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LEGENDS

Table 1. General characteristics of hypothyroid patients and healthy subjects.

Table 2. Purine levels in serum of healthy subjects and post-thyroidectomy hypothyroidism
patients analyzed by HPLC. Results are expressed in nmol/mL of serum (n = 5). Data are
represented as mean values + SEM (P< 0.05). *Indicates a significant difference between the
control and patients with hypothyroidism.

Figure 1. NTPDase activity using ATP (A) or ADP (B) as substrate and ecto-5'-nucleotidase
using AMP (C) as substrate in platelets of healthy subjects and patients with post-
thyroidectomy hypothyroidism. Data are expressed as means + SEM (P< 0.001; n=45).
***|ndicates a significant difference between the control and patients with hypothyroidism.
Figure 2. NTPDase 1 (CD39) and ecto-5"-nucleotidase (CD73) expression by flow cytometry
in platelets of healthy subjects and patients with post-thyroidectomy hypothyroidism. A)
Representative 3D-dot-plot for CD61 FITC (platelet-specific antibody), forward (FSC) and
side (SSC) light scatter. Gates were set to select the platelet population. B) Representative
flow cytometry histograms show staining with CD39 APC and CD73 PE antibodies in
platelets of healthy subjects and patients. Data are expressed as mean percentages + SEM (C)
or mean expression levels + SEM (D) of these ectonucleotidases estimated by mean
fluorescence intensity (MFI) for each sample (P< 0.05; n=20). *Indicates a significant
difference between the control and patients with hypothyroidism.

Figure 3. ADA activity in platelets of healthy subjects and patients with post-thyroidectomy
hypothyroidism. Data are expressed as means + SEM (P< 0.001; n=45). ***Indicates a
significant difference between the control and patients with hypothyroidism.

Figure 4. Levels of reactive oxygen species (ROS) in serum of healthy subjects and patients

with post-thyroidectomy hypothyroidism. Data are expressed as means + SEM (P< 0.001;
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n=45). ***Indicates a significant difference between the control and patients with
hypothyroidism.

Figure 5. Levels of thiobarbituric acid reactive substances (TBARS) in platelets and proteic
carbonylation in serum of healthy subjects and patients with post-thyroidectomy
hypothyroidism. Data are expressed as means + SEM (P< 0.001; n=35). ***Indicates a
significant difference between the control and patients with hypothyroidism.

Figure 6. Ascorbic acid levels and GST activity in serum of healthy subjects and patients
with post-thyroidectomy hypothyroidism. Data are expressed as means + SEM (P< 0.01;
n=40) and (P< 0.05; n=35) respectively. ** And *indicates a significant difference between
the control and patients with hypothyroidism.

Figure 7. T-SH and NPSH levels in platelets of healthy subjects and patients with post-
thyroidectomy hypothyroidism. Data are expressed as means + SEM (P< 0.001; n=35).
***Indicates a significant difference between the control and patients with hypothyroidism.
Figure 8. Pearson’s correlation analysis between ROS levels and NTPDase activity for ATP
(A) (P<0.01) or ADP (B) (P< 0.05) hydrolysis, ecto-5’-nucleotidase (C) (P< 0.01) and ADA
(D) activities (P< 0.001), or between ROS levels and TBARS levels (E) (P< 0.05) and protein

carbonylation (F) (P< 0.01) (n=12).
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TABLES

Table 1. General characteristics of hypothyroid patients and healthy subjects

Control Hypothyroid patients
Women 35 38
Men 10 7
Age of women 23-71 20-77
(median range) 46.05 47.02
Age of men 28-70 28-76
(median range) 54.74 57.84
Hypertension 10 10
Papillary carcinoma - 42
Follicular carcinoma - 3

Table 2: Purine concentrations in serum of healthy subjects and hypothyroid patients
analyzed by HPLC.

ATP ADP AMP  Ado Ino Hyp Xan Uric acid

Controls 4.087 5.053 6.466 4092 2231 4208 37.20 2251

Patients 5.759  7.874 7.998 22.47* 20.23 33.00 2577  91.98*

Results are expressed in nmol/mL of serum. * Represents statistical difference from control
group (Student’s t test, P<0.05).



131

FIGURES

ATP

uiejosdBwjuiwid jowu

ADP

101

uRjo.dBw/ujw/id |[owu

AMP

urejoidBuwi/uiwd jowu

Figure 1



132

A B D39 cD73
] 0] Negative sample
) —_ == Control
%7 % “J = = Patient
59 E 0]
[
2 5
& < =
Bl 8| o 8
104“—3_’"“ & & e e e
0 s iodos Toobon Tobes TR s &
FScC 0 T T & CD39 APC CD73 PE
C 8 [ Controls [ Patients D -~ @50, [ Controls @ Patients
70 = 6ood
® T S = 5504
B 90 @2 500 *
2 * 0o
- 2= a7
z 9 | | =
s o L v
I S 100
= 4 ] =
2 § S 504
0 = 0
CcD39" cD73" CD39 CcD73
Figure 2
ADA
5_
ek
4_
k=
7]
o 31
£
=
g 2
S
1_
c L}
o
<_\‘_‘o
°

Figure 3



133

ROS

dedede

wnJias quf 94Qg jowu

Figure 4

Carbonyl protein

TBARS

uajoud jo Buwjowu

de ek

T T
=+ o~ <

eulajoad Bwpyqu jowu

Figure 5

GST

r
(=1 =] w =+ o~ (=]
-

uiejoad Bwjuw gnNa-so

Ascorbic Acid

winias J/jow

Figure 6



134

¥ s
* \Oz
Y
<&
I
7]
T
- 8
()
éoo
[v]
r T T T T
w =+ «© o™ - =]
uigjosd BwyHs-] jowrl
p s
H ¢,
%o
[+ 4
I
7]
o
=
%
_,‘\n_
[v]
I L L T T
w == L] o~ — (=]

 © o ©o o o

s3o193e]d JO TW/HSJN [owr

Figure 7

RS
o<
nn
- O
° [ ]
.
-
.
w ®
L ]
1 1 1
w (=] w
(dav) esead.iN
(2]
S
=
oo
THR L
- O

251

o
o~

(dLv) @sead.iN

w
-

03 0.4 05
ROS

0.2

0.5

0.4

0.3
ROS

0,83
=0,0009

r=
p

0.5

0.3 0.4

ROS

T
0.2

151
104
5

vav

0,73
=0,007

r=i
P

’I

L ]

0.3 0.4

ROS

0.2

) © < ~

9SEPIOANN-,§

o

(=]
S
2o
0.0
n
- a e ®
L
L ]
L
L]
L ]
oo
L ]
1 T T
0 S 0
- - o
JAuoqies ujold
w
5o
oo
n o
-
L ]
o
[ ]
L ]
L ]
L ]
L
e ®
-
L ]
I T T T T T
w 9 w o © o ©
wn wn = =t (4] «
Syval

ROS

ROS

Figure 8



135

5. DISCUSSAO

Os hormonios tireoidianos sdo essenciais para o funcionamento normal do organismo,
com envolvimento no processo de neurotransmissdo, modulando o transporte de adenosina e
seus receptores e com agdo importante no desenvolvimento cerebral (CARAGEORGIOU, et
al., 2007). Além disso, varios estudos ja relacionaram os distdrbios da tireoide com estresse
oxidativo e alteracGes na hemostasia sanguinea, levando a eventos trombéticos ou tendéncias
a sangramento, podendo o hipotireoidismo ser considerado fator de risco para doencas
cardiovasculares (STUIJVER, et al., 2012; ICHIKI, 2015; BALDISSARELLI, et al., 2016).

Sabe-se que ATP e acetilcolina (ACh) sdo importantes moléculas de sinalizacéo
extracelular que atuam no SNC (BURNSTOCK, 2004) e fazem parte do sistema colinérgico e
purinérgico respectivamente. Além disso, é conhecido que as enzimas do sistema purinérgico
possuem um importante papel na neurotransmissdo, neuromodulacéo, regulacdo da formacéo
de trombos e nas respostas inflamatorias, sendo que alteragGes nas suas atividades ja foram
descritas em varias condi¢cOes patoldgicas (SCHMATZ, et al., 2009; ZANINI, et al., 2012;
MARTINS, et al., 2016). Sendo assim, um dos objetivos deste trabalho foi avaliar se a
sinalizacdo mediada por esses neurotransmissores sofre alteracBes e esta envolvida nas
manifestacbes causadas pelo hipotireoidismo. Além disso, avaliar se o tratamento com a
quercetina é capaz de reverter as alteragdes causadas pelo disturbio, e se esse flavonoide
possui assim, potencial terapéutico para auxiliar no tratamento e recuperacdo dos pacientes
com hipotireoidismo.

Os resultados obtidos neste trabalho demonstraram que o hipotireoidismo causou uma
diminuicdo na atividade da enzima AChE em sinaptossomas de cortex cerebral de ratos
apenas no terceiro més de tratamento, resultados semelhantes a outros encontrados na
literatura (CARAGEORGIOU, et al., 2007). E possivel sugerir que ap6s um més de
tratamento o déficit hormonal ainda foi pequeno e o dano causado ndo foi suficiente para
alterar a atividade da enzima, 0 que aconteceu no terceiro meés.

Nesse contexto, estudos demonstraram uma diminuicdo significativa no contetdo de
ACh no hipocampo (WANG, et al., 2014) de ratos com hipotireoidismo. 1sso nos permite
inferir que em animais com hipotireoidismo os niveis de ACh podem de fato estar diminuidos
no SNC devido a uma diminuicdo na sintese do neurotransmissor, 0 que nos leva acreditar
que a diminuicdo na atividade da AChE apds a administracdo de MMI possa estar relacionada

com a necessidade de homeostase e manuten¢do do estado funcional neuronal. Assim, a
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atividade reduzida de AChE pode ser um mecanismo compensatorio para aumentar 0s niveis
de ACh e restaurar a funcdo cerebral no hipotireoidismo.

Neste trabalho o tratamento com quercetina manteve a atividade da AChE diminuida,
causando uma reducédo na hidrdlise da ACh e, consequentemente, um aumento dos niveis de
ACh na sinapse. Essa pode ser uma das formas pelas quais a quercetina atua na modulacéo do
SNC, causando aumento da transmissdo sindptica, 0 que estd relacionado a aprendizagem,
memoria, e controle dos movimentos (KIEHN, 2006). Testes in vitro confirmaram estes
resultados, sendo a inibicdo enzimatica da AChE proporcional a dose de quercetina testada.
Sendo assim, sugerimos que a quercetina, um composto natural com propriedades inibidoras
da AChE, poderia ser utilizada como um adjuvante no tratamento de muitas doencas
neuroldgicas, melhorando as disfunc@es cognitivas caracteristicas dessas.

Além disso, os resultados mostraram que a atividade da enzima NTPDase atuando na
hidrélise de ATP e ADP em sinaptossoma de cortex cerebral ndo foi alterada em animais com
hipotireoidismo, corroborando com os achados de BRUNO et al, (2009). Esse resultado se
manteve no terceiro més de tratamento, 0 que nos mostra que esta enzima néo sofre alteracéo
em sua atividade mesmo com a permanéncia da doenca por tempo maior. Por outro lado, a
hidrolise de AMP pela E-5-NT apresentou aumento no grupo de animais com
hipotireoidismo no primeiro e terceiro meses, podendo resultar em aumento dos niveis de
adenosina desde os estagios iniciais da doenca. Esse resultado é de grande relevancia, pois a
adenosina tem papel fundamental na regulacdo da neuromodulacéo e na liberacdo de varios
neurotransmissores (CUNHA, 2005). Por esse motivo avaliamos também a atividade da
ADA, e surpreendentemente ndo houve diferenca em animais com hipotireoidismo tanto no
primeiro quanto no terceiro més do tratamento. Assim, mesmo com a manutencdo do
tratamento, a atividade enzimatica ndo foi alterada, e podemos sugerir que possivelmente os
niveis do nucleosideo estejam aumentados no cértex dos animais com hipotireoidismo devido
a maior hidrolise do AMP.

Os animais com hipotireoidismo tratados com quercetina apresentaram uma
diminuicdo na atividade tanto da NTPDase quanto da E-5'-NT, o que causa uma reducdo da
hidrolise de ATP, ADP e AMP. Da mesma forma a atividade da ADA também diminuiu e
isso poderia contribuir para niveis moderadamente aumentados de adenosina. Como esse
nucleosideo atua como uma molécula neuroprotetora esse pode ser um dos mecanismos pelos
quais a quercetina exerce os seus efeitos benéficos no SNC (DAJAS, 2012; DONG, et al.,

2014). Mais uma vez, os testes confirmaram os resultados encontrados e mostraram que a
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quercetina inibiu as atividades da NTPDase e E-5'-NT. Contudo, mais estudos sdo necessarios
para que se possa esclarecer qual o mecanismo envolvido nessa acentuada inibicdo.

Da mesma forma que causam alteracfes na sinalizacdo purinérgica no SNC, os
horménios tireoidianos estdo amplamente envolvidos em alteracGes vasculares e seus niveis
alterados podem ser considerados fator de risco para diversas patologias. Levando em conta
que eventos que alteram a hemostasia sanguinea sdo muito dependentes da acdo das
plaquetas, o segundo trabalho desta tese pretendeu avaliar alguns pardmetros do sistema
purinérgico e estresse oxidativo, que podem estar envolvidos nos processos de agregacdo
plaquetéria e regulacdo da homeostase em ratos com hipotireoidismo e hipertireoidismo.
Mostramos os efeitos destes distdrbios sobre as atividades da NTPDase, E-5-NT, ADA e
NPP nas plaguetas e sobre os niveis de purinas bem como na geracdo de ERO no soro desses
animais.

Os resultados encontrados mostraram uma diminuigdo nas atividades da NTPDase e
E-5'-NT em animais com hipertireoidismo, o que poderia implicar um aumento nos niveis de
nucleotideos. Ao realizar a analise dos niveis desses por cromatografia liquida de alta
eficiéncia (CLAE), confirmou-se que os niveis de ATP, ADP e AMP estavam aumentados no
hipertireoidismo. Ja os animais com hipotireoidismo apresentaram diminui¢do apenas na
atividade da E-5'-NT. Os resultados da CLAE demonstraram também que os niveis de ATP e
ADP permaneceram inalterados, enquanto o AMP aumentou. Uma vez que a atividade de
NTPDase ndo apresenta alteracdo neste grupo de animais, a maior quantidade de AMP pode
ser explicada devido a baixa atividade da E-5'-NT e a elevada atividade da NPP.

A atividade da NPP aumentou tanto no grupo hipotireoidismo, quanto no grupo
hipertireoidismo, indicando aumento da hidrdlise de ATP e formacdo de mais AMP, uma
molécula protetora e que permaneceria disponivel para hidrolise em adenosina (BAGATINI,
et al., 2011; BATTISTI, et al., 2013). Contudo, os niveis de adenosina foram menores no
grupo de animais com hipertireoidismo, o que pode ser atribuido a atividade reduzida de E-5'-
NT e a atividade aumentada da ADA. Sendo assim, essa maior atividade da ADA pode
explicar a baixa adenosina e altas concentracbes de inosina encontradas em ratos com
hipertireoidismo. Esse aumento pode ser muito desfavoravel, pois a adenosina €, dessa forma,
mais desaminada e o organismo fica mais suscetivel a danos e agravos, devido a falta desse
nucleosideo.

Além disso, a presenca de estresse oxidativo em disturbios da tireoide também vem

sendo estudada e neste trabalho nos observamos uma correlacéo positiva entre a producéo de
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ADA e de ERO e entre o0s niveis de ERO e os niveis de Ado. Esses achados podem indicar
que o0 aumento da producao de espécies reativas de oxigénio poderia ser um dos responsaveis
pelos niveis de adenosina diminuida no hipertireoidismo. Estudos também ja demostraram
que o nivel de ERO aumenta durante a ativacdo plaquetaria fisiologica porque as plaquetas
sdo capazes de gera-las.

Com base nesses estudos podemos sugerir que a deterioragdo oxidativa da membrana
plaquetaria causada pelas ERO encontrada em nosso estudo pode contribuir para as alteragdes
na atividade das enzimas NTPDase, E-5-NT e NPP, uma vez que estas ectoenzimas estao
presentes na membrana plaquetdria e podem sofrer modificagbes em sua estrutura e
consequentemente mudancas em suas atividades. O dano celular causado pelas ERO pode
causar também uma liberacdo aumentada de nucleotideos e assim, pode-se sugerir que, além
da baixa degradacdo por enzimas, os niveis de nucleotideos aumentam em ratos com
hipertireoidismo devido a liberagdo aumentada pelas plaquetas. Sendo assim, as alteragdes
nas enzimas purinérgicas e nos niveis de purina poderiam ser uma via que leva a efeitos
indesejaveis nestas doencas.

O cancer de tireoide é outro distarbio da glandula, o qual necessita de atencdo devido
aos efeitos causados durante o tratamento. E 0 mais comum do sistema enddcrino e muitas
vezes uma tireoidectomia € a terapia de escolha. Nesses casos, especialmente quando
tireoidectomia total € realizada o paciente ird apresentar um quadro de hipotireoidismo,
devido a auséncia de producdo dos hormonios. O terceiro trabalho desta tese objetivou entdo
analisar os efeitos do hipotireoidismo pos-tireoidectomia sobre o sistema purinérgico, bem
como sobre o perfil redox em plaquetas ou no soro de pacientes.

Nossos resultados mostraram um aumento em todas as atividades das enzimas do
sistema purinérgico em pacientes com hipotireoidismo. Além disso, a expressdao de NTPDase
(CD39) foi maior nos pacientes, indicando que o impacto da remocédo da tireoide também
pode causar mudancas importantes a nivel molecular, especialmente no que se refere a
hidrolise de ATP e ADP, levando a uma maior degradacdo desses dois nucleotideos.
Seguindo esta linha de raciocinio, um aumento na hidrolise de ATP e ADP pode ser visto
como um efeito protetor, uma vez que ADP é responsavel por muitos dos processos anormais,
incluindo a agregacéo plaquetaria.

Ao contréario do verificado nos animais com hipotireoidismo, a hidrdlise do AMP pela
E-5'-NT também foi aumentada, porém os niveis de expressdo dessa enzima nao se alteraram
nas plaquetas dos pacientes, indicando que apesar de apresentar atividade aumentada, 0s

efeitos da falta de horménios tireoidianos ndo foram suficientes para causar alteracdo a nivel
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molecular nessa enzima. Esse aumento diferente do que ocorre em modelo animal pode ser
explicado pelas diferentes causas da doencga, ja que nos animais o hipotireoidismo foi
induzido através da ingestdo de MMI e ndo por tireoidectomia. A administracdo de MMI
provoca inibicdo das reacdes de oxidacdo catalisadas pela tireoperoxidase, responsavel pela
iodacdo dos grupos tirosil da tireoglobulina e pela formacdo das iodotirosinas (RANG et al.,
2012), porém as alteracOes ocasionadas no organismo podem ndo ser exatamente as mesmas e
ocorrer a0 mesmo tempo que as causadas pela remocdo cirurgica da glandula. Essas
diferencas podem ser observadas, inclusive no peso final dos animais que foi menor no grupo
hipotireoidismo do que os controles, 0 que ndo € esperado nos pacientes. Isso pode ser
explicado devido ao fato de os animais estarem absorvendo menos nutrientes, necessarios
para a sintese proteica e devido a pequena hepatotoxicidade apresentada pelo MMI.

A concentracdo de adenosina, verificada através de CLAE mostrou-se menor nos
pacientes com hipotireoidismo e, sendo que a ADA ¢ responsavel pela desaminagdo da
adenosina a inosina, espera-se que a baixa concentracdo de adenosina possa ser resultado de
uma elevada atividade enzimatica da mesma. Essa enzima tem sido encontrada aumentada em
varios tipos de cancer e outras doencas (MALDONADO, et al., 2010; ZANINI, et al., 2012),
e, neste trabalho também foi possivel observar esse aumento. Como a concentracdo de inosina
ndo foi alterada mais estudos sdo necessarios para entendermos 0s mecanismos envolvidos
nessas alteragoes.

Um ponto importante relacionado com a difusdo de nucleotideos é que, além de sua
liberacdo para o ambiente extracelular atraves de células vasculares, como eritrdcitos,
plaquetas e endotélio, essa liberacdo também pode ocorrer em resposta a lesdo celular em
casos de aumento da producdo de ERO (LAVIERI, et al., 2014). Assim, para
compreendermos 0s resultados relativos as atividades enzimaticas e a concentracdo de
nucleotideos nos pacientes estudados, o estado oxidativo desses foi avaliado. Os resultados
mostraram um aumento na peroxidacao lipidica, o que poderia estar associado a um aumento
da atividade da ADA. Em adigdo a este resultado, também foi observado um aumento na
carbonilacdo de proteinas, o que juntamente com os niveis de TBARS aumentados, €
indicativo de danos celulares.

Além disso, nossos achados experimentais sugerem que o hipotireoidismo pode ativar
sistemas de defesa antioxidante, tais como T-SH, NPSH e é&cido ascOrbico, os quais
apresentaram niveis mais elevados em pacientes com hipotireoidismo, além da atividade da

GST, uma das enzimas desintoxicantes mais bem estudadas do organismo. Estes sao
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importantes processos de defesa, porque contribuem para a prote¢do das estruturas e funcgdes
celulares normais (HALLIWELL, 2006; ALFADDA E SALLAM, 2012).

Os grupos SH estdo envolvidos na manutencdo da homeostase redox, na extingéo de
radicais livres e na participacdo em reacOes de desintoxicacdo (VALKO, et al., 2007). A
diminuicdo na atividade da GST observada nos nossos resultados indica que a enzima esta
sendo modulada negativamente na tentativa de manter os niveis de GSH elevados, para que
possam entdo serem utilizados por outras reacdes no organismo. Além disso, a concentracéo
aumentada de acido ascérbico pode representar uma tentativa do organismo de neutralizar os
danos causados pelo aumento da producdo de ERO e o estado pro-oxidante, uma vez que essa
vitamina pode combater diretamente a producdo de ERO, éxido nitrico e acido hipocloroso,
que estdo diretamente envolvidos em processos de estresse (FINAUD, et al., 2006). Sendo
assim, esses resultados, juntamente com o aumento da geracdo de ERO, indicam a presenca
de estresse oxidativo em pacientes com hipotireoidismo, o que concorda com o0s achados de
outros autores (MORRIS, et al., 2001; NANDA, et al., 2008).

Além disso, € importante ressaltar que assim como 0s nucleotideos podem ser
liberados em resposta ao dano celular causado por leséo oxidativa, o grau notavel de estresse
oxidativo em pacientes pode, também, ser devido a liberacdo aumentada de nucleotideos pelo
organismo, 0 que ainda causou um aumento nas ectonucleotidases, demonstrado pela
correlacdo positiva entre a produgdo de ERO e as atividades enzimaticas. Observamos
também uma correlacdo positiva entre a producdo de ADA e ERO, que confirmou a relacao
entre ADA e condigdes de estresse oxidativo. Assim, podemos concluir que a atividade
enzimatica é modulada para compensar a liberagdo patoldgica de nucleotideos e para manter a
homeostase do organismo.
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6. CONCLUSOES

Os resultados obtidos demonstraram alteracdes nas atividades da 5'-nucleotidase e AChE
em sinaptossomas cerebrais de ratos com hipotireoidismo, indicando que a
neurotransmissdo purinérgica e colinérgica estdo alteradas nessa condi¢do. Em
contrapartida, a quercetina atua como inibidora enziméatica em ambos o0s sistemas, e pode
ter um importante papel nessa condi¢do, podendo levar a um aumento nas concentracdes
de adenosina extracelular, possuindo de tal modo acdo neuroprotetora. Assim, ela pode ser
apontada como um composto polifendlico promissor na terapia coadjuvante para pacientes
com hipotireoidismo.

As atividades das enzimas NTPDase e E-5-NT diminuiram em animais com
hipertireoidismo enquanto que o0s animais com hipotireoidismo mostraram diferenca
apenas na atividade da E-5'-NT. Além disso a atividade da NPP foi elevada em ambos 0s
grupos, indicando aumento da hidrélise de ATP e formacdo de mais AMP. A atividade da
ADA também aumentou nos animais com hipertireoidismo, o que pode ser muito
desfavoravel, pois mais adenosina é desaminada e 0 organismo torna-se mais suscetivel a
lesdo, devido a falta deste nucleosideo. Assim, as alteracGes observadas nas enzimas
purinérgicas podem ser um caminho que leva a efeitos indesejaveis nestas doencas.

A reduzida atividade das ectonucleotidases pode explicar 0 aumento nos niveis de
nucleotideos, sendo que ATP, ADP e AMP apresentaram-se elevados no grupo
hipertireoidismo e apenas 0 AMP apresentou aumento no hipotireoidismo. Além disso, 0s
niveis de adenosina foram menores no grupo de animais com hipertireoidismo. Essa menor
concentracgdo é explicada devido a sua menor formacdo pela E-5'-NT e maior desaminacao
pela ADA, gerando mais inosina.

Nossos resultados contribuem para a compreensdo das mudancas que ocorrem no
hipotireoidismo e hipertireoidismo relacionados ao sistema purinérgico e estresse
oxidativo. Sugerimos que o estresse oxidativo apresentado por ratos com hipotireoidismo e
hipertireoidismo, particularmente a alta producdo de ROS, esta relacionado com alteragdes
na atividade das ectonucleotidases e nos niveis de nucleotideos e nucleosideos.

Concluimos também que houve um aumento nas atividades enzimaticas do sistema
purinérgico em pacientes com hipotireoidismo pos-tireoidectomia, além de aumento na
expressdo da NTPDase (CD39) indicando que o impacto da remocéo da tireoide também
pode causar mudancas importantes a nivel molecular, especialmente no que se refere a

hidrolise de ATP e ADP, o que pode ser visto como efeito protetor, uma vez que o ADP é
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responsavel por muitos dos processos anormais do sistema vascular, incluindo a agregacéao
plaquetéria. Os niveis de expressdo da E-5'-NT ndo revelaram alteracdo nas plaquetas dos
pacientes. A modulacdo de enzimas purinergicas parece ser uma via que evita os efeitos
indesejaveis da concentracdo elevada de nucleotideos. Assim, os resultados apresentados
nesse estudo podem ajudar a entender as alteragbes metabdlicas que ocorrem apés
tireoidectomia e prevenir episddios que possam representar riscos para a saude dos
pacientes.

e Nio foram observadas alteragbes nos niveis de ATP, ADP e AMP. E possivel que a
manutencdo de niveis normais desses nucleotideos, mesmo com elevada liberacdo pelo
organismo seja devida a acdo compensatoria das ectoenzimas que atuam rapidamente na
sua hidrolise. Contudo, a concentragdo de adenosina foi menor nos pacientes com
hipotireoidismo. Uma vez que a sua concentragdo é regulada pela acdo da enzima ADA,
espera-se que a baixa concentracdo de adenosina possa ser devida a uma atividade
enzimatica de ADA mais elevada, como confirmado no nosso estudo.

e Demonstramos um aumento nos niveis de peroxidagdo lipidica e na carbonilacdo de
proteinas, além da aumentada producdo de ERO, o0 que juntamente com aumento nos
niveis de &cido ascoérbico, T-SH e NPSH e uma diminuigdo na atividade da GST indica um
quadro de estresse oxidativo presente nos pacientes com hipotireoidismo. Além disso, nos
observamos uma correlacdo positiva entre as atividades das enzimas do sistema
purinérgico e a producdo de ROS. Nossos achados suportam a hipotese de que a presenca
de estresse oxidativo possui uma relacdo causal com mudancas na expressao e niveis de

atividade das ectonucleotidases.
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NUmero do Parecer: 30850 Data da Relatoria: 30/05/2012
Apresentacdo do Projeto:

O céncer de tireoide € o mais comum dos canceres do sistema enddcrino e ocorre em todas as faixas
etarias, atingindo na sua maioria mulheres acima de 35 anos. O tratamento mais comum é a remocao da
glandula por meio de cirurgia, seguida por terapia com iodo radioativo. O hipotireoidismo pode se desenvolver,
espontaneamente, semanas ou anos apos uma tireoidectomia. Os pacientes ndo sdo mais capazes de produzir
horménios tireoidianos e o horménio T4 (tiroxina) cai a niveis muito baixos levando o organismo a funcionar de
maneira mais lenta. Em adultos, o hipotireoidismo pode levar a uma significativa reducdo de seu desempenho
fisico e mental, além de poder causar elevacdo dos niveis de colesterol, que aumentam as chances de
problemas cardiacos.

Pelo fato de as enzimas que hidrolisam nucleotideos mediarem muitos aspectos da fungéo celular,
desde o controle dos eventos pro-agregatoérios até processos pro-inflamatérios e, em razéo da importéncia do
estresse oxidativo em associacdo a alteragfes clinicas, considera-se relevante a avaliagdo destes dois
aspectos das fungdes celulares em um grupo de pacientes com hipotireoidismo decorrente de tireoidectomia.
O objetivo deste trabalho é avaliar a hidrélise de nucleotideos e o perfil oxidativo, em amostras de sangue,
dos pacientes com hipotireoidismo pds tireoidectomia, atendidos no Servico de Medicina Nuclear de Santa
Maria.

Serdo feitas analises, em amostras de sangue, para a determinacdo da atividade enzimatica da
NTPDase, da 5'-nuclectidase e da adenosina desaminase, assim como, avaliacdo da expressdo enzimatica por
citometria de fluxo, além de verificacdo da acao antioxidante da enzima Glutationa S-Transferase, determinacao
dos niveis de espécies reativas ao acido tiobarbitarico (TBARS) e de outros marcadores de estresse oxidativo.
Pretende-se também, estabelecer correlagcdes entre o desenvolvimento da doenca e a exposicdo prévia a
fatores de risco. Os resultados serdo publicados em artigos cientificos e congressos relacionados ao assunto.

Objetivo da Pesquisa:

Objetivo Geral
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Avaliar a atividade e expressdo das enzimas que hidrolisam nucleotideos e o perfil oxidativo em pacientes com
cancer de tireoide e hipotireoidismo ap0os tireoidectomia.

Objetivos especificos

- Avaliar a atividade das enzimas NTPDase, 5-nuclectidase, E-NPP e ADA em pacientes com cancer de tireoide
e hipotireoidismo apés tireoidectomia e os efeitos do tratamento sobre a atividade destas enzimas.

- Avaliar a expressédo das enzimas NTPDase e 5'-nuclectidase através de técnica de PCR.

- Avaliar indicadores do perfil oxidante e antioxidante nos referidos pacientes e verificar os efeitos do tratamento
antineoplasico e de reposi¢cdo hormonal sobre esses indicadores.

Avaliacdo dos Riscos e Beneficios:

Os riscos do projeto sao os inerentes a uma coleta de sangue e no protocolo apresentado toma todas as
providencias para prevenir esses riscos. Os beneficios ndo serdo direto aos sujeitos de pesquisa

Comentérios e Consideragdes sobre a Pesquisa:
As adequacdes feitas na nova versdo parecem adequadas
Consideracdes sobre os Termos de apresentacédo obrigatoéria:
Os termos esté@o de acordo com as normas
Conclusdes ou Pendéncias e Lista de Inadequacdes:
Aprovar nova versdo
Situacao do Parecer:
Aprovado
Necessita Apreciacdo da CONEP:
N&o

SANTA MARIA, 02 de Junho de 2012

Assinado por:

Félix Alexandre Antunes Soar
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UNIVERSIDADE FEDERAL DE SANTA MARIA
PRO-REITORIA DE POS-GRADUAGAO E PESQUISA
COMISSAO DE ETICA NO USO DE ANIMAIS-UFSM

CARTA DE APROVACAO

A Comissao de Etica no Uso de Animais-UFSM, analisou o protocolo de pesquisa:

Titulo do Projeto: “Efeito da quercetina na hidrélise de nucleotideos e nucleosideos de

adenina em plaquetas e sinaptossoma cerebral e no perfil oxidativo de ratos com
hipotireoidismo”.

Numero do Parecer: 083/2012

Pesquisador Responsavel: Prof. Dr. Maria Rosa Chitolina Schetinger

Este projeto foi APROVADO em seus aspectos éticos e metodologicos. Toda e qualquer
alteragéo do Projeto, assim cormo os eventos adversos graves, deverdo ser comunicados
imediatamente a este Comité.

OBS: Anualmente deve-se enviar & CEUA relatério parcial ou final deste projeto.

Os membros da CEUA-UFSM nio participaram do processo de avaliagao dos projetos
onde constam como pesquisadores.

DATA DA REUNIAO DE APROVAGAO: 19/09/2013.

Santa Maria, 19 de setembro de 2013.
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