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RESUMO

Introducéo: A hipertenséo arterial pulmonar (HAP) € uma doenca caracterizada
por disfuncdo endotelial progressiva e remodelamento vascular, levando ao
aumento da resisténcia vascular pulmonar e a insuficiéncia do ventriculo direito
(VD). Diversos elementos contribuem para a sua fisiopatologia, como o
desequilibrio entre vasodilatadores e vasoconstritores, maior ativacao simpatica
e, como um dos elementos centrais, 0 estabelecimento do quadro de estresse
oxidativo. Nesse contexto, o uso de antioxidantes naturais pode auxiliar a
restaurar a homeostase redox e proteger os tecidos diretamente afetados na
patologia, pulmdes e VD. Assim, o mirtilo (blueberry - BB), um dos alimentos com
maior capacidade antioxidante e tendo apresentado beneficios em outras
condic¢des patoldgicas, surge como uma alternativa de intervencao na HAP.
Objetivos: Esse trabalho teve como finalidade avaliar os efeitos do extrato de
mirtilo sobre os pulmbes e VD em um modelo in vivo de HAP induzida por
monocrotalina, verificando sua atuacéo sobre parametros morfo-funcionais, bem
como sua modulagdo do estado redox. Além disso, para avaliar o papel do
extrato sobre possiveis vias envolvidas nas alteragdes do equilibrio redox e na
morte/sobrevivéncia de cardiomiécitos do VD, o desenvolvimento de um modelo
in vitro de lesdo de cardiomidcitos induzida por noradrenalina também foi alvo
desse estudo.

Material e Métodos: Ratos Wistar machos (200 + 20 gramas, n = 72) foram
divididos em oito grupos: Grupo Controle (CTR); Grupo Controle BB 50 mg/kg/dia
(CTR BB50); Grupo Controle BB 100 mg/kg/dia (CTR BB100); Grupo Controle
BB 200 mg/kg/dia (CTR BB200); Grupo Monocrotalina (MCT); Grupo
Monocrotalina BB 50 mg/kg/dia (MCT BB50); Grupo Monocrotalina BB 100
mg/kg/dia (MCT BB100) e Grupo Monocrotalina BB 200 mg/kg/dia (MCT BB200).
A HAP foi induzida por dose Unica de monocrotalina (60 mg / kg, intraperitoneal).
Os animais receberam extrato de mirtilo oralmente, por gavagem, nas doses de
50, 100 e 200 mg/kg/dia. O tratamento com extrato de mirtilo durou 5 semanas
(2 semanas anterior a inducéao por MCT e 3 semanas pos-inducao). Ao 35° dia
do protocolo experimental, os animais foram submetidos as analises
morfométricas, ecocardiograficas e hemodinamicas. Em seguida, os animais
sofreram eutanasia, com coleta dos pulmdes e coracdo para posteriores

avaliacdes bioquimicas do equilibrio redox. Cardiomidcitos (cé€lulas H9c2) foram



cultivados em quatro condi¢gdes: meio de cultura com auséncia de noradrenalina
(NE) e extrato de mirtilo (BBE): grupo Controle; meio na presenca de 50 pg/ml
de extrato de mirtilo: grupo BBE; meio na presenca de 100 uM de noradrenalina:
grupo NE; e meio na presenca de 50 yg/ml de extrato de mirtilo e 100 uM de
noradrenalina: grupo BBE+NE. Foram avaliadas a viabilidade celular, a ativagéo
de caspases, 0 nivel de estresse oxidativo e a expressao proteica de enzimas
antioxidantes e proteinas sinalizadoras de vias redox e de morte/sobrevivéncia.
Resultados: O tratamento com extrato de mirtilo levou & melhora de parametros
funcionais afetados pela HAP: aumentou a razao E/A pelo fluxo da tricispide, a
razao AT/ET pelo fluxo da artéria pulmonar, o TAPSE e o débito cardiaco do VD,
ao passo que reduziu os diametros finais diastolico e sistdlico do VD. A
intervengcdo com o extrato também promoveu melhoras hemodinamicas,
evidenciadas pela atenuacao dos valores das pressoées sistolica do VD e média
da artéria pulmonar, bem como reduziu a derivada pressao/tempo de
contratilidade do VD. Essas alteracdes benéficas do extrato parecem ter sido
consequéncia da retomada do equilibrio redox. No tecido pulmonar, o tratamento
diminuiu a producdo de espécies reativas de oxigénio (EROs), reduziu a
atividade de NADPH oxidases e a expressao da enzima xantina oxidase, reduziu
o dano oxidativo a lipidios, levou ao aumento da atividade das enzimas
superoxido dismutase (SOD) e glutationa peroxidase (GPx) e elevou o contetdo
de sulfidrilas. Além disso, o extrato retomou a expressao do fator 2 relacionado
ao fator nuclear eritréide 2 (Nrf2) e diminuiu a razao da expressao proteica dos
receptores de endotelina ETA/ETs. A intervencdo com o mirtilo diminui a
hipertrofia do VD, avaliada pelos indices de massa do VD/massa corporal, massa
do VD/massa do ventriculo esquerdo e massa do VD/comprimento da tibia. De
forma semelhante a descrita para o tecido pulmonar, o extrato de mirtilo gerou
retomada do equilibrio redox no VD, ao ocasionar diminuicdo da atividade de
NADPH oxidases, reducdo da lipoperoxidacdo e estimular maior atividade da
enzima catalase. Os efeitos do extrato de mirtilo, quando avaliados sobre
cardiomidcitos cultivados na presenca de noradrenalina, incluem aumento da
viabilidade celular e diminuicdo da atividade e expressédo de caspases. Esses
resultados foram associados a prevencdo do quadro de estresse oxidativo
induzido por noradrenalina, uma vez que verificamos diminuicdo da producéo de

EROs, da expressao da isoforma Nox2 das NADPH oxidases e do marcador de



oxidagdo de &cidos graxos 4-hidroxinonenal (4-HNE). Também observamos
aumento das expressdoes das enzimas SOD, GPx e catalase quando do
tratamento com o extrato. Em relacédo as vias de sinalizacdo, a noradrenalina
levou ao aumento da expressao da proteina quinase B (Akt), Forkhead box O3a
(FoxO3a) e da proteina quinase alfa ativada por AMP (AMPKa), bem como a
diminuicao da expressao proteica do transdutor de sinal e ativador da transcricao
3 (STATS3). O extrato atenuou 0 aumento da expressao de Akt, aumentou ainda
mais a expressdo FoxO3a e restaurou a expressdo de STAT3. Além disso,
extrato aumentou a expressao das proteinas mTOR e p70S6.

Conclusao: O presente estudo demonstrou que o tratamento com o extrato de
mirtilo na HAP promove beneficios morfométricos, funcionais e hemodinamicos
cardiopulmonares. Particularmente, esses efeitos estdo relacionados com a
melhora do estado redox no tecido pulmonar e VD. O extrato de mirtilo ocasiona
alteracdes positivas no equilibrio redox através de sua atuacao sobre diferentes
vias de sinalizacéo, que envolvem também a regulacdo de mecanismos de morte
e sobrevivéncia celular de cardiomiocitos. Assim, o extrato de mirtilo surge como

uma possivel intervencédo dietoterapica no tratamento da HAP.



ABSTRACT

Introduction: Pulmonary arterial hypertension (PAH) is a disease characterized
by progressive endothelial dysfunction and vascular remodeling, leading to
increased pulmonary vascular resistance and right ventricular (RV) insufficiency.
Several elements contribute to its pathophysiology, such as the imbalance
between vasodilators and vasoconstrictors, higher sympathetic activation and, as
one of its central elements, the establishment of oxidative stress. In this context,
the use of natural antioxidants can help restore redox homeostasis and protect
the tissues directly affected by the pathology, lungs and RV. Thus, blueberry
(BB), one of the foods with higher antioxidant capacity and having shown benefits
in other pathological conditions, appears as an alternative intervention in PAH.
Objectives: The aim of this study was to evaluate the role of blueberry extract
on the lungs and RV in an in vivo model of monocrotaline-induced PAH, verifying
its effects on morphofunctional parameters, as well as its modulation of the redox
state. Furthermore, we aimed to evaluate the role of the extract on possible
pathways involved in redox balance changes and cardiomyocytes death/survival
in the RV. For that, the development of an in vitro model of norepinephrine-
induced cardiomyocyte injury was also subject of this study.

Material and Methods: Male Wistar rats (200 + 20 grams, n = 72) were divided
into eight groups: Control Group (CTR); Control Group BB 50 mg/kg/day (CTR
BB50); Control Group BB 100 mg/kg/day (CTR BB100); Control Group BB 200
mg/kg/day (CTR BB200); Monocrotaline Group (MCT); Monocrotaline BB Group
50 mg/kg/day (MCT BB50); Monocrotaline BB Group 100 mg/kg/day (MCT
BB100) and Monocrotaline BB Group 200 mg/kg/day (MCT BB200). PAH was
induced by a single dose of monocrotaline (60 mg/kg, intraperitoneal). The
animals received blueberry extract orally by gavage at the doses of 50, 100 and
200 mg/kg/day. Blueberry treatment lasted 5 weeks (2 weeks prior to MCT
induction and 3 weeks post-induction). On the 35th day of the experimental
protocol, the animals were submitted to morphometric, echocardiographic and
hemodynamic analyses. Then, the animals were euthanized, with lung and heart
harvesting for further biochemical redox balance assessments. Cardiomyocytes
(H9c2 cells) were incubated under four conditions: culture medium in the absence
of norepinephrine (NE) and blueberry extract (BBE): Control group; culture

medium in the presence of 50 ug/ml blueberry extract: BBE group; culture



medium in the presence of 100 yM noradrenaline: NE group; and culture medium
in the presence of 50 ug/ml blueberry extract and 100 uM norepinephrine: BBE
+ NE group. Cell viability, caspases activation, oxidative stress level and protein
expression of antioxidant enzymes and redox and death/survival signaling
proteins were evaluated.

Results: Treatment with blueberry extract improved functional parameters
affected by PAH: increased E/A ratio for tricuspid flow, AT/ET ratio for pulmonary
artery flow, RV TAPSE, and RV cardiac output, while reduced the final diastolic
and systolic diameters of the RV. Intervention with the extract also promoted
hemodynamic improvements, evidenced by the attenuation of the RV systolic
pressure and mean pulmonary artery pressure, as well as reduced the RV
positive pressure/time derivative. These beneficial alterations of the extract seem
to have been a consequence of the redox balance recovery. In lung tissue,
treatment decreased the production of reactive oxygen species (ROS), reduced
NADPH oxidase activity and xanthine oxidase expression, reduced oxidative
damage to lipids, led to increased superoxide dismutase (SOD) and glutathione
peroxidase (GPx) activities and increased sulfhydryl content. In addition, the
extract increased nuclear factor erythroid 2-related factor 2 (Nrf2) expression and
decreased the protein expression ratio of ETA/ETs endothelin receptors.
Blueberry intervention decreased RV hypertrophy, as assessed by RV
mass/body mass, RV mass/left ventricle mass and RV mass / tibial length indices.
Like that described for lung tissue, blueberry extract induced redox balance
recovery in the RV, causing decreased NADPH oxidase activity, reduced
lipoperoxidation and stimulated catalase enzyme activity. The effects of blueberry
extract when evaluated on cardiomyocytes cultured in the presence of
norepinephrine include increased cell viability and decreased activity and
expression of caspases. These results were associated with the prevention of
norepinephrine-induced oxidative stress, since we observed a decrease in ROS
production, NADPH oxidase isoform Nox2 expression and 4-hydroxynonenal
fatty acid oxidation marker. We also observed increased expression of SOD, GPx
and catalase enzymes when cells were treated with the extract. Regarding
signaling pathways, norepinephrine led to increased expression of Protein kinase
B (Akt), Forkhead box O3a (FoxO3a) and AMP-activated protein kinase alpha

(AMPKa), as well as decreased protein expression of the Signal transducer and



activator of transcription 3 (STAT3). The extract attenuated the increase in Akt
expression, further increased FoxO3a expression and restored STAT3
expression. In addition, blueberry extract increased expression of Mammalian
target of rapamycin (mTOR) and p70S6 proteins.

Conclusion: The present study demonstrated that treatment with blueberry
extract in PAH promotes cardiopulmonary morphometric, functional and
hemodynamic benefits. Particularly, these effects are related to the improvement
of redox state in lung tissue and RV. Blueberry extract causes positive changes
in redox balance through its action on different signaling pathways, which also
involve the regulation of cell death and survival mechanisms of cardiomyocytes.
Thus, blueberry extract appears as a possible dietary intervention in the treatment
of PAH.
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1. INTRODUCAO
1.1 Mirtilo
1.1.1 Papel da berries na saude

As doencas cardiovasculares (DCVs) séo a principal causa de morte no
mundo, representando, aproximadamente, um terco de todas as mortes
globalmente (World Health Organization, 2018). Entre os riscos modificaveis e
os fatores preventivos no desenvolvimento e prevencao das DCV, o papel da
dieta é crucial (MOZAFFARIAN et al.,, 2016). Ter como hébito uma dieta
diversificada e equilibrada, com o consumo regular de frutas, vegetais, peixes e
alimentos integrais, juntamente com uma restricdo de sodio, gorduras saturadas
e carboidratos refinados, sdo reconhecidos como fatores essenciais na
prevencao primaria e secundaria de DCVs, de acordo com Associagdo Cardiaca
Americana, o Colégio Americano de Cardiologia e a Sociedade Europeia de
Cardiologia (PERK et al., 2012; ECKEL et al., 2014). Dentro desse quadro,
diversos estudos tém sistematicamente associado o consumo de frutas e
vegetais a reducdo do risco de doencas crbnicas, como as DCVs (BOEING et
al., 2012; VOLPE et al., 2019).

O consumo de pequenas frutas silvestres, denominadas berries, e sua
contribuicdo para a melhoria da saude cardiovascular é um assunto de
consideravel interesse. As berries mais comumente consumidas incluem
morangos, amora, framboesa, acai, groselha e mirtilo. Essas pequenas frutas
séo baixas em calorias e ricas em fibras, contendo antioxidantes naturais, como
vitaminas C e E, e micronutrientes, como &cido fdlico, calcio, selénio, alfa e beta
caroteno e luteina. Além disso, as berries apresentam elevada quantidade de
fitoquimicos, que incluem polifendis, juntamente com altas proporcdes de
flavonoides, em especial antocianinas, compostos associados com a prevencao
do desenvolvimento de DCVs (BASU et al., 2010).

De fato, diversos estudos epidemiolégicos e clinicos fornecem evidéncias
dos efeitos benéficos das berries sobre diferentes marcadores para DCVs, como
diminuicdo de lipidios no sangue, reducdo da pressao arterial sistémica, e
melhora da funcdo endotelial (RODRIGUEZ-MATEQOS et al.,, 2014). Nesse
sentido, destaca-se o0 estudo Kuopio - Kuopio Ischaemic Heart Disease Risk
Factor - o qual acompanhou a dieta de mais de 2000 individuos de forma

prospectiva, durante mais de uma década, e demonstrou a associagcao entre o
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maior consumo de berries e a diminuicdo da mortalidade causada por DCVs na
populacdo finlandesa (RISSANEN et al., 2003). Além disso, outro estudo
prospectivo, o lowa Women’s Health Study, demonstrou uma redugéo no risco
de mortalidade relacionada as DCVs, especialmente devido a doenca
coronariana, entre mulheres que consumiam maiores quantidades de berries
(MINK et al., 2007).

Em revisdo conduzida por Basu et al. (2010) sobre o impacto das berries
na saude cardiovascular, a grande maioria dos trabalhos indicam um papel dos
compostos fenodlicos, em especial das antocianinas presentes nas berries, na
diminuicao significativa do dano oxidativo e da inflamacdo em modelos celulares
e animais de DCV. A alta capacidade antioxidante desses compostos estaria
relacionada com os efeitos benéficos do consumo desses frutos, que envolvem
a diminuicao da oxidacgao de LDL (LIU et al., 2008), diminuicdo da expresséao de
marcadores pro-inflamatérios como o TNF-a (YOUDIM et al., 2002) e aumento
da sintese do importante vasodilatador éxido nitrico pela enzima eNOS (LAZZE
et al., 2006). Nesse sentido, dentre as frutas que compdem a classe das berries,
destaca-se o mirtilo (Vaccinium myrtillus), o qual exibe uma das maiores
capacidades antioxidantes entre frutas e vegetais, superando as demais berries
e outros alimentos funcionais (PERTUZATTIA et al., 2012).

1.1.2 Caracterizacao do fruto

O mirtilo é uma fruta pequena (5-9 mm de didametro), de cor preto-azulada,
com muitas sementes, cuja planta é nativa da Europa, porém também
encontrada na América do Norte e Asia. O crescimento da fruta é favorecido por
clima temperado, sombra moderada e solo moderadamente tmido (CHU et al.,
2011). Devido a essas condi¢des, o mirtilo tem ganhado espaco no cenario da
agricultura nacional, em especial no sul do pais, sendo o Rio Grande do Sul o
estado que mais se destaca na producéo da fruta (CANTUARIAS-AVILES et al.,
2014). O mirtilo é comercializado como frutas inteiras frescas, congeladas e
secas, bem como na forma de conservas, geléias e sucos e, cada vez mais,
concentrados liquidos ou em p6 sdo vendidos como suplementos alimentares

(CHU et al., 2011).



19

Figura 1: Imagem representativa do Vaccinium myrtillus (disponivel na web em:

<https://www.medicalnewstoday.com/articles/287710.php)

Em sua composicdo, o mirtilo contém uma variedade de compostos
fendlicos, incluindo flavonadis (quercetina, catequinas), taninos e acidos fendlicos,
com destaque para a presenca das antocianinas, as quais exercem a maior
contribuicdo para sua mistura fitoquimica (SEERAM et al., 2008). H& muito que
0s compostos fendlicos sdo reconhecidos por proporcionar beneficios a saude,
porém, sua reputacao tem sido evidenciada recentemente ap0s varios estudos
clinicos com diversificados perfis de doencas confirmarem sua eficacia. Como
exemplo, o estudo Prevencion con Dieta Mediterranea demonstrou que o risco
do desenvolvimento de DCVs foi reduzido em 46% em individuos com uma dieta
rica em polifendis (TRESSERRA-RIMBAU et al.,, 2014). Outros trabalhos
também mostraram a capacidade dos polifenéis em melhorar a funcéo endotelial
(VITA et al., 2005), inibir a agregacdo anormal de plaquetas (TANGNEY e
RASMUSSEN, 2013), e reduzir a inflamacdo e melhorar o perfil lipidico
plasmatico (ARRANZ et al., 2012), oferecendo assim protecdo a saude

cardiovascular em varios niveis.

1.1.3 Mirtilo e doencas cardiovasculares

Em relagcdo particularmente ao papel do mirtiilo como promovedor de
beneficios a saude cardiovascular, alguns estudos ja descreveram diferentes
efeitos desse fruto. Em um modelo in vitro em que cardiomiécitos foram
incubados na presenca noradrenalina, Louis et al. (2014) demonstraram que o
extrato de mirtilo foi capaz de prevenir a morte celular através da melhora do
estado redox. Além disso, em um modelo animal de lesdo cardiaca induzida por
ciclofosfamida, Liu et al. (2015) reportaram que o tratamento com extrato de
mirtilo rico em antocianinas nas doses de 20 e 80 mg/kg/dia levou a diminuicao

da pressao arterial média e da frequéncia cardiaca, ambas aumentadas nos
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animais que receberam ciclofosfamida. O mesmo extrato também melhorou a
disfuncéo diastdlica, a hipertrofia e a fibrose do ventriculo esquerdo, diminuindo
o infiltrado inflamatorio e a expressao de citocinas pro-inflamatorias no tecido
cardiaco. Em outro modelo in vivo, conforme Ahmet et al. (2009) animais que se
alimentaram durante 3 meses com uma dieta enriquecida com mirtilos sofreram
lesé@o isquémica cardiaca através do ligamento da artéria coronaria descendente
esquerda. Comparados aos animais que receberam a dieta padrdo, os
individuos que se alimentaram com mirtilo exibiram menor &area de infarto, com
menor presenc¢a de células inflamatoérias observadas na area peri-infartada e
diminuicdo da apoptose de cardiomidcitos. Também apresentaram atenuacao
das pioras funcionais do ventriculo esquerdo, demonstrando, por exemplo, maior
fracéo de ejecdo em comparagdo com os animais infartados que nao receberam
a dieta com mirtilos. Nesse mesmo sentido, Eladwy et al. (2018) trataram animais
que tiveram dano miocardico induzido por isoprenalina com um extrato das
folhas de mirtilo nas doses de 25, 50 e 100 mg/kg/dia durante quatro semanas.
Esses animais exibiram melhoras eletrocardiogréficas, com diminuicdo da
amplitude das ondas T e R, associadas a diminuicdo da fibrose e inflamacéao
cardiaca.

Ainda, em relacdo a trabalhos mais recentes, no estudo de Hu et al.
(2019), em modelo animal de disfuncdo miocardica induzida por constricdo
aortica transversa, camundongos tratados com extrato de mirtilo enriquecido
com antocianinas manifestaram menor hipertrofia, fibrose e disfuncéo ventricular
esquerda, resultados associados a melhora do perfil inflamatério e do estado
redox, com consequente reducao de apoptose de cardiomidcitos. O trabalho de
Curtis et al. (2019) o qual se caracteriza por ser um ensaio clinico controlado,
randomizado e duplo-cego, com acompanhamento de 6 meses, traz evidéncias
sélidas dos beneficios do consumo de mirtilos sobre a saude cardiovascular em
humanos. Nesse trabalho, individuos com sindrome metabdlica que consumiram
diariamente uma dose de 150g de mirtilos apresentaram melhora da funcao
endotelial e da rigidez arterial sistémica, resultados relacionados a melhora do

perfil lipidico plasmético e maior disponibilidade de 6xido nitrico.

1.1.4 Mirtilo como antioxidante

As espécies reativas de oxigénio e nitrogénio (EROs e ERNS,
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respectivamente) sdo compostos altamente reativos, tanto radicais e nao-
radicais, que podem interagir com varias moléculas biologicamente relevantes
(por exemplo, proteinas, lipidios e acidos nucleicos), comprometendo
potencialmente sua funcdo, alterando vias metabdlicas e levando ao
desequilibrio homeostatico (SILVA et al., 2018). No entanto, as células possuem
mecanismos que lhes permitem superar o desafio oxidativo, através de defesas
antioxidantes enzimaticas e ndo-enzimaticas (SIES, 2007). Em alguns casos,
devido a uma producéo excessiva ou uma eliminagdo deficiente de espécies
reativas, desequilibrios entre a quantidade de EROS/ERNs presentes e a
capacidade antioxidante celular de lidar com esse quadro levam ao o surgimento
do estresse oxidativo, situacao que esta associada ao desenvolvimento de varias
patologias, como doencas degenerativas, cancer, e DCVs (SILVA et al., 2018).
Um aumento no consumo de antioxidantes exdgenos capazes de interagir com
os radicais originando compostos estaveis e prevenindo a oxidacdo de
biomoléculas, pode ser uma maneira de lidar com o estresse oxidativo.

Nesse sentido, as vantagens do consumo do mirtilo & salude estédo
fortemente associadas a melhorias do equilibrio redox, principalmente através
do estimulo as defesas antioxidantes enzimaticas e ndo-enziméaticas, levando a
diminuicdo dos danos oxidativos celulares. Em modelo de dano hepatico
induzido por radiacdo, o extrato de mirtilo protegeu hepatécitos através do
aumento da atividade das enzimas superéxido dismutase (SOD), catalase e
aumento do contetudo de glutationas reduzidas, uma das principais defesas
antioxidantes nao-enzimaticas. Além disso, reduziu a atividade da enzima pré-
oxidante xantina oxidase (ALKHALF et al., 2018). Em outro estudo envolvendo
um modelo de lesdo hepética, o papel protetor do extrato de mirtilo foi
relacionado ao aumento da atividade de SOD, com consequente atenuacéo de
danos lipidicos em hepatécitos (LIU et al.,, 2019). Em animais diabéticos, o
extrato de mirtilo foi capaz de aumentar a atividade da enzima glutationa
peroxidase (GPx), bem como os niveis de glutationas reduzidas, com
consequente diminuicdo de danos oxidativos as retinas desses animais (SONG
et al., 2016).

Em relag&o as melhoras do estado redox em modelos de DCVs, conforme
reportado por Sun et al. (2019) o extrato de mirtilo protegeu cardiomiocitos contra

a apoptose através da diminuicdo das EROs em um modelo in vitro de dano
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induzido por doxorrubicina. O extrato de mirtilo foi capaz de aumentar as
atividades das enzimas antioxidantes SOD e catalase, promovendo a
sobrevivéncia de cardiomiocitos na presenca de altas concentracdes de
noradrenalina (LOUIS et al., 2014).

Ainda, em modelo de dano cardiaco induzido por ciclofosfamida, a
suplementacao de animais com extrato de mirtilo levou ao aumento da atividade
da SOD e dos niveis de glutationas reduzidas. Esses efeitos levaram a
diminuicdo do dano lipidico cardiaco, culminando na melhora da funcéo
ventricular esquerda (LIU et al., 2015). Em outro modelo in vivo de disfuncéo
cardiaca causada por exposi¢cao a material particulado, também foi verificada a
capacidade do extrato de mirtilo em elevar a atividade da SOD e atenuar o0s
aumentos nos niveis de malondialdeido, marcador de dano oxidativo a acidos
graxos. Esses resultados foram associados com diminuicdo da expressao de
citocinas pro-inflamatoérias e diminuicdo da expressdo de endotelina-1 e
angiotensina I, moléculas que apresentam niveis elevados em situacdo de
insuficiéncia cardiaca (WANG et al., 2017).

1.2 Hipertenséo Arterial Pulmonar
1.2.1 Definicéo e Diagnéstico

A hipertensdo pulmonar (HP) é uma comorbidade comum a muitas
doencas cardiacas e pulmonares, para as quais a condicdo do leito vascular
pulmonar frequentemente € a principal determinante das manifestacées clinicas,
do progndstico e da exequibilidade do tratamento. Em situacao fisioldgica, a
circulagdo pulmonar apresenta baixa resisténcia, sendo as pressoes sistolica e
diastdlica na faixa de 15 a 25 mmHg e 5 a 10 mmHg, respectivamente, em
individuos normais na posi¢do supina. A grande &rea agregada da circulagédo
pulmonar é responsavel por essa baixa resisténcia, que se reflete na escassez
da musculatura dos vasos de resisténcia pulmonares, no grande escape de
sangue da arvore arterial pulmonar durante cada sistole, na grande capacidade
e expansibilidade da arvore arterial pulmonar e no grande niamero de minusculos
vasos mantidos em reserva (Goldman Cecil Medicina, 2010).

A HP tem sido caracterizada em individuos que apresentam uma pressao
média na artéria pulmonar (PMAP) = 25 mmHg em repouso. O normal em

individuos saudaveis € o valor de PMAP de até 20 mmHg, sendo que pessoas
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com pressoes entre 21 e 24 mmHg devem ser monitoradas cuidadosamente,
particularmente quando apresentarem risco para o0 desenvolvimento da
hipertensdo arterial pulmonar (situacbes em que ha casos na familia de
hipertenséo arterial pulmonar hereditaria, por exemplo) (HOEPER et al., 2013).
Ainda, o subgrupo da HP conhecido como hipertenséo arterial pulmonar (HAP)
apresenta o critério de que a pressao de oclusdo da artéria pulmonar deve ser <
15 mmHg (BADESCH et al., 2009).

A HP é classificada em cinco grandes grupos: (1) hipertensdo arterial
pulmonar; (2) hipertensdo pulmonar devido a doencas cardiacas do lado
esquerdo; (3) hipertensédo pulmonar devido a doencas pulmonares e/ou hipoxia;
(4) hipertensédo pulmonar crénica tromboembolitica; (5) hipertensdo pulmonar
com mecanismo multifatoriais desconhecidos (SIMONNEAU et al.,, 2013)
(Tabela 1).

Em relacdo a HAP, a qual compreende o grupo 1, sua origem pode ocorrer
de diversas formas: idiopatica; hereditaria (principalmente devido a mutacdes no
gene onde se localiza o receptor tipo 2 da proteina morfogenética éssea —
BMPR2); associada com drogas ou toxinas; ou ser decorrente de condi¢cbes
associadas com HAP (como, por exemplo, infec¢éo por HIV, doencas do tecido

conjuntivo, hipertensao portal, esquistossomose, entre outras causas).

Tabela 1. Classificacdo da Hipertensao Pulmonar baseada no Quinto Simpdsio

Mundial de Hipertensdo Pulmonar, 2013.

Grupo 1: Hipertensao Arterial Pulmonar

1.1 Idiopatica
1.2 Heriditaria
1.2.1 BMPR2
1.2.2 ALK-1, ENG, SMAD9, CAV1, KCNK3

1.2.3 Desconhecida

1.3 Induzida por drogas ou toxinas

1.4 Associada com:

1.4.1. Doenca do tecido conectivo

1.4.2 Infecgédo por HIV

1.4.3 Hipertensao portal

1.4.4 Doencas cardiacas congestivas
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1.4.5 Esquistossomose

1’ Doenga veno-oclusiva pulmonar e/ou hemangiomatose dos capilares pulmonares

1” Hipertensao pulmonar persistente do recém nascido

Grupo 2: Hipertensao pulmonar devido a doenca cardiovascular esquerda

2.1 Disfuncao ventricular sistolica esquerda

2.2 Disfuncao ventricular diastolica esquerda

2.3 Doenga valvular

2.4 Obstrucao do fluxo cardiaco esquerdo e cardiomiopatias congénitas

3. Hipertensao pulmonar devido a doenc¢as pulmonares e/ou hipdxia

3.1 Doenga obstrutiva pulmonar crénica

3.2 Doenga instersticial pulmonar

3.3 Outras doencas pulmonares com padrao restritivo e obstrutivo

3.4 Disturbios respiratérios do sono

3.5 Disturbios da hipoventilagé@o alveolar

3.6 Exposicao cronica a altitude

3.7 Anomalias do desenvolvimento pulmonar

4. Hipertensédo pulmonar devido a trombose cronica ou embolismo

5. Hipertensao pulmonar com mecanismos multifatoriais

5.1 Disturbios hematoldgicos: anemia crénico-hemolitica, esplenectomia

5.2 Disturbios sistémicos: sarcoidose, histiocitose pulmonar

5.3 Disturbios metabdlicos: disturbios da tireoide, doenca de Gaucher

5.4 Obstrugao tumoral, faléncia renal cronica, hipertensdo pulmonar segmental

Como na HAP hé& perda da capacidade do leito vascular pulmonar de se
dilatar e recrutar uma vasculatura ndo utilizada para acomodar aumentos no
fluxo sanguineo, ocorre aumento da pressao na artéria pulmonar e hipertrofia do
ventriculo direito em resposta a elevacao de pds-carga. Esse quadro, que resulta
na progressiva disfuncao ventricular direita, recebe o nome de cor pulmonale.

O cor pulmonale se origina da sobrecarga de presséo ao ventriculo direito
(VD) e é caracterizado por hipertrofia, dilatagéo e insuficiéncia do VD secundaria
a hipertensdo pulmonar. No cor pulmonale crénico pode ocorrer também a
compressédo da camara ventricular esquerda em decorréncia do ventriculo direito
hipertrofiado, causando desvio do septo interventricular (HOWARD et al., 2012).
Estima-se que o cor pulmonale represente cerca de 7 a 10% de todas as
doencas cardiacas (LEHRMAN et al., 2002).
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Os sintomas iniciais da HAP, como dispneia, tontura e fadiga sao
geralmente suaves e comuns a diversas outras doencas. Em repouso,
inicialmente, ndo se observa sintomas ou sinais aparentes da doenca. Como
resultado, o tempo do estabelecimento da doenca até o diagndstico é, em média,
maior de 2 anos (HUMBERT et al. 2006; BADESCH et al. 2010). Além disso, a
HAP é uma doenca de dificil diagndstico, que requer investigacdes invasivas e
significativa experiéncia no cuidado com os pacientes. Assim, as diretrizes atuais
recomendam que os pacientes devam ser avaliados por centros especializados
para diagnéstico e tratamento de doencas pulmonares (GAINE e RUBIN, 1998;
BARST et al., 2009).

O cateterismo cardiaco direito € necessario para avaliar a gravidade da
insuficiéncia hemodinamica, para testar a vasoreatividade da circulacao
pulmonar e para um diagnoéstico definitivo de HAP. Os seguintes parametros
geralmente sédo avaliados: pressdo do atrio direito (PAD); presséo arterial
pulmonar (PAP) sistdlica, diastélica e média; débito e indice cardiaco; resisténcia
vascular pulmonar (RVP) e resisténcia vascular sistémica (RVS); pressao arterial
sistémica; saturacdo de oxigénio no sangue arterial e venoso (BADESCH et al.,
2009). Embora o cateterismo tenha se tornado ao longo dos anos um
procedimento relativamente seguro, € invasivo e pouco pratico para executar em
pacientes para o qual ele ndo esta claramente indicado.

A ecocardiografia transtoracica é uma ferramenta que vem sendo utilizada
para rastreio de pacientes em risco de HAP, mesmo ndo sendo utilizada para
confirmacédo definitiva da presenca ou auséncia da HAP. Com base numa
avaliacdo ecocardiografica, os pacientes que apresentam sinais sugestivos de
HAP devem ser encaminhados para o cateterismo cardiaco direito (HABIB e
TORBICKI, 2010). A HAP severa frequentemente causa dilatacdo do atrio e
ventriculo direito, modificacdo do septo interventricular, disfungdo do ventriculo
direito e dilatagéo das veias cavas, bem como das veias hepéaticas (BOSSONE
et al., 1999). Medicdes do didametro basal e da area do ventriculo direito no final
da diastole tém sido reportadas como maiores nos individuos com HAP (LANG,
et al., 2006). Também algumas medidas utilizando a ecocardiografia doppler tém
sido correlacionadas com o aumento da presséao arterial pulmonar. Entre elas,
destaca-se o pico da velocidade de ejecdo do ventriculo direito (tempo de

aceleracédo), o qual se apresenta diminuido com o aumento da presséao arterial
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pulmonar (KITABATAKE et al., 1983). A razdo das velocidades maximas do pico
E (enchimento lento do ventriculo direito) e pico A (enchimento tardio do
ventriculo direito) medidas no fluxo da tricispide se mostra menor em pacientes
com hipertensdo pulmonar (YU et al., 1996). Outro parametro simples para
avaliar a fung&o do ventriculo direito é medindo-se a excursao sistolica no plano
do anel da tricaspide (TAPSE). O TAPSE é um bom parametro para investigacéo
da funcéo ventricular direita, uma vez que fibras longitudinais sédo predominantes
no ventriculo direito. Os valores normais estdo severamente reduzidos em caso
de disfungao ventricular direita (UETI et al., 2002).

Dessa forma, a ecocardiografia continua a ser o método nao-invasivo
mais util clinicamente que permite avaliacdo multidimensional da circulacdo
pulmonar. A ecocardiografia tem um papel fundamental no diagnéstico da HAP
através da identificacdo de pacientes para os quais o cateterismo do ventriculo
direito é justificado, facilitando o diagnéstico precoce (HABIB e TORBICKI,
2010).

1.2.2 Epidemiologia

A estimada incidéncia da HAP varia regionalmente no mundo, se
mostrando, por exemplo, de 15 casos por milhdo em adultos na Franca a 25
casos por milhdo em adultos na Escocia (HUMBERT et al., 2006; PEACOCK et
al., 2007). A exata prevaléncia da doenga também é desconhecida, podendo ser
largamente subestimada. Nos Estados Unidos, cerca de 200 mil hospitalizacGes
anualmente tem a hipertensao pulmonar como causa primaria ou secundaria. Se
estima uma prevaléncia na Europa de 0,3 — 6% (MOCUMBI et al., 2015). Ha hoje
pelo menos 11 grandes estudos de registros de pacientes com HAP (AWDISH e
CAJIGAS, 2015). O primeiro estudo, realizado de 1981 a 1985 pelo National
Institutes of Health (NIH), demonstrou uma idade média de diagnéstico de 36 +
15 anos e média de sobrevivéncia de 2,8 anos para a HAP (RICH et al., 1987).
Estudos mais recentes, mostram médias de sobrevivéncia maiores, como um
estudo retrospectivo realizado no Japdo, em que 0s pacientes apresentaram
média de sobrevivéncia de 14,9 + 0,8 anos com taxas de sobrevivéncia em 1, 5
e 10 anos de 98%, 96% e 78% respectivamente. Essa melhora foi relacionada
com uma maior taxa de prescricdes de drogas para tratamento da HAP (OGAWA

et al., 2014). Também houve um aumento na idade média de diagndstico,
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chegando a 65 + 15 anos em estudos prospectivos como o COMPERA
(HOEPER et al., 2013). Desfechos como declinio na distancia percorrida no teste
de 6 minutos de caminhada, maior risco de hospitalizacdo, necessidade de
transplante ou morte estdo mais presentes em pacientes diagnosticados acima
de 55 anos (KODUR et al., 2015).

Mudancas na epidemiologia da hipertensdo pulmonar podem ter sido
influenciadas por fatores independentes da patologia em si, como modificacdes
na sua classificacdo, maior precisdo no diagndstico e maior acesso aos
tratamentos. Entre os pacientes, se observa um maior nimero de mulheres
acometidas pela doenca em comparacdo com homens, sendo a razdo dessa
preponderancia ainda desconhecida (HUMBERT et al., 2006; MCGOON et al.,
2013). A apresentacdo clinica ndo parece ser diferente entre os sexos, porém,
a idade média de diagnéstico da doenca se mostra menor em mulheres. Uma
vez estabelecido o quadro da doenca, homens apresentam maio risco de
mortalidade apesar do mesmo tratamento. Essa situacéo parece estar ligada a
influéncia dos horménios sexuais, em especial ao estrogénio, o qual pode
favorecer o desenvolvimento da doenca, mas também diminuir os desfechos
desfavoraveis (MANES et al., 2012).

H& poucos estudos epidemiolégicos da HAP no Brasil, sendo o mais
completo e recente de 2014 (ALVES et al., 2014). Nesse trabalho, um estudo
prospectivo de casos incidentes, em um total de 178 pacientes com HP entre
2008 e 2013, se observou uma média de idade de 46 anos no diagndstico e uma
razdo mulheres/homens de 3,3:1. A HAP idiopética apareceu como a mais
comum (28,7%), seguida da HAP causada por doenca do tecido conectivo
(25,8%) e esquistossomose (19,7%). E importante salientar a esquistossomose
como uma das principais causas associadas com a HAP, uma doenga comum
em paises em desenvolvimento e com precarias condicbes de saneamento
basico. A estimativa de casos de esquistossomose no mundo € de 200 milhdes
de pessoas afetadas, principalmente nas areas da Africa, América do Sul,
Caribe, Oriente Médio e Asia, levando a crer que essa doenca € a principal causa
sub-reconhecida da HAP (MOCUMBI et al., 2015).

Ainda no estudo brasileiro, viu-se que 66% dos pacientes usavam como
terapia de primeira linha inibidor de fosfodiesterase tipo 5 (Sildenafil), enquanto

27% utilizavam antagonista de receptor de endotelina-1 (Bosentan). O
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acompanhamento do perfil epidemioldégico da doenca nas Ultimas décadas
permite refletir sobre o progresso das terapias e o avanc¢o dos diagndésticos, bem
como reconhecer as caracteristicas regionais das populacfes afetadas, o que
contribui para a adaptacao de diretrizes voltadas para determinados grupos de
pacientes.

1.2.3 Patobiologia da HAP

As diferentes categorias da HAP diferem na sua causa, porém todas sdo
caracterizadas por vasoconstricdo pulmonar excessiva junto de um processo de
remodelamento vascular anormal que usualmente afeta todas as camadas do
vaso e resulta em severa perda de area de seccdo transversa. Como
consequéncia, ha um aumento da resisténcia vascular pulmonar que resulta em
sobrecarga de pressao ao ventriculo direito. A complacéncia diminuida da artéria
pulmonar também contribui para o0 aumento de trabalho e a distensdo do
ventriculo direito. Mudancas na tdnica intima incluem dano endotelial,
proliferacdo de células endoteliais, invasdo da intima por células tipo
miofibroblastos, aumento da deposicédo de matriz extracelular levando a fibrose
e, muitas vezes, obstrucdo do limen vascular em decorréncia das lesdes
plexiformes (SCHERMULY et al.,, 2011). Uma outra caracteristica bem
proeminente presente na HAP é proliferacdo de células musculares lisas, as
quais se estendem até pequenas artérias pulmonares ndo muscularizadas da
regido dos &cinos pulmonares (HUMBERT et al., 2004). Essas mudancas
estruturais sugerem a mudanca de um estado quiescente para um fendtipo
proliferativo e resistente a apoptose na doenca.

A producdo de mediadores da vasodilatagdo, em especial a
prostaglandina Iz, est4 diminuida na HAP, o que pode ser responsavel por um
aumento da producdo de tromboxano Az e na consequente maior agregacao
plaguetaria observada em alguns casos (CHRISTMAN et al., 1992). Niveis
diminuidos de oxido nitrico (potente molécula vasodilatadora e antiproliferativa)
e cGMP (segundo mensageiro, downstream ao 6xido nitrico) tém sido descritos
na HAP, o que levou a testes do farmaco Sildenafil em pacientes no final da
década de 90 e inicio dos anos 2000, hoje aprovado para o tratamento da HAP
(GHOFRANI et al., 2006). Além disso, o substrato da sintese de NO pela enzima

oxido nitrico sintase (NOS), o aminoacido L-arginina, pode ser metilado
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endogenamente levando a formagdo da dimetil-arginina assimétrica ou
simétrica. Ambas as formas tém papel na diminuicédo da formacéo de NO atraves
da inibicdo da NOS (dimetil-arginina assimétrica) ou diminuicdo da captacao de
arginina (dimetil-arginina simétrica) e apresentam niveis plasmaticos e niveis no
tecido pulmonar elevados em pacientes com HAP idiopatica (PULLAMSETTI et
al., 2005).

Adicionalmente aos niveis reduzidos de mediadores da vasodilatacédo, se
observa niveis aumentados dos vasoconstritores tromboxano e endotelina-1
(CHRISTMAN et al., 1992). O tromboxano € tanto um agente vasoconstritor
como pré-agregatorio, facilitando a agregacédo plaquetaria e a interacdo das
plaguetas com o endotélio, levando a trombose da vasculatura pulmonar
(TOURNIER et al.,, 2010). Da mesma forma, a endotelina-1 atua ndo so6
aumentando o tdnus vascular, mas também agindo de forma a promover um
estimulo mitogénico ao atuar sobre os receptores ETa e ETs de células
musculares lisas (DAVIE et al., 2002). Ainda é importante ressaltar o papel da 5-
hidroxitriptamina (serotonina) na vasoconstricdo, uma vez que estudos com
pacientes com HAP idiopatica e modelos experimentais de HAP mostram o
aumento de producao de 5-HT por células endoteliais pulmonares, bem como
sua maior atividade paracrina sobre células musculares lisas adjacentes
(LAUNAY et al.,, 2002). A manutencdo do influxo de calcio também gera a
ativacdo da via Ca?*-calmodulina-dependente do ciclo celular com consequente
efeitos mitogénicos sobre as células musculares lisas da vasculatura pulmonar,
levando a hiperplasia (BURG et al., 2008).

Diversos fatores de crescimento estdo implicados na HAP e no
remodelamento vascular. Ao se ligarem e ativarem receptores tirosina-cinase da
superficie celular, esses fatores atuam como potentes mitogénicos para células
vasculares, como células endoteliais, musculares lisas e miofibroblastos. A
ativacdo desses receptores inicia uma cascata de sinalizagdo intracelular
resultando em proliferacédo e migracao celular, bem como resisténcia a apoptose.
Entre esses fatores encontra-se o TGF-3, o EGF e o PDGF. Nao é claro quais
mecanismos levam a inducdo desses fatores de crescimento, embora espécies

reativas de oxigénio tém sido implicadas (HUMBERT et al., 2004).

1.2.4 Ativacao simpatica na HAP
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ApGs qualquer tipo de dano miocardico, a ativagéo adrenérgica ocorre de
forma instantanea e é o principal meio de proporcionar aumento da frequéncia
cardiaca e da contratilidade, dois mecanismos compensatorios disponiveis para
estabilizar a funcdo cardiaca. No entanto, a estimulacao adrenérgica sustentada
leva a efeitos adversos sobre o coracao, incluindo apoptose de cardiomiécitos e
metabolismo de calcio alterado, acelerando a disfungcéo miocardica (BRISTOW
e QUAIFE, 2015).

Semelhante ao ventriculo esquerdo na insuficiéncia cardiaca com fragéo
de ejecdo reduzida, o VD na HAP apresenta ativacdo adrenérgica,
aproximadamente na mesma extensédo (MAK et al., 2012). Como consequéncia
dessa ativacdo, os receptores adrenérgicos do VD na HAP apresentam
expressdo diminuida, em um grau semelhante ao da insuficiéncia do VE. A
regulacao negativa dos receptores adrenérgicos no miocardio € um biomarcador
de exposicdo a estimulacdo adrenérgica excessiva. Além disso, a ativacao
adrenérgica no VD de pacientes com HAP é especifica da camara, o que
significa que ocorre apenas na camara que estd acometida pela doenca
(BRISTOW et al.,, 1992). Embora as catecolaminas sejam responsaveis por
efeitos cardiotoxicos diretos no miocéardio, seus efeitos podem desencadear
outros mecanismos importantes envolvidos no remodelamento cardiaco. Maior
atividade do sistema nervoso simpatico e elevados niveis circulantes de
noradrenalina no plasma de individuos com HAP j& foram correlacionados com
aumentos na resisténcia vascular pulmonar e menor sobrevivéncia em um
periodo de 5 anos (VAILLANCOURT et al., 2017). Nesse sentido, alguns estudos
mostram que a administracdo de antagonistas adrenérgicos evita o
desenvolvimento da HAP induzida por monocrotalina, mantendo as pressodes
cardiopulmonares abaixo do limiar patoldgico, diminuindo a hipertrofia ventricular
direita e aumentando a sobrevivéncia de animais (ISHIKAWA et al., 2009;
OKUMURA et al., 2015).

A ativacdo adrenérgica desempenha seus papeis deletérios sobre
cardiomidcitos a longo prazo via geracdo de um quadro de estresse oxidativo.
Lima-Seolin et al. (2019) relataram aumento dos niveis de EROs totais, bem
como do marcador de dano lipidico 4-hidroxinonenal em modelo de
cardiomidcitos cultivados na presenca de noradrenalina, resultados que foram

associados a morte celular. No mesmo sentido, a exposi¢cao de células cardiacas
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a noradrenalina também levou a deplecdo das defesas antioxidantes, com
diminuicao das atividades das enzimas SOD e catalase, culminado com ativacao
de caspases (LOUIS et al., 2014). Em estudo in vivo, animais que receberam
administracdo de noradrenalina apresentaram diminuicdo da razdo glutationas
reduzidas/oxidadas bem como elevados niveis do marcador de dano lipidico
malondialdeido no tecido cardiaco, dados relacionados com alteracdes

eletrocardiogréaficas e apoptose de cardiomiécitos (NERI et al., 2007).

1.2.5 Modelo animal para a HAP: Monocrotalina

O uso de modelos animais tem contribuido extensivamente para o atual
entendimento da fisiopatologia e para a investigacdo de tratamentos
experimentais na hipertensdo pulmonar (MAARMAN et al., 2013). Levanta-se
por vezes preocupagdes com 0s modelos animais ndo apresentarem a completa
severidade da hipertensdo pulmonar observada em humanos em respeito a
parametros histoloégicos e hemodinamicos. Porém, a possibilidade de que a HP
em humanos pode ja& estar em estagio avancado na progressdo da doenca
quando da sua descoberta, torna essa comparacdo incorreta. Apesar dos
modelos animais ndo recapitularem completamente a severidade da hipertensao
pulmonar em humanos, eles podem ser muito bem correlacionados com formas
mais suaves e moderadas da hipertensdo pulmonar em humanos, um estagio
que geralmente escapa no momento do diagnéstico (MAARMAN et al., 2013).

A monocrotalina (MCT), um alcaloide derivado da planta Crotalaria
spectabilis, € conhecida por sua habilidade de causar hepatotoxicidade e
hipertensdo pulmonar. Em geral, tem sido utilizada em ratos a dose de 60-
80mg/kg administrada via subcutanea ou intraperitoneal (GOMEZ-ARROYO et
al., 2012). A resposta a monocrotalina varia entre as espécies por conta das
diferencas na farmacocinética da MCT envolvendo sua degradacao e a formagéo
hepatica do seu derivado pirrolico ou excrecao (BARMAN et al., 2009). A espécie
preferida para o estudo da HAP induzida por MCT é atualmente o rato
(NOGUEIRA-FERREIRA et al., 2015). Dentro de uma semana, 0S ratos
apresentam anorexia, apatia, incapacidade de ganhar peso e taquipnéia. A
medida que a lesdo pulmonar e o remodelamento vascular progridem, os ratos
desenvolvem graus variaveis de dispnéia, fraqueza, diarreia e cianose periférica

(SCHOENTAL e HEAD, 1955). Menores espécies, tais como camundongo, além
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de ser mais dificil de se realizar ecocardiografia e cateterismo, raramente
desenvolvem significativa HAP, tém menor grau de hipertrofia do VD e
remodelamento arterial pulmonar (RYAN et al., 2013).

O mecanismo pelo qual a MCT causa HAP inclui o metabolismo da MCT
no figado pela enzima citocromo-P450 em derivados pirrélicos, em especial a
dehidromonocrotalina, que iniciam um dano endotelial na vasculatura pulmonar
(SHAH et al., 2005). Embora o0 mecanismo exato atraves do qual a MCT provoca
HAP néo ser conhecido, especula-se por muitos que o composto provoque lesao
endotelial direta que, em seguida, aciona o inexoravel desenvolvimento e
progressao severa e eventualmente letal da HAP (JASMIN et al., 2001). Outros
investigadores sugerem que o aumento da pressao arterial pulmonar e o
remodelamento vascular é precedido por um forte acumulo de células
inflamatdrias mononucleares na camada adventicia de vasos intra-acinares
(WILSON et al., 1989).

Dentro de horas apés a exposicdo do animal a monocrotalina, ja se
observa danos no endotélio vascular. Na primeira semana, pode-se perceber um
aumento do dano endotelial, com presenca de infiltrado inflamatério e edema.
Na segunda semana ja se observa o aumento da pressdo arterial pulmonar
(WEST e HEMNES, 2011). O dano endotelial é o gatilho inicial para a vasculite
pulmonar e o remodelamento pulmonar obstrutivo, caraterizado pelo
estreitamento ou obliteracdo do limen vascular.

A histologia da vasculatura pulmonar nesse modelo mostra hiperplasia da
intima, hipertrofia da camada média e engrossamento da camada adventicia
(STENMARK et al., 2009). A HAP no modelo utilizando MCT é também
caracterizada por aumento de apoptose das células endoteliais, proliferacao de
células musculares lisas da artéria pulmonar e resisténcia dessas células a
apoptose (SHAH et al., 2005). Outros estudos realizados com o0 modelo de MCT
também destacam o papel essencial de células inflamatorias (macrofagos,
células dendriticas e mastocitos) e citocinas (interleucinas 1 e 6) nos estagios
iniciais do remodelamento vascular observado na HAP (DAHAL et al., 2011;
SAVAI et al., 2012). A MCT nao apenas causa danos as artérias pulmonares
mas também induz edema alveolar e fibrose intersticial pulmonar (GOMEZ-
ARROYO et al., 2011). O modelo de MCT para estudo da HAP continua sendo

utilizado com frequéncia, uma vez que ele oferece simplicidade técnica,
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reprodutibilidade e baixo custo quando comparado com outros modelos
(GOMEZ-ARROYO et al., 2012).

1.2.6 Estresse oxidativo na HAP

Além dos desequilibrios entre vasodilatores e vasoconstritores ja citados,
temos a contribuicdo do estresse oxidativo na HAP. O papel patogénico das
espécies reativas de oxigénio (EROs — como o superoxido, os radicais hidroxila,
peroxila e hidroxiperoxila) e de nitrogénio (ERNs — como o 6xido nitrico, didxido
de nitrogénio, trioxido de nitrogénio e peroxido nitrito) na HAP foi recentemente
revisado por Aggarwal et al. (2013). J& € bem reconhecido que o0 estresse
oxidativo contribui para o desenvolvimento e progressédo de diversas doencas
vasculares incluindo a modulagcdo da inflamacdo na HAP, o metabolismo
energeético, a proliferacéo e diferenciacao celular e a apoptose (MONTANI et al.,
2014).

Genes responsivos ao estresse oxidativo (como o da enzima tiorredoxina)
ja mostraram um aumento de sua expresséao no pulméo de individuos com HAP
(GERACI et al., 2001). Além disso, os niveis de isoprostano, uma prostaglandina
derivada da peroxidacdo de &cidos graxos essenciais, parecem estar elevados
na urina de pacientes com HAP e se correlacionam com uma pior taxa de
sobrevida (CRACOWSKI et al., 2012). Um dos principais radicais livres
discutidos na HAP é o 6xido nitrico. De maneira geral, h4A um consenso que a
sinalizacao desencadeada pelo 6xido nitrico na HAP esta prejudicada (TABIMA
et al., 2012), mesmo que haja divergéncia entre estudos quando se analisa a
atividade da enzima eNOS. Enquanto alguns estudos demonstram o aumento
da atividade da eNOS, outros mostram sua reducao (XUE e JOHNS, 1995; GIAD
e SALEH, 1995; SHARMA et al., 2008). Um dos possiveis mecanismos que
explicam a sinalizacdo do 6xido nitrico prejudicada € o desacoplamento da
enzima eNOS, situacdo em que ha formacéo de superdxido em detrimento de
oxido nitrico (CRABTREE, et al., 2009; KARUPPIAH et al., 2011). Também ja se
demonstrou um decréscimo nos niveis de subunidades da proteina guanilato
ciclase (com consequente menor geracdo de cGMP — responsavel por ativar vias
de sinalizac&o que levam a vasodilatacdo e diminui¢cdo da agregacao plaquetéaria
como efeitos finais) e diminuicdo de sua atividade dependente de 6xido nitrico,

levando a uma diminuicdo do relaxamento da vasculatura na HAP (DERUELLE
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et al., 2005). N&o apenas a alteracdo na sinalizacdo do 6Oxido nitrico, como
também outros fatores relacionados com a producdo de EROs levam a HAP. Ha
indicios de que uma maior producdo de EROs, principalmente superoxido e
peroxido de hidrogénio, possa estar aumentada na HAP em consequéncia de
uma maior ativagao das enzimas NAPDH oxidases — as quais utilizam o NADPH
como doador de elétrons para formacéao de Oz~ e H202 (DEMARCO et al., 2008;
NISBET et al., 2010). Outra enzima, a xantina oxidoredutase, fisiologicamente
responsavel pela degradacédo das purinas, tende a se transformar em xantina
oxidase sob condi¢des principalmente inflamatorias, gerando Oz~ e H20:2. Esta
tem se mostrado aumentada nas artérias de pacientes com HAP
(SPIEKERMANN et al.,, 2009). Ao se analisar 0 estresse oxidativo na HAP,
discute-se a importancia da funcdo mitocondrial. Uma pequena quantidade de
02 ndo consegue ser reduzida a 4gua e é convertida em Oz~ na cadeia
transportadora de elétrons (ETC), mesmo em situacao fisioldgica (BOVERIS e
CHANCE, 1973). A conversdo do superoxido em H202 na mitocdndria ocorre
pela enzima superdéxido dismutase 2 (SOD2) e é importante uma vez que 0 H202
pode estimular diversas vias de sinalizacao e contribuir para regulagéo do tonus
da vasculatura e modulacéo da proliferacdo celular e da apoptose (TABIMA et
al., 2012). H4 duas formas distintas de abordar o papel da mitocdndria na HAP.
A primeira seria uma disfuncdo na ETC mitocondrial levando a superproduc¢éo
de EROs (devido a uma menor atividade de SOD2, por exemplo), promovendo
senescéncia, necrose e apoptose, levando a vasculopatia (WOLIN et al., 2005).
A segunda teoria se baseia no fato de uma disfuncdo mitocondrial gerar uma
troca do metabolismo oxidativo para a glicélise anaerdbica e levar a uma menor
producdo de EROs. Esse processo pode ocasionar concomitantemente um
acumulo de equivalentes reduzidos de NADPH e FADH:2 e culminar com a
diminuicdo do potencial redox celular, o que poderia, por exemplo, facilitar uma
despolarizacdo da célula e aumento do calcio intracelular, levando a
vasoconstricdo das células musculares lisas na artéria pulmonar (ARCHER et
al., 2010). Diversos trabalhos também ja mostraram os efeitos benéficos de
terapias ou intervencdes que tém as EROs e ERNs como alvos no estudo da
HAP, como o uso de substancias que evitam o desacoplamento de eNOS
(WUNDERLICH et al., 2008), superexpresséo de SOD nas células endoteliais da
vasculatura pulmonar (NOZIK-GRAYCK et al., 2008) e inibidores da oxidacao de
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2003). A figura 2 ilustra alguns dos

Figura 2: Principais altera¢cdes dos mecanismos redox evidenciadas na HAP (adaptado de

Aggarwal et al., 2013).

Porém, até o presente momento, intervengdes dietoterapicas ainda néo

foram abordadas na HAP, com o potencial terapéutico de antioxidantes naturais

nao tendo sido explorado.
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2. HIPOTESE E OBJETIVOS
2.1 Hipotese

Ho: O extrato de mirtilo ndo promove beneficios sobre as alteracdes redox,

morfo-funcionais e hemodinamicas induzidas pela HAP.

Hi: O extrato de mirtilo promove beneficios sobre as alteragdes redox, morfo-

funcionais e hemodinamicas induzidas pela HAP.

2.2 Objetivo geral

Avaliar os efeitos do extrato de mirtilo in vivo sobre a hipertenséo arterial

pulmonar induzida por monocrotalina, verificando sua atuacéo sobre parametros

morfo- funcionais e hemodinamicos, bem como sua modulacao do estado redox.

Ainda, para avaliar os mecanismos moleculares envolvidos neste contexto, 0

desenvolvimento de um modelo in vitro de lesdo de cardiomidcitos induzida por

noradrenalina também foi alvo desta tese.

2.2. Objetivos especificos

Desenvolver o modelo animal de hipertensdo arterial pulmonar induzida
por monocrotalina.

Avaliar a composicao do extrato de mirtilo em relagéo aos seus principais
componentes fendlicos.

Determinar a dose efetiva do extrato de mirtilo em ratos com hipertensao
arterial pulmonar induzida por monocrotalina.

Realizar as analises dos parametros morfométricos de hipertrofia do
ventriculo direito e dos parametros hemodinamicos e funcionais do
ventriculo direito e pulmdes.

Verificar o papel do extrato de mirtilo sobre o equilibrio redox no tecido
pulmonar e ventriculo direito.

Desenvolver o modelo in vitro de dano a cardiomidcitos induzido por
noradrenalina.

Analisar vias de sinalizacdo moduladas pelo extrato de mirtilo na
sobrevivéncia/morte e no estado redox de cardiomiocitos na presenca de

noradrenalina.
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3. MATERIAL E METODOS

Nota: os métodos descritos abaixo incluem o protocolo experimental e as
analises realizadas nos trés estudos que compdem esta tese:

e Estudo 1: Extrato de mirtilo diminui o estresse oxidativo e melhora
parametros funcionais em pulmdes de ratos com hipertenséo arterial
pulmonar.

e Estudo 2: Extrato de mirtilo melhora o equilibrio redox e parametros
funcionais em ventriculo direito de ratos com hipertensdo pulmonar.

e Estudo 3: Extrato de mirtilo atenua o estresse oxidativo e a apoptose
induzidos por noradrenalina em células cardiacas H9c2.

Inicialmente, sera apresentada a caracterizacdo do extrato de mirtilo,
abordada na secdo 3.1: “Caracterizacado do extrato de mirtilo”, considerando-se
gque o mesmo extrato foi utilizado em todos os estudos. Os resultados da
caracterizacdo do extrato se encontram no Estudo 1.

Na sequéncia, serdo apresentados os estudos 1 e 2, os quais
compreendem trabalhos in vivo envolvendo técnicas de avaliagdo funcional e
hemodinamica, além de técnicas de andlise bioquimica para avaliacdo do
equilibrio redox. Assim, ambos foram agrupados na metodologia, secdo 3.2:
“Estudos in vivo”.

Por ultimo, sera apresentado o estudo 3, o qual compreende um trabalho
in vitro com cardiomidcitos, envolvendo técnicas de avaliacdo celular, como
citometria e ensaios de morte/sobrevivéncia celular, além de técnicas de analise
bioguimica para avaliagdo do equilibrio redox. Dessa forma, este estudo é
apresentado separadamente na secdo 3.3: “Estudo in vitro”. Esse estudo foi
desenvolvido em periodo sanduiche na Lakehead University, Canada, sob
supervisdo da Profa. Dra. Neelam Khaper.
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3.1 Caracterizacao do extrato de mirtilo

O extrato de mirtilo foi adquirido da empresa Active Pharmaceutica - Brasil
(extrato padronizado de mirtilo - Vaccinium myrtillus) e mantido refrigerado (4°C)
e protegido da luz durante todo o periodo dos protocolos experimentais. Os perfis
dos compostos antioxidantes (teor total de fendlicos, flavonoides totais e

antocianidinas) no extrato foram analisados.

3.1.1 Extracdo de compostos fendlicos para analise

O extrato bruto foi ressuspendido em agua Milli-Q (4,16 g/l) para analise
de compostos fendlicos pela técnica de Folin-Ciocalteau e por HPLC (filtrado
com membranas de nylon de 0,45 ym). Para a analise dos flavonodides totais, a

mesma diluicdo foi feita, porém em etanol a 40%.

3.1.2 Quantificacao de fendis totais por Folin-Ciocalteau

O reagente de Folin-Ciocalteau foi utilizado para a quantificacdo dos
compostos fendlicos. 0,5 ml da amostra foi adicionado a 2,5 ml de uma solugéo
10% de Folin-Ciocalteau e 2,0 ml de uma solucéo 7,5% de Na2COs. O preparado
foi agitado e incubado por 5 minutos a 50°C. O complexo azul formado foi
quantificado a 760 nm em espectrofotdmetro (ROESLER et al., 2007). A
concentragdo fendlica foi estimada correlacionando a absorbéancia da amostra a
uma curva padrao utilizando acido galico como padrao, e o resultado foi expresso
em miligramas de equivalentes de acido galico/ grama extrato (mg EAG/g

extrato).

3.1.3 Quantificagcao de flavondides totais

Para quantificacdo dos flavondides totais, foram utilizados 1 ml da
amostra e 1 ml de uma solucéo 2% de AICls. O preparado foi agitado e incubado
por 1h a 25°C. A quantificacdo de flavondides foi realizada em um
espectrofotometro a 415 nm (MORESCO et al.,, 2014). A concentracdo de
flavonoides foi estimada correlacionando a absorbancia da amostra com uma
curva padrao utilizando quercetina como padrao, e o resultado foi expresso em
miligramas equivalentes de quercetina/grama de extrato (mg EQuerc/g de

extrato).
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3.1.4 Andlise de compostos fendlicos por HPLC

As andlises de compostos fendlicos por HPLC foram realizadas no
equipamento Agilent HP 1100 HPLC, coluna Lichrospher RP18 (5 um), equipado
com um detector de UV de 210 nm e sistema de bomba quaternaria. A analise
de fase reversa consistiu em agua Milli-Q com acido fosférico a 1% (solvente A)
e acetonitrila (solvente B). O sistema de bombeamento da fase mével foi: 90%
do solvente A de 0 a 5 min, 60% de A de 5 a 40 min e 90% de A de 45 a 50 min.
O fluxo padrdo foi mantido a 0,5 ml / min. As amostras foram filtradas em
membranas de nylon de 0,45 um. Os compostos fendlicos foram identificados de
acordo com sua ordem de eluicdo e comparando seu tempo de retencdo com
padrées puros. A quantificacdo foi realizada pelo método de padronizacdo
externa, correlacionando a area do pico do composto com a curva padréo
realizada com cada padrdo (acido galico, epigalocatequina, catequina,
epicatequina, galato de epigalocatequina, rutina, acido ferdlico e resveratrol). Os

resultados foram expressos em miligramas/grama de extrato.

3.1.5 Andlise de antocianidinas por HPLC

As analises de antocianidinas por HPLC foram realizadas nos
equipamentos Waters 2690 e 996 HPLC, utilizando uma coluna Phenomenex
Luna C18 (250 x 4,6 mm x 3 um) equipada com um detector PDA e um sistema
de bomba binaria. A andlise de fase reversa consistiu em: solvente A - agua Milli-
Q com acido trifluoroacético a 0,06% e solvente B - acetonitrila com acido
trifluoroacético a 0,06%. O sistema de bombeamento da fase movel foi: 91% do
solvente A de 0 a 4 min, 88% do solvente A de 4 a 6 min, 86% do solvente A de
6 a 18 min, 84% do solvente A de 18 a 24 min, 82% de solvente A de 24 a 26
min, 73% de solvente A de 26 a 50 min e 0% de solvente A de 50 a 55 min. O
fluxo padréo foi mantido em 0,7 ml/min. Os compostos foram identificados de
acordo com sua ordem de eluicdo e comparando seu tempo de retengcdo com
padrées puros. A quantificacdo foi realizada pelo método de padronizacdo
externa, correlacionando a area do pico do composto com a curva padrédo
realizada com cada padréo (cianidina-3-O-glicosideo, petunidina-3-O-glicosideo,
peonidina-3-O-glicosideo e malvidina-3-O- glicosideo). Os resultados foram

expressos em g% de cada composto.



40

3.2 Estudos in vivo
3.2.1 Animais

Ratos Wistar (machos, 200 £ 20 gramas) foram fornecidos pelo Centro de
Reproducdo e Experimentagcdo de Animais de Laboratério (CREAL) da
Universidade Federal do Rio Grande do Sul. Os animais foram alocados em
caixas de polipropileno (340 x 200 x 410 mm) com trés / quatro animais por
gaiola. Os animais foram mantidos em condi¢Ges padrao: temperatura (20-25 °
C), ciclos claro-escuro de 12 horas e umidade relativa de 70%. Agua e ragéo
comercial foram oferecidas ad libitum. Os protocolos experimentais foram
realizados de acordo com as Diretrizes Internacionais para Uso e Cuidado de
Animais de Laboratério e com as normas do Conselho Nacional de Controle de
Experimentacdo Animal. Os protocolos experimentais somente foram iniciados
depois de terem sido aprovados pelo Comité de Etica em Experimentacéo
Animal (CEUA-UFRGS) (# 32192).

3.2.2 Protocolos experimentais

Foram utilizados 72 ratos Wistar (machos, 200 = 20 gramas) divididos nos
seguintes grupos experimentais:

1) Grupo Controle (CTR) (n = 8): Animais que nao tiveram inducdo da
HAP e n&o receberam tratamento com extrato de mirtilo.

2) Grupo Controle BB 50 mg/kg/dia (CTR BB50) (n = 8): Animais que
nao tiveram inducdo da HAP e receberam tratamento com extrato de mirtilo na
dose 50 mg/kg/dia durante 35 dias.

3) Grupo Controle BB 100 mg/kg/dia (CTR BB100) (n = 8): Animais que
nao tiveram inducao da HAP e receberam tratamento com extrato de mirtilo na
dose 100 mg/kg/dia durante 35 dias.

4) Grupo Controle BB 200 mg/kg/dia (CTR BB200) (n = 8): Animais que
nao tiveram inducdo da HAP e receberam tratamento com extrato de mirtilo na
dose 200 mg/kg/dia durante 35 dias.

5) Grupo Monocrotalina (MCT) (n = 10): Animais que tiveram inducéo
da HAP por inje¢do Unica de monocrotalina e ndo receberam tratamento com
extrato de mirtilo.

6) Grupo Monocrotalina BB 50 mg/kg/dia (MCT BB50) (n = 10): Animais
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que tiveram indugcdo da HAP por injecdo Unica de monocrotalina e receberam
tratamento com extrato de mirtilo na dose 50 mg/kg/dia durante 35 dias.

7) Grupo Monocrotalina BB 100 mg/kg/dia (MCT BB100) (n = 10):
Animais que tiveram inducdo da HAP por injecdo Unica de monocrotalina e
receberam tratamento com extrato de mirtilo na dose 100 mg/kg/dia durante 35
dias.

8) Grupo Monocrotalina BB 200 mg/kg/dia (MCT BB200) (n = 10):
Animais que tiveram inducdo da HAP por injecdo Unica de monocrotalina e
receberam tratamento com extrato de mirtilo na dose 200 mg/kg/dia durante 35
dias.

OBS: Além disso, em um segundo momento, devido a escassez de tecido
referente ao ventriculo direito, uma nova leva de animais foi solicitada para
complementacédo de andlises do equilibrio redox (analises do imunoconteddo de
proteinas ligadas a homeostasia redox por Western Blot) tendo como objeto o
fechamento do estudo 2. Nessa segunda leva, apenas 3 grupos (CTR - n = 9,
MCT - n =10 e MCT BB100 - n = 9) foram utilizados, tendo em vista a escolha
da dose de 100 mg/kg/dia baseada nos resultados morfométricos,
ecocardiograficos e hemodinamicos previamente analisados.

O extrato de mirtilo foi solubilizado em agua purificada em um sistema
Milli-Q (Millipore Corporation, MA, EUA). As solugbes de extrato foram
preparadas diariamente e 4gua ultra-pura foi usada como controle. O tratamento
com extrato de mirtilo (Vaccinium myrtillus) foi realizado diariamente por cinco
semanas (duas semanas antes da indu¢do da HAP com monocrotalina e trés
semanas apo0s a injecdo de monocrotalina). As doses escolhidas foram
baseadas em estudos que verificaram os efeitos do mirtilo sobre diferentes
condicdes cardiacas utilizando outros modelos animais (AHMET et al., 2009;
ELKS et al., 2001; LIU et al., 2015). O tratamento foi administrado por via oral
pelo método da gavagem, respeitando o volume maximo de 1 ml de solucéo para
cada 250 g de peso corporal. Os animais dos grupos que nao receberam
tratamento com extrato de mirtilo, receberam diariamente solucéo veiculo (dgua
ultra-pura), também por gavagem. Para a inducdo da hipertensdo arterial
pulmonar, os ratos dos grupos monocrotalina (MCT) receberam uma dose
intraperitoneal Unica de 60 mg/kg de monocrotalina (Crotaline - C2401 Sigma

Aldrich, MI, EUA). Os ratos dos grupos controle (CTR) receberam uma dose
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Unica de solucdo salina intraperitoneal (NaCl a 0,9%). Ao final do protocolo
experimental de 35 dias, o cateterismo do ventriculo direito foi realizado apos
ecocardiografia para avaliar a funcdo cardiaca em animais anestesiados com
cetamina (90 mg/kg, intraperitoneal) e xilazina (10 mg/kg, intraperitoneal)
simultaneamente. Posteriormente, os animais foram eutanasiados sob efeito
anestésico por decapitacdo manual de guilhotina em ambiente isolado.
Finalmente, os pulmdes (estudo 1) e o coracao (estudo 3) foram coletados e
mantidos a -80°C para realizagdo das andlises bioquimicas de avaliacdo do

estado redox. Um esquema resumindo o protocolo experimental € mostrado na

Grupos Experimentais

CTR + Veiculo
(dgua)

CTR + BB 50
mg/kg/dia

CTR + BB 100
mg/kg/dia

CTR + BB 200
mg/kg/dia

MCT + Veiculo
(dgua)

MCT + BB 50
mg/kg/dia

MCT + BB 100
mg/kg/dia

MCT + BB 200
meg/ke/dia

Protocolo Experimental

Inicio da suplementacgéo
com BB ou agua (por

Injecéo de MCT 60

Fim da suplementagéo com BB;
Ecocardiografia e cateterismo;

gavagem) mg/kg ou NaCl 0,9% Eutanasia e coleta dos érgéos
>
Dia 0 Dia 14 Dia 35
Figura 3.

Figura 3: Viséo geral do protocolo experimental desenvolvido nos estudos in vivo.

3.2.3 Célculo amostral

O célculo do tamanho amostral foi efetuado utilizando-se o software
G*Power 3.1.9.2 (Schleswig-Holstein, Alemanha). No calculo do tamanho da
amostra foram considerados probabilidade de erro a = 0,05, poder do teste
estatistico = 0,80 e tamanho de efeito = 0,45. Considerando-se 8 grupos distintos
de animais, o n calculado foi de 96 amostras no total. De acordo com a literatura,
entre os animais tratados com monocrotalina a taxa de mortalidade varia em
torno de 25% (SOUZA-RABBO et al. 2008), de forma que foram acrescentados
12 animais aos grupos monocrotalina (4 grupos), totalizando um n previsto de

108 animais.

3.2.4 Ecocardiografia
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A ecocardiografia transtoracica € um excelente teste ndo invasivo para
avaliar a funcédo ventricular direita na HP (BOSSONE et al. 2013). A funcao
diastélica do ventriculo direito foi avaliada em termos das velocidades diastolicas
de pico precoce (E) e tardio (A) através da valvula tricspide e sua relacao (E/A)
(OKUMURA et al., 2014). A funcdo sistolica foi verificada utilizando como
parametros a excursao sistélica do plano anular tricispide (TAPSE) (FORFIA et
al., 2006), a razdo tempo de aceleracdo/tempo de ejecdo (AT/ET) medida na
saida do fluxo pela artéria pulmonar (KATO et al., 2003) e o célculo do débito
cardiaco do ventriculo direito, determinado usando a frequéncia cardiaca e o
volume sistdlico, o qual foi calculado de acordo com a area da secéao transversal
da artéria pulmonar na sistole e a integral de tempo/velocidade do fluxo através
da artéria pulmonar (AUGUSTINE et al., 2018). Os animais foram anestesiados,
submetidos a tricotomia da regido toracica e posicionados em decubito lateral.
As imagens foram obtidas no modo bidimensional e no Doppler pulsado (Philips

HD7 Ultrasound System), usando um transdutor S12-4 (Philips).

3.2.5. Cateterismo

Os animais foram anestesiados, submetidos a tricotomia da regido jugular
direita e o campo cirurgico foi desinfetado. A jugular foi dissecada e isolada. O
fluxo sanguineo foi bloqueado pelo uso de um oclusor de metal. Com o fluxo
obstruido, foi feita uma incisdo na parede superior do vaso para permitir a
introducdo de um cateter de polietileno (PE-50) preenchido com solucéo salina
(NaCl a 0,9%). O cateter foi inserido no ventriculo direito e sua posicéo foi
determinada pela observacdo da forma de onda caracteristica da pressdo
ventricular. Imediatamente ap0s esse registro inicial, seguido de 5 minutos de
estabilizacdo, foram registradas as pressoes diastélica e sistélica do ventriculo
direito. Os sinais de pressdo analégicos foram digitalizados (Windaqg-Data
Acquisition System, PC) com uma taxa de amostragem de 1000 Hz, expressa
em mmHg. Os valores das derivadas de contracdo (dP/dt maxima) e de
relaxamento (dP/dt minima) foram obtidos a partir da derivacdo da onda de
pressao do ventriculo direito e da detec¢do de pontos maximos e minimos para
cada ciclo cardiaco. A seguinte formula foi utilizada para se estimar a presséo
meédia da artéria pulmonar (PMAP): MPAP (mmHg) = 0,61 x pressao sistolica do
VD + 2 mmHg (KOSKENVUO et al., 2010).
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3.2.6 Analises morfométricas do ventriculo direito

Para analises de hipertrofia, o ventriculo direito foi pesado e a tibia da pata
traseira esquerda de cada animal retirada. O peso corporal dos animais foi
determinado no dia da eutanasia. As seguintes raz6es foram usadas como
indicadores de hipertrofia ventricular direita: massa do ventriculo direito/massa
corporal, massa do ventriculo direito/ massa do ventriculo esquerdo e massa do

ventriculo direito/comprimento da tibia (YIN et al., 1982)

3.2.7 Preparacao dos tecidos para analises do equilibrio redox

A homogeneizacdo do pulmao (estudo 1) ou ventriculo direito (estudo 3)
foi realizada por 40 segundos com o homogeneizador Ultra-Turrax (OMNI Tissue
Homogeneizer, OMNI International, EUA) na presenca de 1,15% de KCI (5 ml/g
de tecido) e 100 mM de fenilmetil sulfonil fluoreto. As amostras foram
centrifugadas (20 minutos a 10000 x g a 4°C) e o sobrenadante foi coletado e
armazenado a -80 ° C até o inicio das andlises. A quantificacdo de proteinas foi
determinada conforme descrito pelo método de Lowry, usando solucdo de

albumina de soro bovino como padréo (LOWRY et al., 1951).

3.2.8 Analises do equilibrio redox

3.2.8.1 Espécies reativas totais

A oxidacdo do composto DCFH-DA (diacetato de 2,7-diclorofluoresceina)
a DCF (2,7-diclorofluoresceina) na presenca das amostras foi usada para
determinar o total de espécies reativas, como descrito por (LEBEL et al., 1992).

Os resultados foram expressos como pmol de DCF/mg de proteina.

3.2.8.2 Oxidacao lipidica

A oxidacdo lipidica foi avaliada pelo método de producdo de
quimioluminescéncia (QL) iniciada pela adicdo de hidréoxido de terc-butil
(TBOOH) as amostras, conforme descrito anteriormente (LLESUY et al., 1990).
A QL foi medida em espectrometro de cintilacdo liquida, 1215 LKB Wallac
RackBeta (LKB Wallac, Australia), operando como um lumindmetro e com

fototubos sensiveis a emissao na faixa de 380-620 nm. Os resultados foram
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expressos como contagens por segundo (cps)/mg de proteina.

3.2.8.3 Atividade de NADPH oxidase

A atividade da enzima NADPH oxidase foi determinada
espectrofotometricamente (Espectrofotémetro UV Visivel Cary 1E, Varian, CA,
EUA), observando-se o consumo de NADPH a 340 nm por um intervalo de 10
minutos na presenca das amostras, conforme Wei et al. (2006). Os resultados

foram expressos em nmol NADPH/min/mg de proteina.

3.2.8.4 Nitritos totais

A concentracao de nitritos nas amostras foi medida usando o principio da
reagdo de Griess (GRANGER et al.,, 1999). A coloragéo final foi detectada
espectrofotometricamente a 548 nm (Anthos Zenyth 200 RT, Biochrom, Reino

Unido) e os resultados foram expressos em mM NOz'.

3.2.8.5 Conteudo de carbonilas

A quantificagdo de carbonilas foi baseada na reacdo de proteinas
oxidadas com 2,4-dinitro-fenil-hidrazina em meio acido, seguida de incubacao
com guanidina (REZNICK et al., 1994). A absorbancia do derivado 2,4-dinitro-
fenil-hidrazona foi medida em espectrofotdmetro (Espectrofotobmetro UV Visivel
Cary 1E, Varian, CA, EUA) a 360 nm. Os resultados foram expressos em

mg/proteina.

3.2.8.6 Atividade da enzima superoxido dismutase

A determinacgao da atividade da enzima superoxido dismutase foi baseada
na inibicdo da reacdo do anion radical superéxido com o composto pirogalol
(MARKLUND e MARKLUND, 1974). Utilizou-se solugcao tampéo (Tris-base 50
mM, EDTA 1 mM, pH 8,2), pirogalol 24 mM (em 10 mM de &cido cloridrico) e
catalase 30 uM na presenca de amostra. Foi construida uma curva padrao com
concentracdes conhecidas de superéxido dismutase (superoxido dismutase de
figado bovino, po liofilizado, 21500 unidades/mg proteina, Sigma-Aldrich, EUA).
A atividade da superéxido dismutase pode ser determinada medindo a taxa de
formacao de pirogalol oxidado, o que leva a formacdo de um produto colorido

detectado espectrofotometricamente a 420 nm (Espectrofotdmetro UV Visivel
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Cary 1E, Varian, CA, EUA). Os resultados foram expressos em U SOD/mg de

proteina.

3.2.8.7 Atividade da enzima catalase
A atividade da enzima catalase foi medida através da avaliacdo do
consumo de H202, conforme descrito anteriormente (BOVERIS e CHANCE,

1973). Os resultados foram expressos como nmol H202 / min / mg de proteina.

3.2.8.8 Atividade da enzima glutationa peroxidase

A atividade da enzima glutationa peroxidase foi medida avaliando-se a
taxa de oxidacdo do NADPH a 340 nm na presenca de glutationa reduzida (GSH)
e da enzima glutationa redutase, usando-se azida (NsNa) para inibicdo da ezima
catalase e hidroperéxido de tert-butil como iniciador da reacdo, conforme
(MILLS, 1957). Os resultados foram expressos como nmol NADPH/min/mg de

proteina.

3.2.8.9 Conteudo de sulfidrilas

O conteddo de sulfidril representa uma defesa antioxidante néao-
enzimatica que estd inversamente correlacionada com o dano oxidativo as
proteinas. Para esse ensaio, 0,1 mM de DTNB (acido 5,5'-ditiobis(2-
nitrobenzoico)) foi adicionado a 15 yl de amostra, com consequente incubagao
por 30 minutos em temperatura ambiente no escuro, como descrito
anteriormente (AKSENOV e MARKESBERY, 2001). A absorbancia (formacéo do
composto TNB - 4cido 5-tiol-2-nitrobenzoico) foi medida em espectrofotbmetro a
412 nm (Anthos Zenyth 200 RT, Biochrom, Reino Unido), e os resultados foram

expressos como nmol TNB/mg de proteina.

3.2.9 Western blot

Para os estudos in vivo, a dose de 100 mg/kg/dia foi escolhida para
representar o grupo tratado com extrato de mirtilo para deteccdo do
imunoconteudo de proteinas relacionadas ao equilibrio redox. Essa escolha se
baseou na melhora dos resultados morfomeétricos, funcionais e hemodinamicos
observada no grupo MCT BB100.

A eletroforese e a transferéncia de proteinas foram realizadas conforme
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descrito por (LAEMMLI et al., 1970). Duzentos microgramas de proteina de
homogeneizados pulmonares (estudo 1) ou de ventriculo direito (estudo 3) foram
submetidos a eletroforese em gel de poliacrilamida monodimensional de dodecil
sulfato de sédio (SDS-PAGE) em um sistema descontinuo usando um gel de
separacédo de 8-12% (p/v). As proteinas separadas foram transferidas para uma
membrana de fluoreto de polivinilideno (PVDF) via eletroforese usando tampao
Towbin modificado contendo 20 mM de Tris, 150 mM de glicina, 20% (v/v) de
metanol, 0,02% (p/v) de SDS (pH 8,3) em uma unidade de transferéncia
refrigerada. Posteriormente, os locais inespecificos das membranas foram
bloqueados por 1h de incubacé&o em solucdo bloqueadora de leite desnatado a
5% (p/v) e tampao Tris-solu¢do salina a 0,1% (p/v). A imunodeteccdo foi
processada usando 0s seguintes anticorpos primarios: anti-SOD1 (16kDa), anti-
SOD2 (16 kDa), anti-xantina oxidase (150 kDa), anti-catalase (64 kDa), anti-
gluthatione peroxidase 1/2 (23 kDa), anti-Nrf2 (57 kDa), anti-ETAR (69 kDa) e
anti-ETBR (50 kDa) (Santa Cruz Biotechnology, Santa Cruz, CA, EUA). Os
anticorpos primarios foram detectados usando anticorpos secundarios
conjugados com peroxidase, anti-coelho, anti-cabra e anti-camundongo; as
membranas foram desenvolvidas usando reagentes de deteccdo de
guimioluminescéncia. Os pesos moleculares das bandas foram determinados
usando um marcador de peso molecular padrdo (RPN 800 Bio-Rad, CA, EUA).
Os resultados foram normalizados pelo método de Ponceau (KLEIN et al., 1995).

3.3 Estudo in vitro

3.3.1 Reagentes

O meio de cultura DMEM (Dulbecco’s Modified Eagle’s Medium - High
Glucose) e a noradrenalina foram adquiridos da Sigma-Aldrich (St. Louis, MO,
EUA). Soro bovino fetal (FBS), tripsina 0,05% e antibidtico-antimicético (10.000
unidades/ml de penicilina, 10.000 pg/ml de estreptomicina, 25 pg/ml de
Fungizona) foram adquiridos da Thermo Fisher (Waltham, MA, EUA). O extrato
de mirtilo (BBE) (Vaccinium myrtillus) foi adquirido da Active Pharmaceutica
(Palhoca, SC, Brasil), conforme descrito na se¢ao 3.1

Os anticorpos primarios utilizados nesse estudo foram adquiridos da

Santa Cruz Biotechnology (Dallas, TX, EUA): coelho policlonal anti-Bax (1: 250);
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da Cell Signaling Technology (Danvers, MA, EUA): coelho policlonal anti-
Caspase-3 (1:1000), coelho policlonal anti-fosfo-Akt (Ser473) (1:1000), coelho
policlonal anti-Akt (1:500), camundongo policlonal anti-fosfo-STAT3 (Tyr705)
(1:1000), coelho policlonla anti-STAT3 (1:1000), coelho monoclonal anti-fosfo-
AMPKa (Thr172) (1:500), coelho monoclonal anti-AMPKa (1:1000), coelho
policlonal anti-fosfo-FoxO3a (Ser253) (1:1000), coelho monoclonal anti-FoxO3a
(1:500); da Abcam: coelho policlonla anti-catalase (1:1000), coelho policlonal
anti-glutationa peroxidase 1 (1:500), coelho policlonal anti-NOX2/gp91phox
(1:250); da Millipore: coelho policlonal anti-Mn-Superéxido Dismutase (1:1000).
O anticorpo monoclonal secundario de camundongo anti-B-Actina (1:5000) foi

adquirido da Santa Cruz Biotechnology.

3.3.2 Cultivo celular e tratamentos

Células de mioblastos cardiacos de rato (H9c2) (American Type Culture
Collection, VA, EUA) foram cultivadas em frascos de cultura de células T25 (25
cm? de superficie) e T75 (75 cm? de superficie) em DMEM suplementado com
10% de SFB e 1 % antibiético-antimicético e incubados a 37 °C na presenca de
5% de CO:2 e 100% de umidade. O meio de cultura foi trocado a cada 2 a 3 dias
e as células foram tripsinizadas e semeadas em novos frascos quando atingiram
~ 80% de confluéncia para manter as caracteristicas das células cardiacas. Para
0s protocolos experimentais, as células foram semeadas a 1 x 10* células/poco
de placa de 96 pocos para 0 ensaio MTT para teste da viabilidade celular e 2 x
10° células/T-25 para andlises por citometria de fluxo. Foi permitido as células
sua aderéncia 24 horas antes dos experimentos.

Os seguintes grupos experimentais foram estabelecidos previamente aos
experimentos descritos nas proximas sec¢oes:

1) Controle - células expostas ao meio de cultivo DMEM sem soro por 4h;
meio alterado para DMEM sem soro por 24h;

2) BBE - células pré-tratadas com 50 pug/ml de extrato de mirtilo diluido
em DMEM sem soro por 4 horas; meio alterado para DMEM sem soro por 24h;

3) NE - células expostas ao DMEM sem soro por 4h; meio alterado para
DMEM sem soro na presenca de100 uM de noradrenalina por 24 horas;

4) BBE + NE - células pré-tratadas com 50 ug/ml de extrato de mirtilo

diluido em DMEM sem soro por 4 h; meio alterado para DMEM sem soro na
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presenca de 100 uM de noradrenalina por 24 horas.
Essas concentracbes foram escolhidas com base nos dados de
viabilidade celular (ensaio MTT) e no ensaio de ativacdo de caspases 3/7

(CaspaTag, Chemicon, Temecula, CA, EUA).

3.3.3 Determinacdao da viabilidade celular

A viabilidade das células H9c2 foi determinada pelo ensaio MTT [3- (4,5-
dimetiltiazol-2-il) -2,5-difeniltetrazélio]. As células foram semeadas em uma
microplaca de 96 pocos e apos 20 h na presenca ou auséncia de 100 mM de
noradrenalina, foi adicionada soluc¢éo de MTT (10% v/v) a cada poco. As células
foram incubadas a 37°C por 4 h, depois o meio foi removido e 50 pl de
dimetilsulféxido (DMSO) foram adicionados a cada poco. A microplaca foi
colocada em agitador por 10 min no escuro e a viabilidade celular foi determinada
medindo a absorbancia a 490 nm (650 nm como referéncia) usando um leitor de

microplacas (Powerwave XS, Biotek, Winooski, VT, EUA).

3.3.4 Analise de apoptose

A apoptose foi determinada utilizando-se o kit CaspaTag Caspase-3/7
Assay (Chemicon, Temecula, CA, EUA) de acordo com o protocolo do fabricante.
As células positivas para caspase-3/7 foram avaliadas por citometria de fluxo
(Becton Dickinson FACScalibur, BD Flow Cytometer, Franklin Lakes, NJ, EUA),
com base na fluorescéncia na presenca de inibidores de fluorocromos inibidores
de caspase (FLICA) (DARZYNKIEWICZ et al., 2011). Os dados foram expressos

como intensidade média de fluorescéncia.

3.3.5 Niveis de espécies reativas totais

Os niveis totais de espécies reativas foram medidos utilizando-se o
seguinte kit: H2DCFDA Assay (Life Technologies, Carlsbad, CA, EUA). Apoés 24
horas na presencga ou auséncia de 100 mM de noradrenalina, as células foram
lavadas com tampéo fosfato-salino (PBS) e incubadas por 30 minutos com
H2DCFDA, de acordo com as instru¢cdes do fabricante. O H2DCFDA foi entao
aspirado e as células foram lavadas novamente com PBS. As células foram
entdo cuidadosamente removidas da placa de cultura por tripsinizacdo e a

fluorescéncia relativa das células foi medida por citometria de fluxo (Becton
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Dickinson FACScalibur, BD Flow Cytometer, Franklin Lakes, NJ, EUA), de

acordo com as instrucdes do fabricante.

3.3.6 Western blot

O imunoconteudo de proteinas envolvidas em vias de sobrevivéncia e
morte celular foi analisado por Western Blot. Células H9c2 cultivadas em frascos
T75 mostrando confluéncia de ~ 80% apds 24 h na presenca ou auséncia de
noradrenalina foram tripsinizadas, colhidas e centrifugadas a 500 g por 5 minutos
a 4°C. O sobrenadante foi descartado e as células foram lavadas com PBS duas
vezes. 200 uL de tampao de lise (NaCl 150 mM, Tris 25 mM (pH 7,5), EDTA 1
mM, Triton X-100 a 1% (v v) e inibidores de protease (fluoreto de fenil metilsulfonil
(PMSF), leupeptina, aprotinina e pepstatina) foram pipetados para lisar as
células. Os detritos celulares foram removidos por centrifugacdo a 8 000xg por
10 minutos a 4°C, e o conteudo de proteinas foi determinado pelo kit DC Protein
Assay (Bio-Rad Laboratories, Hercules, CA, EUA).

Trinta ug de proteina de cada amostra foram fervidas e submetidas a
eletroforese em gel (8 a 14%) de poliacrilamida monodimensional de dodecil
sulfato de sodio (SDS-PAGE). As proteinas foram transferidas para membranas
de nitrocelulose usando o aparelho Bio-Rad Trans-Blot. As membranas foram
bloqueadas com leite desnatado a 5% em solucdo salina tamponada com Tris
(TBS - 20 mM Tris, 137 mM NaCl) por 1 h em temperatura ambiente e depois
incubadas com anticorpos primarios durante a noite a 4° C. Os anticorpos
primarios foram removidos e as membranas foram lavadas 3 vezes com TBST
por 5 minutos. As membranas foram incubadas com anticorpos secundarios anti-
coelho ou anti-camundongo conjugados com peroxidase de rabanete (HRP)
durante 1 hora a temperatura ambiente. Finalmente, os anticorpos secundarios
foram removidos, as membranas foram lavadas 3 vezes com TBST por 5 minutos
e desenvolvidas usando reagente quimioluminescente. As imagens foram
obtidas no programa QuantityOne utilizando-se o fotodocumentador Bio-Rad Gel
Doc. Os dados foram expressos como média das densidades Opticas analisadas
no software ImageJ 1.47t (Instituto Nacional de Saude, Bethesda, MD, EUA)

normalizado pelo imunoconteudo de 3-actina.

3.4 Estatistica
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As médias e desvios-padrao foram calculados para cada uma das
medidas realizadas e para cada um dos grupos estudados. O teste de Shapiro-
Wilk foi utilizado para se avaliar a distribuicdo paramétrica dos dados. Para
dados com distribuicdo normal, as comparacdes foram feitas através de ANOVA
de uma ou de duas-vias, complementado com o pdés-teste de Tukey. O teste
Kruskal-Wallis foi usado para comparacdo de dados ndo paramétricos,
complementado com o poés-teste de Dunn. As diferencas foram consideradas
significativas quando a analise estatistica mostrou P <0,05. O software
GraphPad Instat 6.01 para Windows foi utilizado como ferramenta de anélise.
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4. RESULTADOS

Os resultados obtidos na presente tese estdo apresentados no formato
de artigos. Para facilitar a organizacao e o entendimento, os resultados foram

compilados e descritos em capitulos, como se segue:

Capitulo I: Extrato de mirtilo reduz o estresse oxidativo e melhora parametros
funcionais nos pulmdes de ratos com hipertensédo arterial pulmonar.
Original em inglés: Blueberry extract decreases oxidative stress and improves

functional parameters in lungs m rats with pulmonary arterial hypertension.

Capitulo IlI: Extrato de mirtilo melhora o equilibrio redox e parametros
funcionais no ventriculo direito de ratos com hipertensao arterial pulmonar.
Original em inglés: Blueberry extract improves redox balance and functional

parameters in the right ventricle from rats with pulmonary arterial hypertension.

Capitulo IlI: Extrato de mirtilo atenua o estresse oxidativo e a apoptose
induzidos por noradrenalina em células cardiacas H9c2.

Original em inglés: Blueberry extract attenuates norepinephrine-induced
oxidative stress and apoptosis of H9c2 cardiac cells.
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CAPITULO |

4.1 Extrato de mirtilo reduz o estresse oxidativo e melhora parametros funcionais

nos pulmdes de ratos com hipertensao arterial pulmonar.

Neste capitulo reportamos a caracterizacdo do extrato de mirtilo, com a
andlise dos principais compostos fenodlicos presentes no extrato. Também
verificamos os efeitos benéficos do extrato de mirtilo sobre os pulmdes de
animais com HAP induzida por monocrotalina, focando em aspectos funcionais
e hemodinamicos. Por fim, sugerimos que 0S mecanismos terapéuticos do
extrato estejam relacionados com a melhora do estado redox no tecido pulmonar,

culminando em melhoras no balanco vasoconstritores/vasodilatadores.

Artigo original publicado:

TURCK P. et al. Blueberry extract decreases oxidative stress and improves
functional parameters in lungs m rats with pulmonary arterial hypertension.
Nutrition, v. 70, 2020.
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Abstract

BACKGROUND: Pulmonary arterial hypertension (PAH) is a condition characterized
by an increased resistance of pulmonary vasculature, culminating in an increase in
pulmonary pressure. This process involves disturbances in lung redox homeostasis,
causing progressive right heart failure. In this context, the use of natural antioxidants,
such as those found in blueberries, may represent a therapeutic approach. In our study,
we evaluated the effect of blueberry extract (BB) on functional parameters and oxidative
stress levels in rat lungs with induced PAH.

METHOD: Male Wistar rats (200 £ 20 g) (n = 48) were randomized into five groups:
control (CTR), monocrotaline (MCT), monocrotaline + BB 50, monocrotaline + BB 100,
and monocrotaline + BB 200. PAH was induced by the administration of monocrotaline
(60 mg/kg, intraperitoneal). Rats were treated with BB at doses of 50, 100, and 200 mg/kg
via gavage for five weeks (2 weeks before monocrotaline and 3 weeks after monocrotaline
injection). At day 35, rats were submitted to echocardiography and catheterization, then
euthanasia and lung harvesting for biochemical analyses.

RESULTS: BB increased the E/A ratio of blood flow across the tricuspid valve and
TAPSE, as wells as decreased the mean pulmonary artery pressure of animals compared
to the PAH group. Moreover, BB decreased total reactive species concentration and lipid
oxidation, reduced activity of NAPDH oxidase and expression of xanthine oxidase,
increased the activity of superoxide dismutase and restored sulfhydryl content in the
animal lungs compared to those in the PAH group. In addition, BB restored expression
of the antioxidant transcriptional factor Nrf2 in the lungs of the animal subjects. Finally,
BB normalized the endothelin receptor (ETA/ETB) expression ratio in the animal lungs,
which were increased in the PAH group.

CONCLUSION: Intervention with BB mitigated functional PAH outcomes through
improvement of the pulmonary redox state. Our results provide a basis for future research

on natural antioxidant interventions as a novel treatment strategy in PAH.

Keywords: Blueberry. Pulmonary Hypertension. Oxidative Stress. Monocrotaline.
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Introduction

Pulmonary arterial hypertension (PAH) is described as a progressive disease that
results from vascular disturbances and is characterized primarily by an increase in
pulmonary vascular resistance and gradual lumen reduction, with a consequent elevation
of pressure levels. In its final stage, there is dysfunction and failure of the right ventricle
due to the increased afterload [1, 2]. Since PAH’s pathophysiology is multifactorial, its
precise pathogenic mechanism is unknown [3]. In this sense, it has been suggested that
PAH is triggered by an initial inflammatory signal, leading to the overexpression of
vasoconstrictor molecules and chronically impaired production of vasodilators, as well as
promoting an increase in smooth muscle layer thickness in the pulmonary vessels [4-6].
In addition to the imbalances between vasodilators and vasoconstrictors that were already
mentioned, there is an important contribution by oxidative stress in PAH that may cause
structural and functional damage to biomolecules [7].

One of the main free radicals discussed in this pathology is nitric oxide (NO). In
general, there is a consensus that there is an impairment in signaling triggered by NO in
PAH [8]. There are indications that the higher production of reactive oxygen species
(ROS)—especially the superoxide radical anion (O2")—may be increased in PAH as a
consequence of a higher activation of NADPH oxidase and xanthine oxidase enzymes [9,
10]. Increased O levels may diminish NO bioavailability; O>" reacts with NO and
produces peroxynitrite (ONOO"), a strong oxidant that may provoke cellular damage [11].
Therefore, a disruption of redox homeostasis may promote an increase in ROS,
consumption of NO, and adverse remodeling of the lung vasculature, which is involved
in the progression of PAH.

The vascular alterations can involve action from vasoactive peptides known as
endothelins. There are three members of this family: ET1, ET2, and ET3. ET1, which is
highly important, interacts with ETA and ETB receptors that are present in vascular
endothelial cells and smooth muscle. The final result of ET1 activity is vasoconstriction;
this physiological role, however, may change in pathological situations such as PAH. In
PAH and similar pathologies, there is an imbalance of vasodilators (NO and prostacyclin)
and vasoconstrictors (O2 * and endothelin), providing increased vasoconstriction and
pulmonary hypertension [12]. Both ETA and ETB receptors are involved in PASMCs
proliferation in patients with PH [13]. However, since ETB has an important role in
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mediating vascular relaxation through NO/PGI2 release, it’s inhibition could be
detrimental. Dual antagonism of ETA/ETB or alternative specific ETA receptor
inhibition as a strategy in PH treatment need further investigation [14].

Obtaining a more comprehensive understanding of the redox signaling pathways
and the mechanisms of action of pro-oxidants and antioxidants is important for the
development of therapeutic strategies for the prevention of cardiopulmonary diseases
[15]. In this context, natural antioxidants have been used as treatments in diseases that
involve increases in OS in their pathophysiology [16]. In particular, berries have high
antioxidant content, including anthocyanins and phenolic compounds [17]. The blueberry
(Vaccinium spp.) features one of the highest antioxidant capacities among fruits and
vegetables tested to date [18]. Blueberries are great sources of anthocyanins [19], and
several studies show that these activate cellular antioxidant systems and inhibit the
expression of genes linked to pro-inflammatory proteins [20]. Evidence suggests that
berries provide beneficial vascular effects—such as reducing blood pressure, improving
oxidative parameters, and increasing vascular reactivity—by acting on multiple targets
[18, 21].

Therefore, our hypothesis was based on the protective effect of blueberry extract
on the lung tissue redox state to improve functional aspects through modulation of
endothelin receptors in the vasculature of the lung in rats with monocrotaline-induced

pulmonary arterial hypertension.

Material and methods

Animals

Male Wistar rats weighing 200 £ 20 grams were provided from the Center for
Reproduction and Experimentation of Laboratory Animals (CREAL) of the Federal
University of Rio Grande do Sul (UFRGS). The animals were kept in polypropylene
boxes (340 x 200 x 410 mm) with three or four animals per cage. All animals were
maintained under standard environmental conditions: controlled temperature (20-25°C),
light—dark cycles of 12 hours and relative humidity of 70%. Water and commercial feed
were offered ad libitum. The animals were randomly assigned to the groups (n = 8-10

animals per group), and weight gain was measured weekly.
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Ethical Considerations

The project was referred to the Ethics Committee on Animal Use (CEUA) of the
Federal University of Rio Grande do Sul, and the experiments only started after its
approval. All procedures in this study are in accordance with Law 11.794 and the
Guidelines for the Care and Use of Animals for Scientific and Educational Purposes
(DBCA) of National Council for Control of Animal Experimentation (CONCEA). The
number of the project approved by the University's CEUA is 32192. Functional analyses
were performed with animals under ketamine (90 mg/kg, intraperitoneal) and xylazine

(10 mg/kg, intraperitoneal) anesthesia, and all efforts were made to minimize suffering.

Blueberry Extract Characterization

The blueberry extract was purchased from Active Pharmaceutica — Brazil
(Bilberry — Vaccinium myrtillus L. Standardized Extract) and was kept refrigerated (4°C)
and protected from light during the whole experimental protocol period. Antioxidant
compound profiles (total phenolics, total flavonoids, and anthocyanidin content) in the

extract were analyzed.
Extraction of phenolic compounds

The crude extracts were resuspended in Milli-Q water (4.16 g/L) for Folin-
Ciocalteau analysis and for HPLC analysis (filtered with 0.45 pm Nylon membranes).

For the analysis of total flavonoids, the same dilution was made but in 40% ethanol.
Folin-Ciocalteau total phenolic analysis

Folin-Ciocalteau reagent was used for the quantification of the phenolic
compounds. One-half mL of the sample was added to 2.5 mL of 10% Folin-Ciocalteau
and 2.0 mL of 7.5% NaCOs. The tube was agitated and incubated for 5 minutes at 50°C.
The blue complex formed was quantified at 760 nm in a spectrophotometer [22]. Phenolic
concentration was estimated by correlating the absorbance of the samples to a standard
curve made with gallic acid, and the result was expressed as milligrams of gallic acid

equivalents/gram extract (mg EAG/g extract).
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Total flavonoids analysis

To quantify total flavonoids, 1 mL of the sample and 1 mL of 2% aluminum
chloride were used. The tube was stirred and incubated for 1 h at room temperature.
Flavonoid quantification was measured in a spectrophotometer at 415 nm [23]. The
concentration of flavonoids was estimated by correlating the absorbance of the samples
to a standard curve performed with quercetin, in which the results were expressed as

milligram equivalents of quercetin/gram extract (mg EQuerc/g extract).
Analysis of phenolic compounds by HPLC

The analyses were performed on Agilent HP 1100 HPLC equipment, Lichrospher
RP18 column (5 um) equipped with a 210 nm UV detector and quaternary pump system.
The reverse phase analysis consisted of Milli-Q water with 1% phosphoric acid (solvent
A) and acetonitrile (solvent B). The pumping system of the mobile phase was: 90% of
solvent A from 0 to 5 min, 60% of A from 5 to 40 min, and 90% of A from 45 to 50 min.
The standard flow was maintained at 0.5 mL/min. The samples were filtered on 0.45 pm
nylon membranes. The phenolic compounds were identified according to their elution
order and by comparing their retention time with pure standards. The quantification was
performed by external standardization method, by correlating the area of the compound
peak to the standard curve performed with each standard (gallic acid, epigallocatechin,
catechin, epicatechin, epigallocatechin gallate, rutin, ferulic acid, and resveratrol). The

results were expressed as milligrams/gram extract.
Analysis of anthocyanidins by HPLC

The analyses were performed on Waters 2690 and 996 HPLC equipment, a
Phenomenex Luna C18 (250 x 4,6 mm x 3 um) column equipped with a diode array
detector (PDA), and a binary pump system. The reverse phase analysis consisted of:
solvent A — Milli-Q water with TFA acid (0.06%) and solvent B — acetonitrile with TFA
acid (0.06%). The pumping system of the mobile phase was: 91% of solvent A from 0 to
4 min, 88% of solvent A from 4 to 6 min, 86% of solvent A from 6 to 18 min, 84% of
solvent A from 18 to 24 min, 82% of solvent A from 24 to 26 min, 73% of solvent A from
26 to 50 min, and 0% of solvent A from 50 to 55 min. The standard flow was maintained
at 0.7 mL/min. The compounds were identified according to their elution order and by

comparing their retention time with pure standards. The quantification was performed by
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external standardization method by correlating the area of the compound peak to the
standard curve performed with each standard (cyanidin 3-O-glucoside, petunidin 3-O-
glucoside, peonidin-3-O-glucoside, and malvidin-3-O-glucoside). The results were

expressed as g% of each compound.

Experimental protocol and procedures

For the experiments, the blueberry extract was solubilized in water purified in a
Milli-Q system (Millipore Corporation, MA, EUA). The extract solutions were prepared
daily, and ultra-pure water was used as the control. Treatment with blueberry (Vaccinium
myrtillus) extract was performed daily for five weeks (two weeks pretreatment before the
induction of PAH with monocrotaline and three weeks after monocrotaline injection).
Three different doses were tested: 50, 100, and 200 mg/kg/day (MCT + BB50, MCT +
BB100, and MCT + BB200 groups, respectively). Treatment was administered orally
through the gavage method, respecting the maximum volume of 1 mL of solution for each
250 g of body weight. Selected doses were based on studies that verified the effect of
blueberry treatment on heart damage using different animal models [16, 17, 24, 25].

For the induction of pulmonary arterial hypertension, monocrotaline (MCT) rats
received a single intraperitoneal dose of 60 mg/kg monocrotaline (Crotaline — C2401
Sigma Aldrich, MI, EUA) [26]. Control rats (CTR) received a single dose of
intraperitoneal saline solution (0.9% NaCl). The animals of the CTR and MCT groups
received treatment with a water vehicle solution, also by gavage.

At the end of the 35-day protocol, right ventricular catheterization was performed
after echocardiography to assess cardiac function in animals anesthetized with ketamine
(90 mg/kg, intraperitoneal) and xylazine (10 mg/kg, intraperitoneal) simultaneously.
Subsequently, the animals were euthanized under these anesthetic effects by manual
guillotine decapitation in an isolated environment. Finally, the lungs were collected and
kept at —80°C until we performed redox state biochemical analyses.

Echocardiography

Transthoracic echocardiography is an excellent noninvasive test to evaluate right
ventricular function in PH [27]. Diastolic right ventricular function can be assessed in
terms of peak early (E) and late (A) diastolic velocities through tricuspid valve and their
ratio (E/A) [28], while systolic function is commonly checked using the tricuspid annular

plane systolic excursion (TAPSE) [29]. Animals were anesthetized, submitted to
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trichotomy of the thoracic region, and placed in the lateral decubitus position. Images
were obtained through two-dimensional mode and pulsed Doppler (Philips HD7
Ultrasound System), using an S12-4 (Philips) transducer. E/A ratio of blood flow through
the tricuspid and TAPSE were evaluated [30].

Hemodynamic evaluation

Animals were anesthetized, submitted to trichotomy of the right jugular region,
and the surgical field was disinfected. The jugular was dissected and isolated. Blood flow
was blocked by use of a metal occluder. With obstructed flow, an incision was made in
the vessel's upper wall to allow the introduction of a polyethylene (PE-50) catheter filled
with saline solution (0.9% NaCl). The catheter was inserted into the right ventricle, and
its position was determined by the observation of the characteristic ventricular pressure
waveform. Immediately after this initial recording, followed by 5 minutes of stabilization,
right ventricular diastolic and systolic pressures were recorded. Analog pressure signals
were digitized (Windag-Data Acquisition System, PC) with a sampling rate of 1000 Hz,
expressed in mmHg [31]. The following formula was used to estimate the mean
pulmonary artery pressure (MPAP): MPAP (mmHg) = 0.61 x RV systolic pressure + 2
mmHg [32].

Tissue preparation

Lungs were immediately stored in liquid nitrogen after removal and stored at
—80°C until analyses. Lung homogenization was performed for 40 seconds with Ultra-
Turrax (OMNI Tissue Homogeneizer, OMNI International, USA) in the presence of
1.15% KCI (5 mL/g tissue) and 100 mmol/L phenyl methyl sulfonyl fluoride (PMSF).
Then, the homogenates were centrifuged for 20 minutes at 10000 x g at 4°C. The
supernatant was removed and stored at —80°C for further analyses of the redox state.

Proteins were quantified using the method described by Lowry et al. [33].

Redox Balance Analyses

Total reactive species
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Total reactive species quantification was based on the measurement of
fluorescence produced by the oxidation of DCFH-DA (2,3-dichlorofluorescein diacetate)
by reactive species present in the sample. A standard curve with known concentrations of
DCF was used. Fluorescence was measured using excitation (480 nm) and emission (535
nm) wavelengths (LS 55 Fluorescence Spectrometer, Perkin ElImer, MA, USA). Results
were expressed as pmol of DCF/mg protein [34].

Total nitrite content

Nitrite concentration in samples was measured using the Griess reaction principle.
Final staining was detected spectrophotometrically at 548 nm (Anthos Zenyth 200 RT,
Biochrom, UK) and results were expressed in mM NO2™ [35].

NADPH oxidase activity

Activity of the NADPH oxidase enzyme was determined spectrophotometrically
by observing the consumption of NADPH at 340 nm over a 10-minute interval (Cary 1E
UV-Visible Spectrophotometer, Varian, CA, USA). For this assay, 25 uL of lung
homogenate was used in the presence of 925 ul of 100 mM sodium phosphate buffer with
50 pl of NADPH at 1 mg/mL (N1630 Sigma Aldrich, MI, EUA) [36]. Results were
expressed as nmol NADPH/min/mg protein.

Carbonyl content

Carbonyl quantification was based on the reaction of oxidized proteins with 2,4-
dinitro-phenyl hydrazine in acidic medium followed by incubation with guanidine.
Absorbance of carbonyls was measured in a spectrophotometer (Cary 1E UV-Visible
Spectrophotometer, Varian, CA, USA) at 360 nm. The results were expressed as

mg/protein [37].

Lipid oxidation
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Lipid oxidation was evaluated by the chemiluminescence (QL) production
initiated by tert-butyl hydroxide (TBOOH) addition as described previously [38]. The QL
was measured in a scintillation spectrometer (LKB Wallac RackBeta Liquid Scintillation
Spectrometer 1215, Australia) operating as a luminometer and with emission sensitive

phototubes in the range 380-620 nm. Results were expressed as counts cps/mg protein.

Superoxide dismutase activity

Determination of superoxide dismutase (SOD) activity was based on the
inhibition of the reaction of the superoxide radical anion with pyrogallol. Buffer solution
(Tris-base 50 mmol/L, EDTA 1 mmol/L, pH 8.2), pyrogallol 24 mmol/L (in 10 mmol/L
hydrochloric acid), and catalase 30 umol/L were used. A standard curve with known
concentrations of SOD (from bovine, lyophilized powder, > 1500 units/mg protein, Sigma
Aldrich, MI, USA) was used. SOD activity can be determined by measuring the rate of
oxidized pyrogallol formation, which leads to the formation of a colored product detected
spectrophotometrically at 420 nm (Cary 1E UV-Visible Spectrophotometer, Varian, CA,
USA). Results were expressed as U SOD/mg protein [39].

Catalase activity

Catalase activity was measured through the evaluation of H,O, consumption, as

reported previously [40]. Results were expressed as nmol H.O2/min/mg protein.

Glutathione peroxidase (GPx) activity

GPx activity was measured by evaluating the oxidation rate of NADPH at 340 nm
in the presence of reduced glutathione (GSH) and glutathione reductase enzyme, using
azide (NsNa) for inhibition of catalase and tert-butyl hydroperoxide as the reaction

initiator [41]. Results were expressed as nmol NADPH/min/mg protein.

Sulfhydryl content
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Sulfhydryl content represents a non-enzymatic antioxidant defense that is
inversely correlated with oxidative damage to proteins. For the assay, 0.1 mM DTNB was
added to 15 pL of lung homogenates, which were incubated for 30 minutes at room
temperature in the dark as previously described [42]. Absorbance (TNB formation) was
measured spectrophotometrically at 412 nm (Anthos Zenyth 200 RT, Biochrom, UK),
and results were expressed as nmol TNB/mg protein.

Western Blot

MCT + BB100 was selected to represent the treatment group, since 100mg/kg/day
was dose that showed more pronounced functional improvements. Electrophoresis and
protein transfer were performed as described by Laemmli [43]. Two hundred micrograms
of protein from lung homogenates were subjected to sodium dodecyl sulfate (SDS-
PAGE) monodimensional polyacrylamide gel electrophoresis in a batch system using an
8-12% (w/v) separation gel. Separated proteins were transferred through membrane
electrophoresis using modified Towbin buffer containing 20 mmol/L Tris, 150 mmol/L
glycine, 20% (v/v) methanol, 0.02% (w/v) SDS (pH 8.3) in a cooled Bio-Rad transfer
unit. Afterwards, nonspecific protein sites were blocked by 1 h incubation in 5% (w/v)
blocking solution of skim milk and 0.1% (w/v) Tris-saline buffer. Immunodetection was
processed using the following primary antibodies: anti- Cu/Zn-SOD (16 kDa) (Merck
Milliore, Burlington, MA, USA); anti-xanthine oxidase (150 kDa), anti-catalase (64
kDa), anti-Nrf2 (57 kDa), anti-ETAR (69 kDa), and anti-ETBR (50 kDa) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Primary antibodies were detected using
peroxidase-conjugated, anti-rabbit, and anti-goat secondary antibodies; the membranes
were developed using chemiluminescent detection reagents. Molecular weights of the
bands were determined using a standard molecular weight marker (RPN 800 rainbow full

range Bio-Rad, CA, USA). Results were normalized by the Ponceau method [44].

Statistics

The means and standard deviations were calculated for each of the measures
performed and for each of the groups studied. The Shapiro-Wilk test was used to

determine parametric data. For data with normal distribution, the comparisons were made
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through one-way ANOVA and complemented with the Tukey post-test. Kruskal-Wallis
was used to compared non-parametric data, complemented Dunn’s post-test. The
differences were considered significant when statistical analysis showed P < 0.05.

GraphPad Instat 6.01 for Windows was used as statistical analysis tool.

Results

Antioxidant Compounds in Blueberry Extract

Content of total phenolics, total flavonoids, and anthocyanidins present in the
extract are described in Table 1.

Effects of blueberry extract on functional parameters of PAH

Regarding the functional parameters measured at day 35 of the experimental
protocol, we observed that the tricuspid flow E/A ratio and TAPSE were reduced in the
MCT group in comparison to the CTR group. On the other hand, all groups treated with
the blueberry extract (MCT50, 100, and 200) were different from the CTR and MCT
groups (*P < 0.0001). Interestingly, animals treated with the 100 mg/kg dose (MCT +
BB100) showed the closest results to the reestablishment of these parameters compared
to the CTR group (Figure 1A and 1B). Regarding MPAP, all MCT groups showed a
higher pressure compared to the CTR group. However, the MCT + BB100 group reduced
this parameter compared to the MCT group (*P < 0.0001), indicating an attenuation of
MPAP as a consequence of treatment with blueberry extract (Figure 1C). Representative
images of the E/A ratio, TAPSE and right ventricular pressures obtained to calculate
MPAP for each group are available in the supplemental material (Supp. 1-3).

Evaluation of reactive oxygen, nitrogen species, and

biomolecules oxidation
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There was an increase in the total reactive oxygen species in the MCT group when
compared to the CTR group. On the other hand, all groups treated with blueberry extract
were able to decrease this measure in comparison to the MCT group (*P =0.0002) (Figure
2A). Regarding nitrite content, no differences were observed between groups (*P =
0.9648) (Figure 2B). When evaluating NADPH oxidase activity, there was an increase in
the MCT group compared to the CTR group. However, all treated groups decreased
NADPH oxidase activity in relation to the MCT group (*P = 0.0003) (Figure 2C).
Xanthine oxidase was more expressed in lungs of animals from MCT group compared to
CTR group, an increase attenuated by 100 mg/kg/day blueberry extract treatment (*P =
0.0008) (Figure 2D). Regarding biomolecules damage, carbonyl content showed no
differences between the groups (*P = 0.9161) (Figure 2E). However, lipid damage was
reduced in MCT + BB100 group compared to MCT group (*P = 0.0158) (Figure 2F).

Impact of treatment with blueberry extract on antioxidant

response

Evaluating the redox state, all groups were different from the CTR group
regarding SOD activity. However, the group treated with the dose of 100 mg/kg blueberry
extract (MCT + BB100) was different compared to the MCT group (*P < 0.0001),
recovering SOD enzymatic activity. Despite the increased SOD activity in the MCT +
BB100 group, protein expression of the Cu/Zn SOD enzyme did not appear to be
increased (*P = 0.8808) (Figure 3A). Both activity and expression of catalase were not
different between the groups (*P = 0.4432 and 0.4929, respectively) (Figure 3B).
Glutathione peroxidase activity was reduced in MCT and MCT +BB100 compared to
CTR group (*P = 0.0021) (Figure 3C). Concerning the sulfhydryl content, MCT and
MCT + BB50 groups showed lower levels compared to the CTR (*P = 0.0008). MCT +
BB100 and MCT + BB200 were neither different from MCT group nor different from the
CTR group, indicating the reestablishment of this antioxidant system in these treated
groups (Figure 3D). The MCT group showed reduced Nrf2 expression in comparison to
the CTR group (*P =0.0021). Treatment with blueberry extract with a dose of 100 mg/kg
(MCT + BB100) was able to reestablish the expression of this factor in the lung tissue of
the tested animals, and these results did not differ in relation to the CTR group (Figure
3E).
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Blueberry extract reduces the ETA/ETB receptors ratio in
PAH

MCT group showed increased ETA receptor protein expression, as well as the
ETA/ETB ratio, in comparison to the CTR group (*P = 0.0021). Treatment with blueberry
extract at a dose of 100 mg/kg (MCT + BB100) was able to reestablish the expression of
these factors in the lung tissue of animals and did not differ in relation to the CTR group
(Figure 4).

Discussion

PAH is a syndrome that leads to an excessive increase in pulmonary pressure
levels, inducing right ventricle remodeling and heart failure. An intervention is needed
that can regulate and reduce this pressure to avoid severe cardiovascular consequences.
In our study, we found a relative improvement in mean pulmonary artery pressure after
administration of 100 mg/kg of blueberry extract along with a reduced ETA/ETB receptor
ratio, which indicates that blueberry extract was able to alleviate vasoconstriction and
pulmonary vascular remodeling after PAH. In addition, the reductions in the E/A ratio
and TAPSE in MCT animals were attenuated in all treatment groups, suggesting
blueberry extract's ability to partially improve flow through the tricuspid valve and right
ventricular contractility during systole. This functional improvement has been associated
with reduced ROS levels, NADPH oxidase activity, xanthine oxidase expression and lipid
oxidation, as well as increased sulfhydryl levels and SOD activity; these characteristics
demonstrate a blueberry-induced antioxidant response. Such a protective effect of the
extract may be due, in part, to elevated Nrf2 levels. This treatment could stimulate an
appropriate redox environment and diminished pathological vasoconstriction.

In the present study, we found a reduction in the E/A ratio and TAPSE in MCT
animals. E/A ratio and TAPSE evaluation is an important measurement of right
ventricular diastolic and systolic function, respectively, since both tend to decrease in
PAH and are relevant indications of pathology. Cardiac dysfunction may be the
consequence of adverse pulmonary vascular remodeling, which can promote increased
lung arterial pressure that leads to increased right ventricular afterload. Indeed, results
showed an increased mean pulmonary artery pressure in the MCT group. The ETA/ETB
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receptor ratio was associated with increased pulmonary hypertension and was augmented
in MCT animals, suggesting that vasoconstriction status affected by PAH is associated
with a constrictive effect on vessels triggered by the endothelin—ETA receptor interaction.
Zimmer et al. (2017) also demonstrated reduced ETB receptor protein expression in
animals with PAH, which corroborates our data [45]. On the other hand, the decreased
E/A ratio and TAPSE and increased mean pulmonary arterial levels were attenuated in
all treated groups, suggesting a protective effect of blueberries on pulmonary vessels and
the right ventricle. The blueberry treatment also reduced the ETA/ETB ratio, which
reduced vascular tonus to a more relaxed status and further contributing to a diminished
pulmonary pressure and the consequent effects on the right ventricle.

Endothelin-induced activation of the ETA receptor may provoke increase
superoxide anion radical (O2™) production that can induce vascular damage and lead to
maladaptive vascular remodeling present in PAH [46]. In fact, our results demonstrate
elevated ROS levels caused by PAH. Such ROS elevation is related to increased NADPH
oxidase activity, which is a pro-oxidant enzyme involved in O>™ production through the
transfer of an electron from a donor molecule to oxygen; this mechanism is present in the
cardiovascular system [47]. Vascular NADPH oxidases have been suggested to be
capable of initiating the generation of ROS that may result in dysfunction and cellular
death. Although no specific role has been assigned to each form of the enzyme, it has
been established that both its expression and activity are regulated positively in the
vasculature of hypertensive individuals; it has also been linked to the development of
macro- and microvascular diseases [48]. Moreover, BB treatment decreased expression
of xanthine oxidase, which is also involved in O>™ production. Xanthine oxidase activity
is increased in idiopathic PAH patients compared with healthy controls [49]. Therefore,
it is important to reduce oxidases in order to reduce the oxidative stress of the tissue,
particularly to attenuate the generation of O2™. In our study, we showed a decrease in
NADPH oxidase activity and xanthine oxidase expression in the animals of treated
groups, and this result can also be related to the reduction of total reactive oxidative
species. Moreover, this finding is consistent with that found by other authors who used
different extracts [50, 51].

Elevated ROS levels damage biomolecules, including proteins and lipids.
Carbonyl content, an indicative of protein oxidation, was unchanged between the groups,
while lipid oxidation was decreased in the lungs of treated animals. Patients with
idiopathic PAH have a higher plasma protein carbonyl content compared to healthy
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subjects [52]. The cause of unaltered carbonyl content in our study needs further
investigation, but may be related to the experimental model and the time window we
measured it (3 weeks after PAH induction). Morita et al (2017) reported distinct BB
extracts capacity of lipid oxidation inhibition induced by several oxidants [53] and Spohr
et al (2019) showed that BB extract prevented lipid oxidation initiated by ketamine in
different organs from the neural system in rats [54]. Decreased lipid oxidation as an effect
of the BB treatment in our study may have occurred as a consequence of reduced ROS
and increased antioxidant defences. Since oxidized lipids participate in several
pathophysiological processes of PAH, such as smooth muscle cell (SMC) proliferation,
endothelial cell (EC) apoptosis, and inflammation [55], reduction in their oxidation is
desired.

There was a relative improvement in the SOD activity in the treated group at the
dose of 100 mg/kg. However, SOD expression appeared not to differ between the groups.
SOD protein expression, in some cases, may not represent and coincide with its activity,
since the SOD protein can suffer oxidation of its amino acids in situations with high levels
of ROS, resulting in changes in its activity but not in its expression [56]. A recent study
used anthocyanin-enriched blueberry extract to evaluate the activity of SOD in
cyclophosphamide-induced lung injuries in rats [51]. This study showed an improvement
in the activity of this enzyme in animals treated with the extract, similar to the results of
our work in the animals treated with the dose of 100 mg/kg; these findings suggest the
important antioxidant potential presented by blueberries. Interestingly, another study on
pulmonary toxicity evaluated treatment with the extract of a berry fruit, Carissa opaca,
which restored SOD activity in the lungs of treated animals [57]. SOD is a very important
antioxidant enzyme that may remove O™, avoiding chain reactions and subsequent
biomolecular damage [58]. Because of the fundamental role of SOD in modulating the
concentration of O2™ in the vasculature, impairment of this enzyme has been associated
with pathological conditions involving vascular dysfunction, such as diabetes and
hypertension. It is believed that oxidative stress—especially when caused by the
production of O>"—induces endothelial dysfunction. In addition, excess O™ can directly
antagonize the actions of nitric oxide (NO) by a direct chemical interaction. Endothelium-
derived NO controls the extent of vascular smooth muscle relaxation, inhibits platelet
aggregation, and attenuates neutrophil adhesion to the endothelium. SOD opposes the
inactivation of vascular NO; thus, it may be crucial for the maintenance of blood vessel
tonus [59].
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NO is also a free radical and is able to diffuse freely. It has limited action because
of its short half-life. It is important to note that the deleterious radical from NO is
peroxynitrite (ONOO"), which is a result of the reaction of NO with O,". Peroxynitrite is
a powerful oxidant for all types of molecules and is therefore highly cytotoxic. ONOO"is
unstable and can be converted into new active species, such as the hydroxyl radical ("OH),
which does not have an antioxidant system capable of neutralizing it [46]. NO is also an
important signaling molecule that modulates various physiological processes [59].
Although our work did not show differences in total nitrite concentrations between the
experimental groups, we suggest that there is a lower probability of peroxynitrite
formation in the treated groups because we observed a decrease of total reactive species
in all groups that received the blueberry extract. Thus, there may be a higher availability
of NO in the lung tissue of these animals. As discussed earlier, SOD assists in controlling
the level of O>™ available to react with NO and contributes to preserving the physiological

functions of this molecule [59].

The imbalance between increased levels of ROS and reactive nitrogen species
(RNS) associated with a low activity of antioxidant mechanisms determines oxidative
stress status. In this way, the enhancement of antioxidant mechanisms for the maintenance
of cellular integrity is of prime importance. Catalase and glutathione peroxidase are
fundamental enzymes in maintaining cellular H2O> under appropriate levels. Particularly,
glutathione peroxidase can also act on peroxides other than H>O2, such as fatty acid
hydroperoxides, promoting their reduction. This event seems to be relevant in PAH, once,
as described previously, lipid oxidation is a hallmark of the pathology. In fact, glutathione
peroxidase activity is decreased in lungs of idiopathic PAH patients, and this reduction is
associated with alterations in NO and PAP [60]. Accordingly, we found decreased
glutathione peroxidase activity in MCT animals, a decline that BB treatment was not able
to rescue. A plausible interpretation for that is the fact that modulation of other antioxidant
enzymes by the extract, such as increased SOD and decreased NADPH and xanthine
oxidases, may have contributed to a less oxidative status of the cellular environment, in
which glutathione peroxidase reestablishment was not necessary to improve redox state.
Sulfhydryl compounds are sensitive to changes in the concentration of free radicals
because the free -SH groups can be oxidized in the presence of oxidative stress. Thus,
they are used as indicators of non-enzymatic antioxidant activity, and they are

characterized as a barrier to oxidative stress [61]. In the present study, we verified the
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restoration of sulfhydryl content in groups treated with 100 and 200 mg/kg doses of
blueberry extract, indicating a reestablishment of the antioxidant capacity in the lungs of
treated animals similar to the results found by other authors in therapy with potential
antioxidants in different tissues [50, 62].

Antioxidant response can be regulated by activation of the transcriptional factor
Nrf2, which plays a central role in redox response. Its activation basically occurs because
of its separation from Keap and translocation to the cell nucleus; this culminates in the
transcription of the genes of several enzymes with antioxidant properties [63]. The
capacity of natural antioxidant compounds for activating the Nrf2 pathway has been
reported, and these compounds have resulted in the repair of the redox balance in several
disorders [64]. Our work showed that blueberry extract (100 mg/kg dose) was able to
restore the expression of this factor in the lung tissue of treated animals, and we showed
that blueberry supplementation contributes both to the decrease of ROS and to the
improvement of antioxidant signaling to result in an improved redox balance.

Eventually with this study, it was possible to observe that, within the lungs after
PAH, there is the presence of an imbalance in redox homeostasis that is associated with
functional losses. Structural changes in pulmonary arteries observed in MCT-induced
pulmonary hypertension are similar to the characteristics of human pulmonary
hypertension at marked medial wall thickening levels [65]. Thus, the use of animal
models contributes extensively to a better understanding of PAH and helps in the study
of novel therapies. The blueberry extract was able to reverse oxidative damage in the
lungs, possibly in the lungs’ vasculature, and we attribute these effects mainly to the use
of the 100 mg/kg dose that modulates enzymes that participate in the metabolism of nitric

oxide and leads to vascular improvement and resumption of the redox balance.

Conclusion

We conclude that blueberry extract, especially at the dose of 100 mg/kg, was able
to attenuate vascular and oxidative alterations caused by PAH. The improvement in the
redox balance seems to be associated with the extract’s ability to enhance right ventricular
function. Therefore, the regular consumption of foods rich in antioxidants, such as

blueberries, may be an alternative or adjuvant therapy to the classical treatment for the
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attenuation or prevention of the development of diseases that compromise redox

homeostasis, as we have shown for PAH.
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Figure 1: Effect of blueberry extract (BB) on (A) E/A ratio, (B) TAPSE and (C) mean arterial pressure (MPAP) in control
rats (CTR, na= 8; np = 8; nc = 6) or with pulmonary arterial hypertension (MCT, na.= 10; n, = 10; nc= 6), (MCT+BB50, n,
=10; ny = 10; nc=8), (MCT+BB100, n,= 10; n, = 10; nc = 8), and (MCT+BB200, n,= 9; ny = 9; n.=8), treated by gavage
for 35 days. Values represented as mean + standard deviation; one-way ANOVA followed by Tukey’s post-test; a- different
from CTR; b- different from MCT.
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Figure 2: Effect of blueberry extract (BB) on (A) concentration of total reactive species, (B) total nitrite content, (C)
activity of NADPH oxidase, (D) xanthine oxidase expression, (E) carbonyl content, (F) lipid oxidation in control rats (CTR,
Na=7; Ny= 8, nc=6; ng = 6; Ne=7; ns = 6) or with pulmonary arterial hypertension (MCT, na=6; np=8, nc=6; hg=6; ne
= 8; nf = 8), (MCT+BB50, n,=7; np = 8, nc= 6), (MCT+BB100, na=8; n,b=9, nc= 7; ng= 6; ne = 8; ns = 8), and
(MCT+BB200, n,=5; n,= 6, nc = 6), treated by gavage for 35 days. Values represented as mean + standard deviation; one-
way ANOVA followed by Tukey’s post-test for (A), (B), (C), (E) and (F); Kruskal-Wallis followed by Dunn’s post-test
for (D); a- different from CTR; b- different from MCT.
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Figure 3: Effect of blueberry extract (BB) on (A) SOD enzyme activity and SOD Cu/Zn expression (SOD), (B) catalase
enzyme activity and catalase expression, (C) GPx enzyme activity, (D) sulfhydryl content, and (E) immunocontent of Nrf2
in the lung of control rats (CTR, n.= 6; ny= 6, nc= 6; Ng = 7; ne = 6) or with pulmonary arterial hypertension (MCT, n.= 6;
Ny=6,Nc=6;ng=7;ne=6), (MCT+BB50, na=6; np=6; hg=7), (MCT+BB100, na=7; npb=6,Nc=6;Nng4=7;Nn.=6), and
(MCT+BB200, n.=6; np=6; ng = 5), treated by gavage for 35 days. Values represented as mean + standard deviation; one-
way ANOVA followed by Tukey’s post-test for (A) and (B) enzymes activities, (C) and (D); Kruskal-Wallis followed by
Dunn’s post-test for (A) and (B) Western blots and (E); a- different from CTR; b- different from MCT.
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Figure 4: Effect of blueberry extract (BB) on the expression of ETAR, ETBR, and ETAR/ ETBR ratio in the lung of control
rats (CTR, n = 6) or with pulmonary arterial hypertension (MCT, n= 6), (MCT+BB100, n = 6), treated by gavage for 35
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CAPITULO Il

4.2 Extrato de mirtilo melhora o equilibrio redox e parametros funcionais no

ventriculo direito de ratos com hipertenséo arterial pulmonar.

Neste capitulo verificamos os efeitos benéficos do extrato de mirtilo sobre
o VD de animais com HAP induzida por monocrotalina, focando em aspectos
morfométricos, funcionais e hemodinamicos. Sugerimos que 0S mecanismos
terapéuticos do extrato estejam relacionados com a melhora do estado redox do
VD.

Artigo submetido para a revista Nutrition (Elsevier):
TURCK P. et al. Blueberry extract improves redox balance and functional

parameters in the right ventricle from rats with pulmonary arterial hypertension.
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Abstract: BACKGROUND: Pulmonary arterial hypertension (PAH) is a disease
characterized by progressive endothelial dysfunction and vascular
remodeling, leading to increased pulmonary vascular resistance and right
ventricle (RV) failure. In this context, oxidative stress is an essential
element that contribute to the pathophysiology of PAH. Thus, blueberry
(BB), which has a high antioxidant capacity, emerges as a natural
therapeutic alternative in PAH. The objective of this work was to
evaluate the effect of BB extract on redox balance in RV in an animal
model of PAH.

METHODS: Male Wistar rats (200 £ 20 g) (n = 72) were randomized into
eight groups: control (CTR); monocrotaline (MCT); CTR and MCT treated at
doses of 50, 100, and 200 mg/kg BB. PAH was induced by the administration
of monocrotaline (60 mg/kg, intraperitoneal). Rats were treated with BB
via gavage for five weeks (2 weeks before monocrotaline and 3 weeks after
monocrotaline injection). At day 35, rats were submitted to
echocardiography and catheterization, then euthanasia and right ventricle
harvesting for biochemical analyses.

RESULTS: Right ventricular hypertrophy was observed in the animals of the
monocrotaline groups, indicated by the increase in the RV/body mass,
RV/left ventricle mass and RV/tibia length ratios, which were attenuated
when animals were treated with 100 mg/kg/day BB. Monocrotaline elevated
right ventricular systolic pressure and contractility and relaxation
derivatives, while treatment with 100 mg/kg/day BB decreased these
parameters. Functional impairment of the RV was observed in the animals
of the monocrotaline groups, which presented decreased right ventricular
output and pulmonary artery outflow AT/ET ratio and increased right
ventricular diameters, parameters restored in the treated groups,
specially at 100 and 200 mg/kg/day doses. Animals of the MCT group showed
elevated lipid peroxidation and activity of the NADPH oxidase enzyme. An
improvement of the redox balance was observed in animals treated with 100
mg/kg/day BB, indicated by reduction of lipoperoxidation and activity of



the NADPH oxidase enzyme, as well as an increase in the activity of the
catalase enzyme.

CONCLUSION: Treatment with the blueberry extract mitigated PAH through
the improvement of the RV redox state. Our work evidences the potential
use of natural antioxidant interventions as an alternative in in PAH.
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Abstract

BACKGROUND: Pulmonary arterial hypertension (PAH) is a disease characterized by
progressive endothelial dysfunction and vascular remodeling, leading to increased
pulmonary vascular resistance and right ventricle (RV) failure. In this context, oxidative
stress is an essential element that contribute to the pathophysiology of PAH. Thus,
blueberry (BB), which has a high antioxidant capacity, emerges as a natural therapeutic
alternative in PAH. The objective of this work was to evaluate the effect of BB extract on
redox balance in RV in an animal model of PAH.

METHODS: Male Wistar rats (200 + 20 g) (n = 72) were randomized into eight groups:
control (CTR); monocrotaline (MCT); CTR and MCT treated at doses of 50, 100, and
200 mg/kg BB. PAH was induced by the administration of monocrotaline (60 mg/kg,
intraperitoneal). Rats were treated with BB via gavage for five weeks (2 weeks before
monocrotaline and 3 weeks after monocrotaline injection). At day 35, rats were submitted
to echocardiography and catheterization, then euthanasia and right ventricle harvesting
for biochemical analyses.

RESULTS: Right ventricular hypertrophy was observed in the animals of the
monocrotaline groups, indicated by the increase in the RV/body mass, RV/left ventricle
mass and RV/tibia length ratios, which were attenuated when animals were treated with
100 mg/kg/day BB. Monocrotaline elevated right ventricular systolic pressure and
contractility and relaxation derivatives, while treatment with 100 mg/kg/day BB
decreased these parameters. Functional impairment of the RV was observed in the
animals of the monocrotaline groups, which presented decreased right ventricular output
and pulmonary artery outflow AT/ET ratio and increased right ventricular diameters,
parameters restored in the treated groups, specially at 100 and 200 mg/kg/day doses.
Animals of the MCT group showed elevated lipid peroxidation and activity of the
NADPH oxidase enzyme. An improvement of the redox balance was observed in animals
treated with 100 mg/kg/day BB, indicated by reduction of lipoperoxidation and activity
of the NADPH oxidase enzyme, as well as an increase in the activity of the catalase
enzyme.

CONCLUSION: Treatment with the blueberry extract mitigated PAH through the
improvement of the RV redox state. Our work evidences the potential use of natural

antioxidant interventions as an alternative in in PAH.
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Introduction

Pulmonary arterial hypertension (PAH) is a clinical condition in which there is
loss and obstructive remodeling of pulmonary arterial bed, characterized by smooth
muscle cells unrestrained proliferation and hypertrophy, endothelium dysregulation in
producing vasoactive molecules and presence of perivascular inflammation [1]. Such
mechanisms lead to increase in pulmonary vascular resistance, rising the pulmonary
pressure and culminating in increased afterload on the right ventricle (RV), which
progressively develops hypertrophy and dilation, eventually, fails in maintaining the
cardiac output. The impaired performance of RV is of crucial importance in determining
the outcome of the disease [2].

Among contributing factors to PAH and RV failure, redox balance disruption
plays a pivotal role. Enhanced production of reactive species and decreased antioxidant
defenses, which contribute to vasocontraction and remodeling of pulmonary vascular
wall, also take part in RV dysfunction [3]. Studies using distinct animal models of PAH
have shown perturbations in key components responsible for redox homeostasis in RV,
having reported increased activity and/or expression of pro-oxidant enzymes, such as
NADPH and xanthine oxidases, while exhibited decline in antioxidant enzymes, in
particular catalase, superoxide dismutase and glutathione peroxidase [4-6]. Such shift in
redox status triggers a series of events associated with damage to cardiomyocytes
calcium-handling proteins and apoptosis, fibrosis and extracellular matrix changes of RV,
among other pathological processes described in PAH [4, 7-10]. In patients with PAH,
oxidative stress markers have been reported to be increased and have been related to
higher values of pulmonary pressure [11,12]. In fact, oxidative stress has been targeted in
PAH for possible new therapies, with new clinical trials currently being performed [13].

The use of natural antioxidants as treatment in diseases that present redox
imbalance in their pathophysiology has long been proposed [14], with heart diseases
being benefited from antioxidants intervention [15-17]. Remarkably, small berries, that

show an abundant content of antioxidant compounds, have been related to improved
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cardiovascular risk profiles [18]. The blueberry (BB) (Vaccinium spp.), which has high
levels of polyphenols, especially anthocyanins, has been studied in several models of
cardiovascular conditions [19-21]. Intervention with BB was accompanied with
attenuated cardiac dysfunction and reduced left ventricular hypertrophy, fibrosis and
inflammation in a cyclophosphamide-induced cardiac injury model, effects related to
improved redox balance [22]. Similarly, BB protected heart from ischemic damage,
improving left ventricular function in myocardial infarction studies [23,24]. Regarding
PAH, our group recently showed the benefits of BB extract on lungs of animals with
PAH, which restored the redox state and contributed to attenuate pulmonary pressure via
endothelin receptors modulation [25]. In the present study, we further investigate the role
of BB in PAH focusing on the RV.

Material and Methods

Animals

Wistar rats (male, 200 + 20 grams) were provided from the Center for
Reproduction and Experimentation of Laboratory Animals of the Federal University of
Rio Grande do Sul. The animals were allocated in polypropylene boxes (340 x 200 x 410
mm) with three/four animals per cage. Animals were kept under standard conditions:
temperature (20-25°C), light—dark cycles of 12 hours and relative humidity of 70%.
Water and commercial feed were offered ad libitum. The experimental protocol was
carried out in accordance with the International Guidelines for Use and Care of
Laboratory Animals and National Council for Control of Animal Experimentation. The
experimental protocol began after it had been approved by the Ethical Committee for
Animal Experimentation (#32192).

Blueberry Extract

The blueberry extract was purchased from Active Pharmaceutica — Brazil
(Bilberry — Vaccinium myrtillus L. Standardized Extract), maintained at 4°C and

protected from light during the experimental protocol period. Characterization (total
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phenolics, total flavonoids, and anthocyanidin content) of the extract was previously
reported [25].

Experimental Protocol

Blueberry extract was solubilized daily in water purified in a Milli-Q system
(Millipore Corporation, MA, USA). Treatment with the extract was performed daily for
five weeks (two weeks prior to the induction of PAH with monocrotaline and three weeks
post-monocrotaline injection). Animals were randomly allocated in eight different
groups: control (CTR); monocrotaline (MCT); CTR and MCT treated at doses of 50, 100,
and 200 mg/kg BB, n = 8-10 animals per group. Animals from the BB groups received
blueberry solution orally by gavage (maximum volume of 1 mL of solution for each 250
g of body weight), while animals from CTR and MCT groups received ultra-pure water
at the same volume. PAH was induced by a single intraperitoneal injection of
monocrotaline (Crotaline — C2401 Sigma Aldrich, MI, USA) at the dose of 60 mg/kg in
the MCT groups. Animals from CTR groups received a single injection of saline solution
(0.9% NaCl) at the same volume. On the 35th day of the experimental protocol, right
ventricular echocardiography and catheterization were performed, followed by
euthanasia of animals under anesthesia with ketamine (90 mg/kg, intraperitoneal) and
xylazine (10 mg/kg, intraperitoneal) by manual guillotine decapitation. Hearts were
harvested and washed in cold 1.15% KClI, atria were discarded, and the RV was separated
from the left ventricle (LV) + septum, weighted, maintained in liquid nitrogen during the

experiments and stored at —80°C for further biochemical assays.

Morphometric Analysis

For hypertrophy analyses, RV was weighed and left hind paws tibias of animals
were collected. Body weight of animals were determined at the day of euthanasia. The
following ratios were used as indicators of right ventricular hypertrophy: RV mass/body

mass, RV/left ventricle mass and RV mass/tibia’s length [26].

Hemodynamic evaluation

Animals were anesthetized, submitted to trichotomy of the right jugular region,

and the surgical field was disinfected. The jugular was dissected and isolated. Blood flow
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was blocked by use of a metal occluder. With obstructed flow, an incision was made in
the vessel's upper wall to allow the introduction of a polyethylene (PE-50) catheter filled
with saline solution (0.9% NaCl). The catheter was inserted into the right ventricle, and
its position was determined by the observation of the characteristic ventricular pressure
waveform. Immediately after this initial recording, followed by 5 minutes of stabilization,
right ventricular diastolic and systolic pressures were recorded. Analog pressure signals
were digitized (Windag-Data Acquisition System, PC) with a sampling rate of 1000 Hz,

expressed in mmHg.

RV Echocardiography

Animals were anesthetized with ketamine (90 mg/kg, intraperitoneal) and
xylazine (10 mg/kg, intraperitoneal), submitted to trichotomy of the thoracic region, and
placed in the lateral decubitus position. Images were obtained using two-dimensional
mode and pulsed Doppler (Philips HD7 Ultrasound System), with a S12-4 transducer.
Right ventricular diastolic and systolic diameters were measured. Acceleration/ejection
time ratio was measured and calculated in pulmonary artery outflow tract. Right
ventricular cardiac output (CO) was determined using the heart frequency and systolic
volume, which was calculated according to cross sectional area of RV outflow tract in

systole and RV outflow tract velocity time integral [27].

RV Preparation for Redox Analyses

RV homogenization was performed for 40 seconds with Ultra-Turrax (OMNI
Tissue Homogeneizer, OMNI International, USA) in the presence of 1.15% KCI (5 mL/g
tissue) and 100 mmol/L phenyl methyl sulfonyl fluoride. Samples were centrifuged (20
minutes at 10000 x g at 4°C), and the supernatant was collected and stored at —80°C until
the analyses. Protein quantification was determined as described by Lowry’s method

using bovine serum albumin solution as standard [28].

Redox Analyses

Total reactive species
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Oxidation of DCFH-DA (2,3-dichlorofluorescein diacetate) to DCF in presence
of the samples was used to determine total reactive species, as described previously [29].
Results were expressed as pmol of DCF/mg protein.

Lipid oxidation

Tert-butyl hydroxide (TBOOH) was added to samples and chemiluminescence
(QL) production detected as and indicative of lipid peroxidation, as described previously
[30]. Results were expressed as counts cps/mg protein.
NADPH oxidase activity

NADPH oxidase enzyme activity was determined spectrophotometrically by
observing the consumption of NADPH over a 10-minute interval in the presence of

samples, as previously indicated [31]. Results were expressed as nmol NADPH/min/mg

protein.

Catalase activity

Catalase activity was measured through the evaluation of H.O, consumption, as

reported previously [32]. Results were expressed as nmol H.O2/min/mg protein.
Superoxide dismutase (SOD) activity
Inhibition of the reaction of the superoxide radical anion with pyrogallol was used

to to determine SOD activity, as referred previously [33]. Results were expressed as U

SOD/mg protein.

Glutathione peroxidase (GPx) activity

Monitoring the oxidation rate of NADPH in the presence of reduced glutathione
and glutathione reductase enzyme was performed to determine GPx activity. Azide
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(N3Na) for inhibition of catalase and TBOOH as the reaction initiator were used [34].

Results were expressed as nmol NADPH/min/mg protein.

Sulfhydryl content

DTNB (5,5'-Dithiobis-(2-nitrobenzoic acid) conversion to TNB measured
spectrophotometrically was used to detect total sulfhydryl content in samples, as indicated
previously [35]. Results were expressed as nmol TNB/mg protein.

Western Blot

The dose of 100 mg/kg/day BB was selected to represent the treatment group,
since  100mg/kg/day BB showed more pronounced functional improvements.
Electrophoresis and protein transfer were procced as described [36]. 100 micrograms of
protein from RV homogenates were subjected to sodium dodecyl sulfate
monodimensional polyacrylamide gel electrophoresis in a batch system using an 8-12%
(w/v) separation gel. Separated proteins were transferred through membrane
electrophoresis using modified Towbin buffer containing 20 mmol/L Tris, 150 mmol/L
glycine, 20% (v/v) methanol, 0.02% (w/v) SDS (pH 8.3) in a cooled Bio-Rad transfer
unit. Afterwards, nonspecific protein sites were blocked by 1 h incubation in 5% (w/v)
blocking solution of skim milk and 0.1% (w/v) Tris-saline buffer. The following primary
antibodies were used: anti-xanthine oxidase (150 kDa), anti-catalase (64 kDa), anti-SOD1
(16KDa), anti-SOD2 (16 KDa), anti-gluthatione peroxidase 1/2 (23 KDa) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Primary antibodies were detected using
peroxidase-conjugated anti-rabbit and anti-mouse secondary antibodies. Membranes
were developed by chemiluminescence detection and visualized in GE ImageQuant LAS
4000 Photodocumentator (GE Healthcare, IL, USA). Molecular weights were determined
using a standard molecular weight marker (RPN 800 rainbow full range Bio-Rad, CA,

USA). Results were normalized by the Ponceau method [37].

Statistics
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The means and standard deviations were calculated for each of the measures
performed and for each of the groups studied. The Shapiro-Wilk test was used to
determine parametric data. For data with normal distribution, the comparisons were made
through two and one-way ANOVA complemented with Tukey’s post-test. Kruskal-
Wallis was used to compared non-parametric data, complemented Dunn’s post-test. The
differences were considered significant when statistical analysis showed P < 0.05.
GraphPad Instat 6.01 for Windows was used as statistical analysis tool.

Results

Morphometric Results

Animals from the monocrotaline groups showed increased right cardiac
hypertrophy indices (RV/body mass, RV/left ventricle mass and RV/tibial length)
compared to animals from control groups. Treatment with blueberry extract at a dose of
100 mg/kg/day attenuated the increase in the right cardiac hypertrophy indices when
compared with the MCT group (Figure 1A, 1B and 1C).

RV Pressure Records

There was an increase in right ventricular systolic pressure, as well as in the
relaxation (dP/dt min) and contractility (dP/dt max) derivatives among animals receiving
monocrotaline in relation to animals from control groups. Animals from monocrotaline
group treated with blueberry extract at 100 mg/kg/day showed a decrease in right

ventricular systolic pressure and contractility derivative (Figure 2A, 2B and 2C).

Echocardiographic Parameters

Animals from non-treated monocrotaline group showed a decrease in right
ventricular cardiac output and AT/ET ratio compared to animals from control group,
while all tested doses of BB treatment attenuated the impairments in these cardiac
parameters (Figure 3A and 3B, Sup. 1). Treatment with 100 and 200 mg/kg/day BB was
also capable of preventing the increase in right ventricular systolic and diastolic

diameters, which were increased in monocrotaline group (Figure 3C and 3D).

Redox Balance Analyses
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Regarding the total content of reactive species, no difference was observed
between the experimental groups (Figure 4A). However, treatment with 100 mg/kg/day
BB was able to attenuate the increased lipid oxidation evidenced in the monocrotaline
group (Figure 4B). Similarly, 100 mg/kg/day BB reduced the activity of NADPH oxidase
enzyme, which was increased in the monocrotaline group (Figure 4C). There were no

differences in xanthine oxidase enzyme expression between the groups (Figure 4D).

Treatment with 100 mg/kg/day BB was able to increase catalase enzyme activity
compared to the control group. However, no differences in protein expression were
observed between the different experimental groups (Figure 5A). In addition, superoxide
dismutase enzyme activity was reduced in monocrotaline groups compared to control
group. No differences in protein expression of the SOD1 enzyme were observed between
the different experimental groups, yet SOD2 protein expression showed a decrease in
monocrotaline groups (Figure 5B). No differences were observed in protein activity and
expression of glutathione peroxidase enzyme, as well as in sulfhydryl content between

the different experimental groups (Figure 5C and 5D).

Discussion

PAH is a disease marked by cardiopulmonary changes that increase pulmonary
vascular resistance and progressively leads to endothelial dysfunction, associated with
oxidative stress, which stimulate the severity of the disease, contributing to RV
dysfunction and to right heart failure [38]. Blueberry is considered a fruit with strong
antioxidant characteristics, since it has high concentrations of phenolic compounds and
has been linked to the improvement of oxidative stress indicators in several conditions
[39-41]. This study, being a precursor in exploring a natural therapeutic alternative for
the treatment of PAH, focusing especially in RV, demonstrated that BB extract was able
to promote a recovery of RV redox balance state associated with improvement of

morphometric and functional parameters.

Cardiac hypertrophy, even having deleterious effects, is an adaptive mechanism
allowing the RV to function despite elevated pulmonary artery pressures [42]. However,
the gradual RV hypertrophy developed in PAH by the increase of sustained pressure

overload leads to a reduction in ejection fraction and cardiac output, which is described
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as maladaptive hypertrophy [43]. In our study, the morphometric parameters evidenced
the RV mass increase in the MCT group compared to the CTR group, in agreement with
previous studies using the monocrotaline model for PAH induction [44, 45]. On the other
hand, treatment with 100 mg/kg/day BB attenuated the right cardiac hypertrophy indices.
Few studies reporting antioxidants intervention in PAH to reduce RV hypertrophy
conducted a deeper analysis on RV function [5, 45], which led us to further evaluate RV

performance.

The increase in RV systolic pressure post-injection of monocrotaline is one of the
hallmarks of the efficacy of this model in developing PAH and has been reported
previously [46, 47]. Accordingly, in our study we verified an increase in RV systolic
pressure, which was accompanied with increased contractility and relaxation
pressure/time derivatives. Such elevation in RV systolic pressure is a repercussion of
augmented pulmonary artery pressure secondary to increased pulmonary vascular
resistance [48]. Increased contractility and relaxation derivatives together with
cardiomyocytes hypertrophy have been reported in rats receiving monocrotaline, with
different interventions reversing the increased RV pressure and the onset of hypertrophy,
taking derivatives to normal levels [49, 50]. Thus, increased contractility and relaxation
seems to be a compensatory mechanism by which the RV seeks to compensate its
progressive loss of function with the disease’s progression. In our study, treatment with
BB, particularly at 100 mg/kg/day, reduced RV systolic pressure and attenuated RV
contractility derivative, which indicates that the RVs of the animals that received the BB
were under a lower afterload. In fact, these results are in accordance with our previous
work, where we showed that BB treatment at the same dose attenuated pulmonary artery

mean pressure [25].

Regarding the functional parameters of the RV, in decompensated PAH there is a
significant decrease in right cardiac output, compromising the functionality of the heart
[51]. Moreover, the inability in ejecting properly eventually leads to right heart failure
with progression to left-side heart failure, mainly due to RV extensive hypertrophy
causing interventricular septal deviation, culminating in compression of the left ventricle
[52]. The difficult in right heart ejection is accompanied with a typical reduction in
acceleration/ejection time (AT/ET) ratio observed in pulmonary artery outflow, which is
a consequence of elevated pulmonary vascular resistance and indicates a systolic

decompensation [53]. In the present study, a decrease in RV cardiac output and AT/ET
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ratio was found in the MCT group compared to CTR, whereas in all treated group, BB
improved RV these functional measurements. Furthermore, we observed increased RV
systolic and diastolic diameters, indicating chamber’s dilation that may occur as a
consequence of facing the progressive increase in afterload [54]. Treatment with BB
attenuated the increase in RV diameters, which supports the functional improvements
observed. Such findings are consistent with our previous report, in which treatment with
100 mg/kg/day BB led to improvements of both systolic and diastolic RV function [25].

The RV hemodynamic and functional improvements caused by BB treatment can
be related to the fact that the BB contains in its nutritional composition an expressive
amount of phenolic compounds that act as potential antioxidants [55]. The ability of BB
phenolic compounds to attenuate vascular changes, as well as to increase survival of
cardiomyocytes in a cardiac ischemia model when administered in the diet was previously
reported [24]. Moreover, phenolic fractions of BB extract protected cardiomyocytes from
norepinephrine injury, preventing impairments in their contractility through positive
regulation of several antioxidant defenses [20]. In an animal model of cyclophosphamide-
induced cardiac injury, BB extract reduced fibrosis, inflammation and left ventricular
dysfunction, results also related to increased antioxidant defenses [22]. Thus, these data
indicate the benefic effects of BB on cardiac cells are associated with modulation of

cellular redox state.

Oxidative stress can cause serious damage to cellular components and is reported
as a major contributor to several diseases, including PAH [56]. In our study, total reactive
species did not differ in RV of animals between the groups. This may have been a
consequence of the DCFDA assay, which have some limitations such as it’s lack of
specificity for a determined reactive species source [57]. Endothelial injury in PAH was
associated with increased O2~ concentration, resulting in loss of redox balance [58]. An
important source of O>~ in PAH is the enzyme NADPH oxidase found in the smooth
muscle cells of the pulmonary arteries, with previous data showing its increased activity
and expression in rats with MCT-induced PAH [59, 60]. In this sense, in the present study,
MCT group showed higher activity of this pro-oxidant enzyme, while animals treated
with BB demonstrated reduction in NADPH oxidase activity. Increased production of O,~
could have taken to elevated lipid oxidation observed in MCT group. The increase in
oxidation of lipids has been linked to injuries to the sarcolemma and elements of

cytoskeleton of cardiac cells, with consequent cell death [61]. Since treatment with BB
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abrogated the raised levels of lipid oxidation, this could have contributed to
cardiomyocytes calcium-handling homeostasis and survival. In PAH, another described
source of reactive species is the xanthine oxidase enzyme [62]. However, we did not
observe changes in the immunocontent of this enzyme in RV between the groups in our
study. Alterations in xanthine oxidase may occur more pronouncedly in pulmonary
vasculature, in which exacerbated levels of O>~ could impair oxide nitric formation and

contribute to increased pulmonary vascular resistance, indirectly affecting RV [25].

Regarding the antioxidant system, BB leaf extract increased catalase activity,
resulting in decreased lipid oxidation and heart protection in a model of isoprenaline-
induced cardiac hypertrophy [63]. A similar finding was observed in our work, in which
rats treated with BB showed elevation of catalase activity in RV compared to CTR and
MCT groups. In PAH, reduced activities of superoxide dismutase and glutathione
peroxidase enzymes have been reported [64], with the first having its activity diminished
in the RV of MCT animals in our study. BB treatment did not restore superoxide
dismutase or change glutathione peroxidase activities, differently from previous data [20,
22]. However, these results can be explained considering that BB was shown to be
negatively regulating NADPH oxidase activity and positively influencing catalase
activity, which would lead to decreased levels of O>~and H2Ox, in a scenario where other
distinctive antioxidant mechanisms activation may not be necessary, including sulfhydryl
content modifications. Another point to consider is that particular redox status changes
can vary between different models of PAH, distinctive times of analyses after PAH
induction and tissues under analysis [62]. Overall, BB treatment reestablished RV redox
homeostasis, similarly as we reported for lung tissue [25], promoting cardiac functional

benefits.

Conclusion

BB extract, specially at the dose of 100 mg/kg/day, attenuated the worsening of
RV functional parameters in PAH, associated with the improvement of the RV redox
state. Dietary interventions with antioxidant-rich foods had sparsely been explored in
PAH, specially aiming the RV. In our study, we showed that BB supplementation can be

considered an effective dietary strategy to promote benefits and protection against the
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development of chronic progressive cardiovascular diseases that compromise redox

balance, such as PAH.
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Figure 1: Effect of blueberry extract (BB) on (A) right ventricle/body mass (B) right ventricle/left ventricle
mass and (C) right ventricle mass/tibia length in control rats (CTR) or with pulmonary arterial hypertension
(MCT) treated by gavage for 35 days. Values represented as mean + standard deviation; For A and B) two-
way ANOVA followed by Tukey’s post-test. a- different from CTR Vehicle; b- different from MCT
vehicle; c- different from CTR BB Extract 50 mg/kg; e- different from CTR BB Extract 100 mg/kg; g-
different from CTR BB Extract 200 mg/kg; For C) Kruskal-Wallis followed by Dunn’s post-test. a-
different from CTR; c- different from CTR + BB50; g- different from CTR + BB200. * - difference between
the indicated groups. CTR = Control; MCT = Monocrotaline; BB = Blueberry Extract.
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Figure 2: Effect of blueberry extract (BB) on (A) right ventricular systolic pressure (B) right ventricular
contractility derivative and (C) right ventricular relaxation derivative in control rats (CTR) or with
pulmonary arterial hypertension (MCT) treated by gavage for 35 days. Values represented as mean *
standard deviation; ANOVA followed by Tukey’s post-test. a- different from CTR Vehicle; c- different
from CTR BB Extract 50 mg/kg; e- different from CTR BB Extract 100 mg/kg; g- different from CTR BB
Extract 200 mg/kg; * - difference between the indicated groups. CTR = Control; MCT = Monocrotaling;
BB = Blueberry Extract.
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Figure 3: Effect of blueberry extract (BB) on (A) right ventricular output (B) acceleration/ejection time
(AT/ET) ratio in pulmonary artery, (C) right ventricular diastolic diameter and (D) right ventricular systolic
diameter in control rats (CTR) or with pulmonary arterial hypertension (MCT) treated by gavage for 35
days. Values represented as mean + standard deviation; For A and B) two-way ANOVA followed by
Tukey’s post-test. a- different from CTR Vebhicle; c- different from CTR BB Extract 50 mg/kg; e- different
from CTR BB Extract 100 mg/kg; g- different from CTR BB Extract 200 mg/kg; For C and D) Kruskal-
Wallis followed by Dunn’s post-test. a- different from CTR; c- different from CTR + BB50. * - difference
between the indicated groups. CTR = Control; MCT = Monocrotaline; BB = Blueberry Extract; AT =
acceleration time; ET = ejection time; RVDD = right ventricular diastolic diameter; RVSD = right
ventricular systolic diameter.
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Figure 4: Effect of blueberry extract (BB) on right ventricular (A) total reactive species (B) lipid oxidation
(C) NADPH oxidase activity (D) xanthine oxidase immunocontent in control rats (CTR) or with pulmonary
arterial hypertension (MCT) treated with 100 mg/kg/day of BB by gavage for 35 days. Values represented
as mean + standard deviation; one-way ANOVA followed by Tukey’s post-test. a- different from CTR; b-
different from MCT. CTR = Control; MCT = Monocrotaline; BB = Blueberry Extract; QL =
chemiluminescence.
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Figure 5: Effect of blueberry extract (BB) on (A) catalase activity and immunocontent; (B) superoxide
dismutase activity and immunocontent; (C) glutathione peroxidase activity and immunocontent and (D)
sulfhydryl content in control rats (CTR) or with pulmonary arterial hypertension (MCT) treated with 100
mg/kg/day of BB by gavage for 35 days. Values represented as mean * standard deviation; one-way
ANOVA followed by Tukey’s post-test. a- different from CTR; MCT = Monocrotaline; BB = Blueberry
Extract; SOD = superoxide dismutase; GPx = glutathione peroxidase.
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CAPITULO Il

4.3 Extrato de mirtilo atenua o estresse oxidativo e a apoptose induzidos por

noradrenalina em células cardiacas HO9c2.

Neste capitulo verificamos os efeitos benéficos do extrato de mirtilo em
células cardiacas H9c2 em um ambiente de estresse oxidativo induzido pela
presenca de noradrenalina, mimetizando uma condi¢ao que afeta o VD na HAP.
Buscamos ndo s6 analisar os efeitos do extrato sobre a producdo de espécies
oxidantes e sobre as defesas antioxidantes, mas também estudar vias de
sinalizacdo envolvidas nesses processos € em mecanismos de

morte/sobrevivéncia celular.

Artigo submetido para a revista Journal of Nutritional Biochemistry

(Elsevier):

TURCK P. et al. Blueberry extract attenuates norepinephrine-induced oxidative

stress and apoptosis of H9c2 cardiac cells.
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ABSTRACT

BACKGROUND: Enhanced sympathetic system activation mediated by
norepinephrine (NE) contributes to adverse cardiac remodeling leading to oxidative
stress and cell death, progressing to heart failure. Natural antioxidants may help
maintain redox balance, attenuating NE-mediated cardiac cell damage. In our study, we
evaluated the effect of a blueberry extract (BBE) on H9c2 cardiac cells exposed to NE
on cellular survival/death, oxidative stress status and its major signaling pathways.
METHOD: H9c2 cells were pre-incubated with 50 pg/ml of BBE for 4h and
maintained in the presence of 100 uM NE for 24h. Cell viability, caspase 3/7 activation,
oxidative stress level and protein expression of antioxidant enzymes and redox signaling
proteins were evaluated. RESULTS: NE exposure resulted in decreased cell viability
and increased activation of caspase 3/7. This was associated with reduced protein
expression of antioxidant enzymes catalase, superoxide dismutase and glutathione
peroxidase and increase in Nox2/gp91phox and 4-hydroxynonenal expression. NE led
to increased expression of Protein kinase B (Akt), Forkhead box O3a (FoxO3a) and
AMP-activated protein kinase alpha (AMPKa) and decreased protein expression of
Signal transducer and activator of transcription 3 (STAT3). BBE prevented caspases
activation and abrogated NE-induced increases in oxidative stress, as well as attenuated
Akt increase, it further increased FoxO3a expression and restored STAT3 expression.
Moreover, BBE increased mammalian target of rapamycin (mTOR) and p70S6 Kinase
1 expression. Based on these findings, BBE promoted protection of H9c¢2 cells in an in
vitro model of NE-induced oxidative damage, suggesting a cardioprotective role for

BBE in response to NE exposure.
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1. INTRODUCTION

Heart failure (HF) is one of the major causes of mortality worldwide and is
characterized by impaired cardiac contractility and eventually leading to inadequate
tissue perfusion [1]. In HF, there is an early adaptive activation of the neurohumoral
system intended to compensate for the depressed myocardial function [2]. However,
chronic overactivation of the sympathetic system impacts cardiovascular function,
causing adverse cardiac remodeling and mechanical dysfunction, which contribute to
HF progression [3]. In this regard, the widespread use of B-adrenergic receptor (B-AR)
blockers as a primary therapy in HF, by reducing the increased sympathetic drive to the

heart has resulted in reduced risk of hospitalization and improved survival [4].

The adrenergic system plays a pivotal role in stress signaling which is often
associated with increased production of reactive oxygen species (ROS) due to elevated
cellular metabolism and mitochondrial oxygen consumption [5-7]. Increased ROS can
cause mitochondrial cytochrome c release in cardiac myocytes, thus contributing to
norepinephrine mediated cardiomyocytes death via caspase activation [8]. Use of
antioxidants, such as superoxide dismutase and catalase mimetics, have been reported to

inhibit BAR stimulation related apoptosis [7].

Most plants have endogenous protective mechanisms for detoxification of free
radicals, which are produced during normal metabolic processes [9]. Specifically, small
berries show high levels of antioxidants with blueberries (BB) (Vaccinium spp.) having
one of the highest antioxidant capacities between the fruits and vegetables tested to date,
containing anthocyanins, pro-anthocyanidins, phenolic acids and flavonols [10]. BB is
reported to have cardioprotective properties, related to its antioxidant content [11,12].
Treatment with BB has been demonstrated to reduce cardiac hypertrophy and attenuate

the reduction in left ventricular ejection fraction in cyclophosphamide exposed animals,



which was associated with an improvement in redox balance [13]. BB supplementation
also attenuated myocardial infarction expansion in rats, promoting functional recovery

[14].

Therefore, the present study was undertaken to examine the potential role of BB
in modulating redox homeostasis and regulate cellular death in an in vitro model of

H9c2 cardiac cells exposed to norepinephrine.
2. MATERIAL AND METHODS
2.1 Reagents

Dulbecco’s Modified Eagle’s Medium (DMEM) - High Glucose and norepinephrine
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Fetal Bovine Serum (FBS),
Trypsin 0.05 % and Antibiotic-antimycotic (10,000 units/mL of penicillin, 10,000
ug/mL of streptomycin, 25 pg/mL of Fungizone) were purchased from Thermo Fisher
(Waltham, MA, USA). Blueberry Extract (BBE) (Vaccinium myrtillus L.) was
purchased from Active Pharmaceutica (Palhoga, SC, Brazil). Its preparation and its

main constituents were described previously [15].

Primary antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA): rabbit polyclonal anti-Bax (1:250); from Cell Signaling Technology (Danvers,
MA, USA): rabbit polyclonal anti-Caspase-3 (1:1000), rabbit polyclonal anti-phospho-
Akt (Ser*”®) (1:1000), rabbit polyclonal anti-Akt (1:500), mouse polyclonal anti-
phospho-STAT3 (Tyr’®) (1:1000), rabbit polyclonal anti-STAT3 (1:1000), rabbit
monoclonal anti-phospho-AMPKa (Thr'’?) (1:500), rabbit monoclonal anti-AMPKa
(1:1000), rabbit polyclonal anti-phospho-FoxO3a (Ser®?) (1:1000), rabbit monoclonal
anti-FoxO3a (1:500); from Abcam: rabbit polyclonal anti-Catalase (1:1000), rabbit

polyclonal anti-Glutathione Peroxidase 1 (1:500), rabbit polyclonal anti-



NOX2/gp91phox (1:250); from Millipore: rabbit polyclonal anti-Mn-Superoxide
Dismutase (1:1000). Secondary mouse monoclonal anti-p-Actin antibody (1:5000) was

purchased from Santa Cruz Biotechnology.
2.2 Blueberry Extract (BBE)

BBE (Vaccinium myrtillus L.) preparation and its main constituents were described
previously [15]. Analysis of total phenolic compounds showed a concentration of
179.46 mg equivalents gallic acid/g extract. Total flavonoids accounted for 46.56
equivalents of quercetin/g extract. Cyanidin-3-O-glucoside, petunidin-3-O-glucoside,

peonidin-3-O-glucoside and malvidin-3-O-glucoside were identified and quantified.

2.3 Cell Culture and Treatments

Rat cardiac myoblast cells (H9c2) (American Type Culture Collection (VA,
USA) were cultivated in T25 (25 cm? surface area) and T75 (75 cm? surface area) cell
culture flasks in high-glucose DMEM supplemented with 10 % FBS and 1 % antibiotic—
antimycotic and incubated at 37 °C with 5 % CO> and 100 % humidity. Medium was
changed every 2- to 3-days and cells were trypsinized and seeded in new flasks when
they reached ~80 % confluence to maintain cardiac cells characteristics. For
experimental protocols, cells were seeded at 1 x 10* cells/well for MTT assay and 2 x
10° cells/T-25 for flow cytometry analysis. Cells were allowed to adhere 24h prior to

the experiments.

The following experimental groups were established: Control — cells exposed to
serum-free DMEM for 4h; medium changed to serum-free DMEM for 24h; BBE - cells
pre-treated with 50 pg/ml BBE in serum-free DMEM for 4h; medium changed to

serum-free DMEM for 24h; NE - cells exposed to serum-free DMEM for 4h; medium



changed to serum-free DMEM in the presence of 100 uM norepinephrine (NE) for 24h;
BBE+NE — cells pre-treated with 50 pg/ml BBE in serum-free DMEM for 4h; medium
changed to serum-free DMEM in the presence of 100 uM norepinephrine (NE) for 24h.
These concentrations were chosen based on cellular viability data (MTT assay) and

active caspases 3/7 assay (CaspaTag, Chemicon, Temecula, CA, USA).

2.4 Cell Viability Determination

Viability of H9c2 cells was determined by MTT [3-(4,5- dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide] assay. Cells were seeded in a 96-well microplate and
after 20h in the presence or absence of 100 mM NE, MTT solution (10 % v/v) was
added to each well. Cells were incubated at 37°C for 4h, then media was removed and
50 uL of DMSO (dimethyl sulfoxide) was added to each well. The microplate was
placed on shaker for 10 min in the dark and cellular viability was determined measuring
the absorbance at 490 nm (650 nm as reference) using a microplate reader (Powerwave

XS, Biotek, Winooski, VT, USA).

2.5 Analysis of Apoptosis

Apoptosis was determined using the CaspaTag Caspase-3/7 Assay Kit
(Chemicon, Temecula, CA, USA) according to the manufacturer’s protocol. Active
caspase-3/7 positive cells were assessed by flow cytometry (Becton Dickinson
FACScalibur, BD Flow Cytometer, Franklin Lakes, NJ, USA) based on the
fluorescence in the presence of Fluorochrome Inhibitors of Caspases (FLICA) [16].

Data were expressed as mean fluorescence intensity.

2.6 Measurement of Total Reactive Oxygen Species Levels

Total reactive oxygen species (ROS) levels were measured using 2',7'-dichloro-

dihydro-fluorescein diacetate (H.DCFDA Assay, Life Technologies, Carlsbad, CA,



USA). H.DCFH-DA is membrane permeable compound that is rapidly oxidized to the
highly fluorescent 2,7-dichlorofluorescein (DCF) in the presence of intracellular ROS.
After 24h in the presence or absence of 100 mM NE, cells were washed with phosphate
buffer saline (PBS) and incubated for 30 minutes with H:DCFDA according to the
manufacturer’s instructions. The H,DCFDA was then aspirated and the cells were
washed with PBS. The cells were then carefully removed from the culture dish by
trypsinization and the relative fluorescence of cells was measured via flow cytometry
(Becton Dickinson FACScalibur, BD Flow Cytometer, Franklin Lakes, NJ, USA) as per

the manufacturer’s instructions.

2.7 Western Blotting

Immunocontent of proteins was analyzed by Western Blot. H9c2 cells cultured
in T75 flasks showing ~80 % confluence after 24h in the presence or absence of NE and
trypsinized, harvested and centrifuged at 500 g for 5 minutes at 4 °C. Supernatant was
discarded and cells were washed with PBS twice. 200 pL of lysis buffer (150 mM NacCl,
25 mM Tris (pH 7.5), 1 mM EDTA, 1% Triton X-100 (v/v) and protease inhibitors
phenyl methyl sulfonyl fluoride (PMSF), leupeptin, aprotinin and pepstatin). pipetted
up/down repeatedly were used to lyse cells. Cell debris was removed by centrifugation
at 8000xg for 10 minutes at 4 °C, and the protein content was determined by DC Protein

Assay (Bio-Rad Laboratories, Hercules, CA, USA).

Thirty (30) pg of protein from each sample was boiled and subjected to
electrophoresis in denaturing 8-14 % SDS-PAGE. Proteins were transferred to
nitrocellulose membranes using a Bio-Rad Trans-Blot apparatus. Membranes were
blocked with 5% non-fat milk in Tris Buffered Saline (TBS - 20 mmol/L Tris, 137
mmol/L NaCl) for 1 h at room temperature and then incubated with primary antibodies

overnight at 4° C. Primary antibodies were removed and membranes were washed 3



times with TBST for 5 minutes. Membranes were incubated with (HRP)-conjugated
anti-rabbit or anti-mouse secondary antibodies for 1 hour at room temperature. Finally,
secondary antibody was removed, membranes were washed 3 times with TBST for 5
minutes and developed using chemiluminescent reagent. Images were obtained in
QuantityOne program using a Bio-Rad Gel Doc. Data were expressed as mean of
optical densities analyzed in the software ImageJ 1.47t (National Institute of Health,

Bethesda, MD, USA) normalized to B-actin loading control.

2.8 Statistical Analysis

Data were expressed as mean + standard deviation. Data were subjected to the
normality test (Shapiro-Wilk). Parametric results’ comparison was made through a two-
way ANOVA, complemented with the Tukey post-test to detect differences between
groups. The differences were considered significant when the statistical analysis showed
p<0.05. GraphPad Instat 6.01 for Windows (GraphPad Software Inc, CA, USA) was

used as a tool for data analysis.

3. RESULTS

3.1 Cell Viability

Exposure of control cells to 200 uM and 400 uM NE resulted in 16% and 49% decrease
in cell viability, respectively, as compared to the control group. On the other hand,
exposure of control cells to 100 uM NE did not produce any significant changes to cell
viability. Pre-treatment of cells with 50 ug/ml BBE alone resulted in significant increase
in cell viability (% of control). Also, exposure of BBE pretreated cells to 100 uM and
200 uM NE increased cell viability by 51% and 70% respectively as compared to

control cells exposed to the same NE concentrations. However, BBE pretreatment did



not significantly protect against NE-induced decreases in cell viability in cells exposed

to 400 uM of NE (Figure 1).

3.2 Active Caspase 3/7

Exposure of cells to 100 uM NE led to an increase in active Caspase 3/7 levels
compared to control cells which was prevented by prior BBE treatment (Figure 2A).
Moreover, protein expression of Caspase-3 was significantly higher in 100 uM NE
group compared to control. Similarly, pre-treatment with 50 pg/ml BBE maintained
caspase-3 expression back at control levels (Figure 2). Based on the data from cell
viability and caspases activation, the concentrations of 100 uM NE and 50 pg/ml BBE

were used for all subsequent experiments.

3.3 Oxidative stress and antioxidant enzyme protein expression

Exposure of cells to 100 uM NE increased the indices of oxidative stress as
demonstrated by the levels of total reactive oxygens species (ROS) albeit not
statistically significant(Figure 3) and 4-HNE protein adduct formation (4-HNE protein
expression as an indicator of lipid oxidation was 28% higher in NE group compared to
control) (Figure 4). Pre-treatment of cells with BBE lowered the intracellular levels of
ROS in NE-exposed cells and at the same time prevented the formation of 4-HNE

protein adducts.

Mn-SOD, which dismutates O radical, showed a decreased expression (24%) in NE
compared to the control group. On the other hand, pre-treatment with BBE maintained
Mn-SOD protein levels near control levels. Protein expression of GPx, which is
responsible for the reduction of H202 and lipid hydroperoxides to water, was decreased

(57%) in NE compared to control group and maintained at control levels in BBE



pretreated cells. Catalase, which decomposes H>O> to oxygen and water, was decreased
(53%) in NE-treated cells compared to control; BBE pretreatment attenuated the
decrease in its expression. NADPH oxidase (Nox2), an enzyme associated with
generation of O2" radical, exhibited a higher expression (47%) in NE group compared to

control. BBE presence prior to NE exposure abrogated this increase (Figure 5).
Redox Signaling Pathways
AKT/FoxO3a

FoxO proteins are a family of transcription factors that play an important role in
regulating genes involved in oxidative stress resistance, promoting cardiomyocytes
survival [17]. We investigated whether FoxO3a is involved in the redox modulation
upon NE exposure. Exposure to NE increased p-FoxO3a (Ser?>®)/Total FoxO3a ratio
(35%) compared to control. Interestingly, BBE pre-treatment increased its level even
further (135%) compared to control. FoxO can be inhibited by AKT, which blunt the
activation of genes related to antioxidant response [18]. p-AKT (Ser*’3)/Total AKT ratio
was increased (113%) in cells exposed to NE compared to control. BBE pre-treatment

before NE exposure attenuated this increase (64%) in comparison to NE (Figure 6).
STAT3 and AMPKa

Another transcription factor that protects cardiac myocytes from oxidative stress is
STAT3 [19]. STATS3 activation inhibits caspase-3 activation and regulates transcription
of pro-survival genes, such as Bcl-2 and Bcl-XL [20]. AMPKa, which is known to be
activated by oxidative stress and is an import regulator of STAT3 phosphorylation, can
modulate several signaling pathways involved in redox homeostasis [21, 22]. Therefore,
we decided to evaluate expression of these proteins. Exposure of H9c2 cells to NE led

to a 48% decrease in p-STAT3 (Tyr’®)/Total STAT3 compared to control, while BBE



pre-treatment attenuated this reduction. NE caused a 52% increase in p-AMPKa
(Thri’?)/Total AMPKo compared to control and BBE pre-treatment did not alter its

activity (Figure 7).

Considering that AMPKa has also an important involvement in mTOR/p70S6K
signaling [23], it led us to investigate whether its pronounced expression would

modulate this pathway.
mTOR/p70S6K

mTOR signaling regulates cardiac metabolism, including cardiomyocytes autophagy
activation, and higher mTOR/p70S6K signaling pathway stimulation is suggested to be
responsible for increased survival in response to H2O> [24]. Exposure of cells to NE
resulted in unchanged p-mTOR (Ser’**®)/mTOR and p-p70S6K(Thr3®®)/p70S6K
expression. On the other hand, BBE pre-treatment caused an increase in both proteins
(21% and 58%, respectively) compared to non-treated groups (Figure 8), indicating that
mTOR/p70S6K signaling activation could be involved in attenuating cell death and

ROS accumulation.
4. DISCUSSION

Enhanced sympathetic nervous system activation mediated by NE, although beneficial
in the early stages of HF in helping to maintain cardiac output, eventually contributes to
the progression of HF. The chronic increase in sympathetic activity is associated with
structural and functional changes in the heart leading to cardiac remodeling such as
oxidative stress and cardiomyocytes apoptosis [3, 25]. Numerous studies have reported
the relationship between consumption of small berries rich in polyphenols, and reduced
cardiovascular disease related risks [14, 26]. We aimed to evaluate the effect of a BBE

on cardiac cells exposed to NE by measuring markers of apoptosis and oxidative stress.



In the present study we showed that treatment of cardiac cells with BBE prior to NE
exposure modulates redox signaling pathways by mitigating oxidative stress and

resulting in decreased cell death.

Cell viability data showed that the selected BBE concentration (50 pug/ml) was not
cytotoxic to H9c2 cells. Other studies have also reported that BBE prevented the
decrease in cell viability when exposed to oxidative stimuli [26, 27], ratifying our

choice for the dose used in the study.

Several pathways are implicated in cardiac damage associated with catecholamines
overstimulation, including the activation of caspases leading to apoptosis [28-30].
Upregulation of proinflammatory cytokine production is involved in NE-induced
cardiomyocytes apoptosis [31]. In fact, NE led to increased caspase 3/7 activities and
caspase-3 protein expression in H9c2 cells, and BBE pre-treatment prevented this

increase in caspase 3/7 activity and caspase 3 protein expression.

Growing evidence demonstrate that ROS may mediate cardiomyocyte apoptosis
subsequent to NE administration. Moreover, chronic norepinephrine stimulation impairs
the enzymatic and non-enzymatic antioxidant defense systems, such as decreasing
catalase activity and redox ratio [32] thereby triggering cardiac oxidative stress, which
is an important factor in the pathogenesis of catecholamines-induced cardiotoxicity.
Based on the findings of this study, NE elevated lipid oxidation as demonstrated by an
increase in 4-HNE expression. 4-HNE forms adducts with protein leading to cell
damage and cardiac dysfunction contributing to impaired cardiac contractility and
promoting myocytes apoptosis, and cardiac dysfunction [33, 34]. We also showed that
NE blunted the protein expression of the enzymatic antioxidants (catalase, Mn-SOD and

Gpx1) and increased NADPH oxidase subunit gp91P"* (Nox2) protein expression, a



prominent source of superoxide anion. Collectively these data are consistent with the
findings of other studies examining the role of NE in disrupting the redox balance and

inducing cardiac cell death [35, 36].

Blueberry extracts have been shown to attenuate cell death, mainly through modulating
the antioxidant system [37, 38]. Louis et al. [26] reported the use of a blueberry
phenolic fraction to restore catalase and SOD activities, prevent contractile loss,
hypertrophy and cell death as well as inhibit calpain activation in rat cardiomyocytes
exposed to NE. Our data demonstrated that BBE indeed protected H9c2 cells by
maintaining antioxidant protein expression, further decreasing gp91P"> and 4-HNE
levels. Accordingly, our study suggests that BBE protects cardiac cells against oxidative

stress and promotes cell survival.

Despite previous studies showing cardioprotective effects of blueberry via modulation
of oxidative stress, there is lack of information regarding the signaling pathways
involved. Hence, we investigated the redox signaling and apoptosis pathways. FoxO3a
is a fundamental transcription factor responsible for mediating resistance to oxidative
stress in various conditions [39, 40]. Sengupta et al. [17] reported that FoxO3a plays a
crucial role in promoting cardiomyocyte cell survival in response to oxidative stress
stimuli. Combined loss of FoxO1 and FoxO3 in mice cardiomyocytes led to increased
oxidative stress and reduced antioxidant reserve, resulting in adverse ventricular
remodeling and cardiac dysfunction after ischemic injury [17]. We showed that NE
increased FoxO3a activity and, interestingly, BBE increased it further. Upregulation of
FoxO3a may occur as an attempt to protect H9c2 cells from oxidative damage induced
by NE, which was more prominent in the presence of BBE. Akt-induced FoxO
phosphorylation results in FoxO inactivation and nuclear exclusion, resulting in

attenuation of FoxO-dependent expression of genes like those coding for antioxidant



enzymes [41]. In fact, NE increased AKT activity and BBE attenuated it, which is in

agreement with results observed for FoxO3a.

Data in the literature report the role of STAT3 in regulating the subcellular localization
of FoxO, as well as promoting FoxO3a transcription [42 — 44]. Moreover, STAT3
inhibits caspase-3 activation and regulates transcription of pro-survival genes, such as
Bcl-2 and Bcl-XL [20]. NE decreased p-STAT3 (Tyr’®)/Total STAT3 expression, an
effect that was nullified by BBE. Moreover, increase in STAT3 expression could
account for protection against oxidative stress via Ref-1 modulation and decreased
mitochondrial ROS production, contributing to the improvement in redox status
observed by BBE pre-treatment [45, 46]. Furthermore, it has been reported that STAT3
can be phosphorylated and activated by AMPKao, leading to suppression of
inflammatory cytokines production in macrophages [21]. Interestingly, AMPKa
expression was higher in NE-exposed group, while pre-treatment with BBE did not
modify it. Thus, decreased STAT3 phosphorylation in H9c2 cells induced by NE seems
to be not due to AMPKo impairment, but through different signaling pathways.
Nevertheless, modifications in AMPKa content could influence other cellular

mechanisms, such as survival/death via mTOR/p70S6K signaling [22].

mTOR/p70S6K activation usually occurs in response to growth stimuli or adrenergic
agonists, such as NE, and leads to protein synthesis and inhibition of protein and
organelle degradation [47]. Nevertheless, the role of mTOR/p70S6K role in cardiac
remodeling is still not completely understood. Several studies have demonstrated that
this pathway is linked to cardiac hypertrophy and that rapamycin treatment blunted the
development of pressure overload induced hypertrophy [48]. However, inactivation of
mTOR in mice led to reduced ejection fractions and heart rate [49], as well as ablation

of mTOR in the adult mouse myocardium resulted in a fatal, dilated cardiomyopathy



characterized by apoptosis, autophagy and altered mitochondrial structure [50]. In a
condition of elevated oxidative stress, mTOR seems to be inhibited as a consequence of
Akt inhibition or AMPK activation in neuronal cells [51], this last observed in NE
treated cells. Blueberry extract, not only decreased Akt, but also decreased AMPK
expression, which could explain enhanced mTOR/p70S6K activation. It is worth noting
that increased mTOR/p70S6K expression could also be due to parallel pathways
stimulated by BBE, as previously reported [52]. Data in the literature show that down-
regulation of MTOR/p70S6K has been associated with cellular death [51, 53], while the
presence of catalase or the antioxidant N-acetylcysteine can trigger mTOR/p70S6K and
contribute to cell survival [24]. Accordingly, the potential of BBE to prevent
MTOR/p70S6K decrease seems to be another pathway that contributed to increased

cardiac cell viability when cells were challenged with NE.

We conclude that BBE could attenuate cardiac cell death caused by NE exposure
by preventing ROS mediated damage and maintaining antioxidant enzymes. Blueberry
extract exerted its effects via distinct pathways, such as Akt/FoxO3a, STAT3/AMPK
and mTOR/p70S6K, which were also capable of modulating cellular redox balance and
led to cardiac cell survival. In agreement with other studies, BBE exerted beneficial
effects in a cardiac stress model [13,14], which could indicate its use in preventing
cardiomyocytes damage and as an adjuvant in established cardiovascular conditions.
Although further in vivo studies are necessary, our data support that fruits rich in
antioxidants, such as BB, may confer cardiac protection in a setting of sympathetic

system overactivation.
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FIGURE 1. BBE protects against NE-induced decreased cell viability. H9c2 cells were exposed to
NE (100, 200 or 400 uM) for 24h. Cells were incubated with BBE (50 pg/ml) for 4h prior to NE
exposure. Data expressed as percentage of viable cells compared to control. Values are
expressed as mean * standard deviation of 6 — 8 replicates. 2 p <0.05 versus Control. ® p <0.05
versus NE 100 uM. ¢p <0.05 versus NE 200 pM. ¢ p <0.05 versus NE 400 puM.
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FIGURE 2. BBE decreases NE-induced apoptosis. H9c2 cells were preincubated with BBE (50
ug/ml) for 4h and subsequently exposed to 100 uM NE for 24h. Apoptosis was determined by
measuring active caspase-3 and -7 positive cells using flow cytometry and immunoblot of
caspase-3. A) Percentage of active caspases compared to control. B) Representative histogram
of cell count versus FL1 fluorescence for each group is shown. C) Representative Western blot.
D) Densitometric analysis of caspase-3. B-actin was used as a loading control. Values are
expressed as mean * standard deviation of 3 replicates (A) and 4 replicates (D). ® p <0.05 versus
untreated Control. ® p <0.05 versus untreated NE 100 M. " p <0.05 untreated groups versus BBE
50 pg/ml groups. # p <0.05 non-exposed to NE groups versus NE 100 pM groups.
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FIGURE 3. BBE decreases total reactive oxygen species generation. H9c2 cells were
preincubated with BBE (50 ug/ml) for 4h and subsequently exposed to 100 uM NE for 24h. A)
ROS levels were assessed using the CM-H,DCFDA assay and measured via flow cytometry. B)
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FIGURE 4. BBE decreases NE-induced 4-HNE protein adduct formation. H9c2 cells were
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Representative Western blot B) Densitometric analysis of 4-hydroxynonenal protein adduct. B-
actin was used as a loading control. Values are expressed as mean * standard deviation of 4
replicates. ? p <0.05 versus Control. * p <0.05 untreated groups versus BBE 50 ug/ml groups. * p
<0.05 non-exposed to NE groups versus NE 100 uM groups.



(A) (F)

CTR CTR BB BB NE NE BB+NE BB+NE #

]

Mn-SOD ——————— i C—— |

I I
x

B-actin e w— — e

201 !J_\ b
(B) =
©
154
201 ° g_
E . (] _;C‘? a;c
3 b; ¢ T 5 10- a T
© 154 o T 9 T
o< a O3
8 g 10 o 7 g *
i O T
£8 <
T 0-
§ . NE (M) - 100 - 100
Z BBE (ug/ml) - - 50 50
0-
NE (kM) - 100 - 100 (G)
BBE (pug/ml) - - 50 50
CTR CTR BB BB NE NE BB+NE BB+NE
(€) Nox2/gp91 phox

CTR CTR BB BB NE NE BB+NE BB+NE

GPX1 | s - o mms won G S 22K B-actin e e ————— —

43 KDa

Bractin e e o— o wm— — o — (3
(H)
(D)

30, b I
£ 20-
3 z o, |
= 20+ x O
3 o § 15 T
oo s 2 T
T a =3
= 104 a 2 5 10
£ I o0
S R
© i 2E 5
- Q
0 >
NE (uM) - 100 - 100 ~
BBE (ug/ml) - . 50 50 0-
NE (uM) - 100 - 100
(E) BBE (ug/ml) - - 50 50
CTR CTR BB BB NE NE BB+NE BB+NE

Catalase | 60 KDa

L Y

B-actin M W . c: <o:

FIGURE 5. BBE improves cellular redox state. H9c2 cells were preincubated with BBE 50 pg/ml
for 4h prior to 100 uM NE for 24h. A, C, E and G) Representative Western Blot and B, D, F and H)
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FIGURE 6. BBE attenuates decrease Foxo3a activity induced by NE via Akt modulation. H9c2
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AMPKa expression induced by NE. H9c2 cells were preincubated with BBE 50 pug/ml for 4h prior
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5. DISCUSSAO

Intervencdes dietoterapicas tém sido bastante utilizadas na prevencéao e
no manejo de DCVs. Nesse contexto, alimentos ricos em antioxidantes surgem
como alternativa, uma vez que demonstram modificagdes de fatores associados
as DCVs, como melhora de perfil lipidico e diminuicdo de marcadores de
inflamacéo, alteracfes associadas a melhora do estado redox. No entanto, no
que diz respeito particularmente & HAP, faltam trabalhos que avaliem o potencial
uso de intervencdes dietoterapicas sobre o desenvolvimento da doenca.

O presente trabalho analisou, pela primeira vez, o efeito do extrato de
mirtilo sobre parametros funcionais, hemodinamicos e de estresse oxidativo em
animais com HAP induzida por monocrotalina. Além disso, avaliou o efeito do
extrato de mirtilo sobre a sobrevivéncia/morte celular de cardiomiocitos em
modelo in vitro de lesdo induzida pela presenca de noradrenalina, uma vez que
na HAP ha aumento da ativacdo simpatica e da sintese e liberacdo de
catecolaminas, processos que contribuem para as disfuncbes cardiacas

observadas na doenca.

O tratamento de animais com HAP induzida por MCT com o extrato de
mirtilo, em todas as doses testadas, foi capaz de promover a melhora funcional
de parametros relacionados ao fluxo sanguineo pela artéria pulmonar e
associados com a diastole e sistole do VD. Nesse sentido, foi encontrada uma
reducdo na razdo E/A em animais dos grupos MCT, enquanto o tratamento com
o extrato foi capaz de atenuar essa modificagdo. A razdo E/A é uma medida
importante da funcdo diastdlica do VD, com a tendéncia de diminuicdo em
pacientes com HAP, sendo, portanto, um indicio relevante da patologia (CETIN
et al., 2015). De fato, uma razdo E/A < 1 indica dificuldades no relaxamento
ventricular e esta correlacionada com prejuizo diastélico (GALDERISI, 2005). A
razéo E/A diz respeito aos componentes de enchimento lento (E) e tardio (A) do
VD durante a diastole observados no fluxo da valva tricispide. Conforme ha
aumento da resisténcia da artéria pulmonar com o progresso da HAP, ha perda
da capacidade passiva de enchimento do VD durante a diastole, o qual passa a
depender mais da sistole atrial para completar seu volume final (TURCK et al.,

2018). A melhora da razéo E/A verificada pelo tratamento com o extrato pode,
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portanto, ser devido a menor resisténcia pulmonar, evitando comprometimento
diastolico do VD.

O tratamento com extrato de mirtilo também protegeu o VD contra
alteracdes sistolicas causadas pela HAP. Nesse sentido, a intervencéo atenuou
as reducdes no TAPSE, na razdo AT/ET e no débito cardiaco direito observadas
nos animais MCT. O VD apresenta predominancia de fibras que contraem
longitudinalmente, sendo importante a avaliagdo da funcéo sistolica a partir da
andlise do TAPSE, o qual se baseia no fato de que, quando a funcao contratil do
VD é normal, hd um deslocamento razoavel do anel tricispide em direcdo ao
apice do VD durante a sistole (RUITER et al., 2013; KIMURA et al., 2015). Da
mesma forma, a razdo AT/ET (tempo de aceleracdo/tempo de ejecdo) medida
no fluxo da artéria pulmonar esta associada ao desempenho sistélico do VD,
uma vez que, disfuncdes sistdlicas do VD causadas pela HAP refletem em,
principalmente, maior tempo de ejecdo devido ao esfor¢o para vencer o aumento

da presséo da artéria pulmonar (HOWARD et al., 2012).

Ambas as melhoras nos parametros de TAPSE e AT/ET promovidas pelo
tratamento com o extrato de mirtilo irdo repercutir em aumento do débito cardiaco
do VD. Esse resultado é de fundamental relevancia, ja que o grande
determinante do progresso da HAP e do desfecho final € a capacidade da fungéo
sistélica do VD em permanecer compativel com a pds-carga aumentada na
patologia, evitando, inclusive, a disfuncdo diastolica advinda da fibrose
miocardica e enrijecimento de sarcémeros. A limitacdo do enchimento e ejecao
do VD, com sua consequente hipertrofia, irdo ocasionar prejuizos para o VE, com
compresséo dessa camara e eventual diminuicdo da ejecdo de sangue para a
circulacdo sistémica e agravamento da doenca (NAEJIE e MANES, 2014).
Nesse sentido, o extrato de mirtilo, particularmente na dose de 100 mg/kg/dia,
reduziu os indices de hipertrofia do VD (peso VD/ peso corporal, peso VD/peso
VE e peso VD/comprimento da tibia). Essa redugdo da hipertrofia como
consequéncia do tratamento foi de encontro com a atenuagc&o nos aumentos dos
didmetros finais durante a diastole e a sistole do VD observados nos animais
MCT. A elevacao dos diametros do VD ja foi observada em outros trabalhos com
o0 mesmo modelo, indicando dilatagdo da camara e precedendo a insuficiéncia
cardiaca direita (HARDZIYENKA et al., 2006).
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As melhoras funcionais observadas como resultado do tratamento com o
extrato de mirtilo podem ser reflexo de efeitos diretos dos compostos (em
especial os fendlicos) presentes no extrato sobre o tecido cardiaco direito ou
ainda surgirem como consequéncia de melhoras hemodinamicas da unidade
cardiopulmonar direita. Por esse ultimo angulo, os animais com HAP induzida
apresentaram acentuado aumento na pressao sistolica do VD (PSVD), a qual se
mostrou reduzida nos animais tratados. Esse aumento € comum aos 21 dias do
progresso da doenga em modelo de MCT, sendo reportado em outros trabalhos
(MOSELE etal., 2012). Alem disso, clinicamente, a elevagéo da pressao sistolica
do VD na HAP ocorre por conta dos aumentos da resisténcia da vasculatura
pulmonar e elevacéo da pressao média na artéria pulmonar (PMAP) (YEN-CHUN
et al., 2014). De fato, o extrato de mirtilo reduziu a PMAP, o0 que pode ter sido
devido a menor resisténcia vascular pulmonar e pode ter repercutido na
diminuicao da PSVD.

Também se verificou um aumento das derivadas de contratilidade e
relaxamento (dP/dt positiva e negativa, respectivamente) das ondas de presséo
sistélica do VD nos animais MCT. Outros trabalhos demonstram essa elevacgao
de ambas derivadas apos 21 ou 28 dias de exposicdo de ratos a monocrotalina
(YUN et al., 2001; CUI et al., 2009). Tratamentos que reverteram o aumento da
PSVD e amenizaram a hipertrofia do VD na HAP, em paralelo também levaram
as dP/dt a niveis normais (FALCAO-PIRES et al., 2009). Assim, o aumento da
contratilidade e do relaxamento parece ser um mecanismo compensatorio pelo
qual o VD busca retardar sua progressiva perda de fungdo com o avancgo da
doenca no modelo da MCT. Nesse sentido, o extrato do mirtilo na dose de 100
mg/kg/dia, considerando seus efeitos sobre os outros parametros ja relatados,

atenuou a derivada de contratilidade verificada na PSVD.

Uma das explicacdes possiveis para as melhoras hemodinamicas
observadas, se encontra no fato de que o extrato, ao menos na dose de 100
mg/kg/dia, foi capaz de alterar a expressao dos receptores de endotelina, uma
das principais moléculas vasoconstritoras alteradas na HAP (PEPKE-ZABA e
MORELL, 2005). No geral, a endotelina exerce suas agdes vasculares se ligando
a seu receptor tipo A (ETaR - promovendo vasoconstricdo) ou tipo B (ETeR -
promovendo vasodilatacdo) (SCHNEIDER et al., 2010). Em modelos de HAP, ja
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se verificou diminuicdo da expressdo de ETsR na vasculatura pulmonar
(ZIMMER et al., 2017), bem como se observou que o bloqueio especifico de
ETAR atenuou prejuizos provocados pela HAP ao melhorar a resposta a
vasodilatacdo da artéria pulmonar (TONEY et al, 2014). Em nosso trabalho,
verificamos diminuicdo da razdo ETAR/ETeR, a qual se encontrou aumentada
nos pulmbes dos animais MCT. Esse resultado, indicativo de reducdo da
vasoconstricdo pulmonar, mesmo se tomado de forma independente de outros
fatores envolvidos na HAP, j& poderia interpretar os resultados funcionais
encontrados quando do tratamento com o extrato de mirtilo. Porém, no presente
trabalho, decidimos ainda por avaliar outros mecanismos pelos quais o
tratamento poderia exercer seus efeitos, com particular enfoque no estado redox

do tecido pulmonar e do tecido cardiaco direito.

Ao promover a inativagdo do NO, a peroxidacao lipidica, danos ao DNA e
modificacdo de proteinas, o estresse oxidativo desempenha um papel
fundamental na disfuncdo endotelial, a qual leva a danos na vasculatura. Além
disso, as EROs ativam muitos mecanismos redox sensiveis, como vias de
sinalizacao intracelulares relacionadas ao crescimento e proliferacdo da camada
muscular lisa e células endoteliais, contribuindo para o remodelamento vascular,
uma caracteristica da HAP (INTENGAN e SCHIFFRIN, 2001). Assim, ao analisar
o contetdo de EROs totais no tecido pulmonar, observamos um aumento nos
animais MCT. O extrato de mirtilo, em todas as doses testadas, ocasionou
diminuicdo das EROs totais, dado que vai de encontro com outros estudos em
gue o extrato de mirtilo foi utilizado (SONG et al., 2016; SUN Y, 2019).

Partindo do resultado ja discutido de diminuicdo da razédo ETAR/ETsR no
tecido pulmonar devido ao tratamento com extrato de mirtilo, o bloqueio do ETaR
ja demonstrou levar a diminuicdo dos niveis vasculares de Oz (CALLERA et al.,
2003), bem como o aumento de EROs mediado por endotelina foi associado ao
aumento da atividade das enzimas NADPH oxidases (LUND et al., 2005). Nesse
contexto, € consenso que as NADPH oxidases estdo reguladas positivamente,
tanto em sua atividade quanto em sua expressao, na vasculatura de individuos
hipertensos, sendo associadas ao desenvolvimento de doengas macro e
microvasculares (LACERDA et al.,, 2017). Em nosso estudo, verificamos o
aumento da atividade de NADPH oxidases no tecido pulmonar dos animais com
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HAP induzida, o qual ndo ocorreu frente ao tratamento com o extrato. Outra fonte
de producgédo de O2" é a enzima xantina oxidase, a qual ja foi reportada como
tendo sua atividade aumentada em pacientes com HAP idiopaticos em
comparacao com individuos saudaveis (SPIEKERMANN et al., 2009). De fato,
nos animais MCT verificamos aumento da expressao dessa enzima pro-
oxidante, sendo que a intervencdo com mirtilo diminuiu sua a expressao. Assim,
esses resultados que incluem a regulacdo negativa de oxidases podem estar
relacionados a reducdo das EROs totais, além de serem consistentes com 0s
achados de outros autores que usaram diferentes extratos (RAMESH e BEGUM,
2008; TAN et al., 2014).

Em relagdo aos marcadores de dano oxidativo no tecido pulmonar, O
contetdo de carbonilas, indicativo de oxidag&o proteica, permaneceu inalterado
nos animais MCT e tratados com extrato em relac&o aos controles. Esse achado
difere do observado por Wong et al. (2013), que descreveram maiores niveis de
carbonilas no plasma em individuos com HAP idiopatica comparados com
individuos saudaveis, o que pode ser explicado por se tratar de tecidos diferentes
ou ainda esse resultado ndo se reproduzir no modelo experimental utilizado.
Estudos demonstram a capacidade do extrato de mirtilo em inibir a oxidacéo
lipidica causada por distintos agentes oxidantes em diferentes tipos celulares
(MORITA et al., 2017; SPOHR et al., 2019). Nesse sentido, verificamos que o
tratamento com o extrato de mirtilo reduziu a lipoperoxidacao no tecido pulmonar,
um desfecho desejavel, considerando que lipidios oxidados participam de varios
processos fisiopatoldégicos da HAP, como proliferacdo de células musculares
lisas, apoptose de células endoteliais e inflamacao (SHARMA et al., 2016).

Em termos das defesas antioxidantes, o tratamento com extrato de mirtilo
aumentou a atividade da enzima SOD nos pulmdes dos animais, a qual estava
diminuida nos grupos MCT. Esse resultado vai de encontro com o trabalho de
Tan et al. (2014), em que o0 uso de um extrato de mirtilo enriquecido com
antocianinas promoveu maior atividade de SOD e atenuou lesdes pulmonares
induzidas por ciclofosfamida em ratos. Curiosamente, outro estudo avaliando
toxicidade pulmonar evidenciou que o tratamento com o extrato de outra berry,
Carissa opaca, restaurou a atividade de SOD nesse tecido (SAHREEN et al.,
2014). O excesso de Oz pode antagonizar diretamente as a¢des do 6xido nitrico
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(NO) por uma interagdo quimica direta. O NO derivado do endotélio controla o
relaxamento da musculatura lisa vascular, inibe a agregacdo plaquetaria e
atenua a adesao dos neutrofilos ao endotélio (WANG et al., 2018). Nesse
sentido, ao promover a remocdo do O2" celular, a enzima SOD se ople a
inativacao do NO vascular, tendo papel crucial para a manutencao do tonus dos
vasos sanguineos. Dessa forma, o tratamento com o extrato de mirtilo ndo so
diminuiu a resposta vasoconstritora sobre a vasculatura pulmonar ao reduzir a
razdo ETAR/ETsR, mas também pode ter contribuido para o aumento da

resposta vasodilatadora, ao aumentar a biodisponibilidade do NO.

Outras defesas antioxidantes enzimaticas, como catalase e glutationa
peroxidase (GPx), também tem se apresentado diminuidas no tecido pulmonar
em modelos de HAP e em paciente com HAP idiopética, reducdes associadas a
alteracdes na disponibilidade do NO e na PMAP (ADESINA et al., 2013; MASRI
et al., 2008). Ambas enzimas apresentam a capacidade de manter os niveis
celulares de H202 dentro de limite fisiol6gicos. Porém, particularmente, a GPx
também atua em outros peréxidos que ndao o H202, como os hidroperéxidos de
acidos graxos, promovendo sua reducao, podendo a modulacdo dessa enzima
explicar a reducdo da lipoperoxidacdo observada pela intervencdo com mirtilo
em nosso trabalho. De fato, observamos reducdo da atividade de GPx nos
pulmdes dos animais MCT. Entretanto, o tratamento com extrato de mirtilo n&o
modificou esse parametro. Na condicao do tratamento, porém, como verificamos
aumento da atividade de SOD e diminuicdo da atividade e expressao de
oxidases, uma elevacao da retirada de H202 ou hidroperdxidos lipidicos do

sistema pode ndo ter sido necessaria, tendo em vista sua menor formagéo.

Além disso, aferimos retomada dos niveis de sulfidrilas nos grupos
tratados com o extrato, 0os quais estavam diminuidos nos animais com HAP.
Evidéncias relatam que o NO regula a funcédo celular interagindo com tiois
criticos, levando a formacdo de proteinas e de pequenos grupamentos
nitrosotiois moleculares (ZEN-GUO et al., 1995). A fonte mais rica de tibis
reduzidos é o grupo das proteinas sulfidrilas, e a ativacdo da enzima guanilato
ciclase por NO requer a presenca de sulfidrilas reduzidas (MATTHEW et al.,

2002). Portanto, o aumento de sulfidrilas no tecido pulmonar ocasionado pelo



158

extrato de mirtilo também € um indicio do possivel beneficio do tratamento sobre

0 metabolismo do NO.

A resposta antioxidante pode ser regulada pela ativacdo do fator
transcricional Nrf2, que desempenha um papel central na resposta redox quando
translocado para o nudcleo celular, ativando a transcricdo de genes de varias
enzimas com propriedades antioxidantes (BARBOSA et al., 2016). Conforme
descrito por Chen et al. (2017), o uso de polifendis é capaz de estimular a
ativacdo do Nrf2 no tecido pulmonar em modelo de HAP induzida por MCT,
culminando em atenuacdo do remodelamento vascular pulmonar através da
melhora do estado redox. Nosso trabalho vai de encontro com esses achados,
uma vez que observamos menor expressao do Nrf2 nos pulmdes dos animais
MCT, ao passo que o tratamento com o extrato de mirtilo retomou a expressao
desse fator para os niveis dos animais saudaveis. Um resumo das acdes do

extrato de mirtilo sobre o tecido pulmonar € mostrado na Figura 4.
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Figura 4: Efeitos do extrato de mirtilo sobre o tecido pulmonar em modelo de HAP

induzida por monocrotalina

Ao analisarmos o equilibrio redox no VD, também verificamos diminuicéo

de danos oxidativos e melhora das defesas antioxidantes. Assim como no tecido
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pulmonar, o tratamento com o extrato de mirtilo causou reducdo da
lipoperoxidacdo, aumentada nos animais MCT. O aumento da oxidacdo de
lipidios tem sido associado a lesdes ao sarcolema e aos elementos do
citoesqueleto das células cardiacas, com consequente morte celular
(VANWINKLE et al., 1994). A diminui¢do dos niveis de oxidacéo lipidica, pode,
portanto, ter contribuido para a homeostase do calcio e consequente
sobrevivéncia dos cardiomiécitos do VD. Além disso, o extrato de mirtilo também
reduziu a atividade das enzimas NADPH oxidases no VD, elevada nos animais
com HAP induzida. A ativagdo das isoformas Nox4 e Nox2 ja foi demonstrada no
VE frente ao aumento de pos-carga, contribuindo para a progressao da disfungéo
ventricular esquerda e insuficiéncia da camara via processos que levam a morte
de cardiomiécitos (FRAZZIANO et al.,, 2014). He et al. (2017) reportaram
aumento da expresséo de Nox4 no VD de animais com HAP induzida por MCT,
resultado que foi correlacionado com maior expressdo do fator TGF-1B e
desenvolvimento de fibrose do VD. Assim, a diminuicdo da atividade das NADPH
oxidases observadas pelo tratamento com o extrato de mirtilo pode ter
contribuido para as melhoras funcionais do VD previamente discutidas.
Diferentemente do tecido pulmonar, ndo observamos alteracdes no
imunoconteldo da enzima xantina oxidase entre 0s grupos de nosso estudo.
Porém, conforme ja abordado, alteracbes na xantina oxidase podem ocorrer
mais acentuadamente na vasculatura pulmonar, na qual niveis exacerbados de
02" podem prejudicar a formacdo de NO e contribuir para o aumento da

resisténcia vascular pulmonar, afetando indiretamente o VD.

Em relacdo as defesas antioxidantes do VD, a suplementacdo com o
extrato de mirtilo ocasionou elevagdo na atividade da enzima catalase em
comparagao com os animais controle e animais MCT néo tratados. A regulacdo
positiva da enzima catalase foi reportada no VE de animais que receberam
extrato de folhas de mirtilo, resultando em menor oxidagao lipidica e protegendo
0 coracdo contra alteragfes histopatologicas em modelo de hipertrofia cardiaca
induzida por isoprenalina (ELADWY et al., 2018). Em nosso estudo, o tratamento
com o extrato de mirtilo ndo recuperou a atividade diminuida da enzima SOD,
verificada nos animais MCT, e ndo alterou a atividade ou expresséo da enzima

GPx no VD, dados que diferem de outros trabalhos que demonstram a atuacao



160

do extrato sobre essas defesas antioxidantes (LOUIS et al., 2014; LIU et al.,
2015). Esse resultado pode ser explicado pelo fato desses estudos avaliarem a
acao do extrato em cardiomiécitos isolados e em modelo de dano cardiaco néo
especifico do VD, respectivamente. Ainda, ao regular negativamente a atividade
de NADPH oxidases e estimular a atividade de catalase, infere-se uma possivel
diminuicdo nos niveis de Oz~ e H202, originando um ambiente celular menos
oxidante, o que resultaria em menor estimulo e necessidade de ativacdo de
outros mecanismos de manutencdo do estado redox. Um resumo das

contribui¢cdes do extrato de mirtilo sobre o VD é mostrado na Figura 5.
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Figura 5: Efeitos do extrato de mirtilo sobre o VD em modelo de HAP induzida por

monocrotalina

Um dos mecanismos envolvidos na disfuncéo ventricular direita na HAP é
o desequilibrio do sistema nervoso autbnomo, causado por hiperatividade do
sistema nervoso simpatico (HEMNES e BRITTAIN, 2018). Esse achado é
observado tanto em modelos animais de HAP (GONCALVES et al., 2010) quanto
em pacientes acometidos pela doenca (WENSEL et al., 2009). Em modelo de
HAP induzida por MCT, foi relatado o aumento da atividade simpatica, resultado
correlacionado com o remodelamento cardiaco mal adaptativo e hipertrofia do
VD, com progresséao para insuficiéncia cardiaca direita (ZIMMER et al., 2019).
Tal fato parece ser consequéncia dos efeitos deletérios do excesso de

noradrenalina e sua prolongada exposicao sobre cardiomiocitos, a qual ocasiona



161

aumento nos niveis de endotelina, citocinas pré-inflamatoérias e fatores de
crescimento, bem como conduz a sobrecarga do calcio intracelular, elevacdo da
permeabilidade do sarcolema e morte celular (COLUCCI, 1998). Dentre os
processos danosos desencadeado pela noradrenalina esta a perda do equilibrio
redox, com elevada producdo de agentes oxidantes e atenuacao dos
mecanismos antioxidantes, levando ao estabelecimento do quadro de estresse
oxidativo celular e apoptose de cardiomiécitos (LOUIS et al., 2014, LIMA-
SEOLIN et al., 2019).

Assim, como  observamos  destacadas perdas  funcionais
cardiopulmonares nos animais com HAP induzida, em especial devido a quebra
da homeostase redox, e considerando os dados da literatura, é racional
inferirmos que essas altera¢cdes, ao menos em parte, estejam associadas com
efeitos deletérios da noradrenalina sobre o VD. Portanto, visando a investigar o
papel protetor do extrato de mirtilo em uma situacao de dano celular via estresse
oxidativo induzido por noradrenalina, em especial analisando possiveis vias de
sinalizagdo envolvidas com o equilibrio redox e com a morte/sobrevivéncia
celular, desenvolvemos um modelo in vitro mimetizando a condicdo em que
células cardiacas do VD se encontram na HAP no que se refere a exposicao

acentuada a essa catecolamina.

Em nosso modelo in vitro, o extrato de mirtilo preveniu a morte celular de
cardiomidcitos, diminuindo a ativacéo de caspases 3/7, bem como reduzindo a
expressdo de capase-3, parametros elevados na condicdo de exposicdo a
noradrenalina. Resultados semelhantes ja foram reportados, em que o extrato
de mirtilo reduziu a marcacdo para apoptose de células H9c2 verificada por
coloracdo de Hoechst e ativagéo de caspases 3/7 (LOUIS et al., 2014; SUN et
al., 2019). A presenca de noradrenalina no meio de cultivo causou aumento de
EROs totais, em parte como consequéncia de maior expressdo da Nox2,
elevando os niveis celulares de O2". Esse dado vai de encontro com o trabalho
de Gustafson et al. (2012), em que é demonstrada a capacidade do extrato de
mirtilo em atenuar a formagédo de EROs dependente de NADPH oxidases em
células neuronais SH-SY5Y. Além disso, polifendis derivados do mirtilo, quando
inseridos na dieta de individuos, diminuiram a atividade de NAPDH oxidases em
neutrofilos circulantes (RODRIGUEZ-MATEOS et al, 2013). Em nosso estudo,
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observamos aumento da expressao do marcador de oxidagéo lipidica 4-HNE em
cardiomidcitos expostos a noradrenalina, com atenuacédo causada pelo extrato
de mirtilo. Esse dado é grande relevancia, tendo em vista que estudos
verificaram que o 4-HNE forma adutos com proteinas, levando a danos celulares
e disfuncéo cardiaca, contribuindo para a contratilidade cardiaca prejudicada e
promovendo a apoptose dos cardiomidcitos e disfuncéo cardiaca (FOLDEN et
al., 2003; MALI e PALANIYANDI, 2014).

O cultivo das células cardiacas na presenca de noradrenalina também
gerou prejuizos ao sistema antioxidante enzimatico, com reducdes na expressao
proteica das enzimas Mn-SOD, GPx e catalase, de forma similar ao reportado
por Louis et al., 2014. Verificamos que o extrato de mirtilo anulou ou atenuou
essas quedas nas expressfes enzimaticas. Esse resultado vai de encontro com
o relatado por outros estudos utilizando o extrato de mirtilo como intervencéo em
modelos de dano cardiaco, os quais associaram o0 estimulo as defesas
antioxidantes e consequente retomada do equilibrio redox como sendo 0s
componentes chave na conferéncia de protecdo ao miocardio gerada pelo
extrato (LOUIS et al., 2014; LIU et al., 2015). E interessante observar que os
resultados em relacdo ao equilibrio redox apresentados quando da exposicéo de
noradrenalina aos cardiomidcitos in vitro, refletem em grande parte os dados
observados para o VD na HAP em nossos estudos in vivo, 0S quais
apresentaram aumento na producdo de espécies oxidantes e comprometimento
dos mecanismos antioxidantes. O extrato de mirtilo, tanto in vivo quanto in vitro,
promoveu a retomada da homeostase redox. Nesse sentido, analisamos ainda
no nosso modelo in vitro possiveis modificacbes em vias de sinalizacao
envolvidas com o estado redox e com a morte/sobrevivéncia celular que

poderiam estar envolvidas no acometimento do VD na HAP.

A proteina FoxO3a foi descrita como um fator de transcrigdo fundamental
por ser responsavel por mediar a resisténcia ao estresse oxidativo em varias
condi¢cbes (CHIRIBAU et al., 2008; MORRIS et al., 2015). Sengupta et al. (2001)
relataram que FoxO3a desempenha um papel crucial na promocgédo da
sobrevivéncia de cardiomidcitos em resposta a estimulos de estresse oxidativo.
A perda combinada dos fatores FoxO1l e FoxO3 em cardiomidcitos levou ao

aumento do estresse oxidativo e reducéo das reservas antioxidantes em ratos,
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resultando em remodelamento ventricular adverso e disfuncdo cardiaca apos
leséo isquémica. Em nosso trabalho, mostramos que a noradrenalina aumentou
a atividade do FoxO3a e, curiosamente, o extrato de mirtilo acentuou esse
aumento. A regulagéo positiva de FoxO3a pode ocorrer como uma tentativa de
proteger as células cardiacas do dano oxidativo induzido por noradrenalina, o
que foi mais proeminente na presenca do extrato. A fosforilagdo de FoxO
induzida pela proteina Akt resulta na inativacdo de FoxO e sua exclusédo do
nudcleo, resultando na atenuagdo da expresséo de genes dependentes de FoxO,
como aqueles que codificam as enzimas antioxidantes que investigamos no
nosso trabalho (KLOTZ et al., 2015). De fato, a noradrenalina aumentou a
expressao de Akt, atenuada pelo extrato de mirtilo, o que esta de acordo com os

resultados observados para o Foxo3a.

Alguns trabalhos relataram o papel da proteina STAT3 na regulacdo da
localizacdo subcelular de FoxO, bem como na promocdo da transcricdo de
FoxO3a (BRAULT et al., 2010; OH et al., 2012; SHI et al., 2018). Além disso,
STAT3 inibe a ativacéo de caspase-3 e regula a transcricdo de genes promotores
da resposta a sobrevivéncia, como Bcl-2 e Bcl-XL (SID et al., 2013). Em nosso
trabalho, a exposicdo a noradrenalina diminuiu a razdo da expressédo de p-
STAT3 (Tyr705)/STATS3 total, um efeito que foi anulado pelo extrato de mirtilo.
Ademais, o aumento na expressdo de STAT3 pode ser responséavel pela
protecdo contra o estresse oxidativo via modulacdo de Ref-1 e diminuicdo da
producdo de EROs mitocondriais, contribuindo para a melhora do estado redox
observado pelo extrato (HAGA et al., 2003; POLI e CAMPOREALE, 2015). Além
disso, foi relatado que STAT3 pode ser fosforilada e ativada pela proteina
AMPKa, levando a supressdo da produgdo de citocinas inflamatorias em
macrofagos (ZHU et al., 2015). Curiosamente, em nosso estudo a expressao de
AMPKa foi maior no grupo exposto a noradrenalina, enquanto o extrato de mirtilo
nao a modificou. Assim, a diminuicdo da fosforilagdo de STAT3 induzida por
noradrenalina parece néo ser devido ao comprometimento da AMPKa, mas por
diferentes vias de sinalizagéo. No entanto, modifica¢cdes no conteudo de AMPKa
podem influenciar outros mecanismos celulares, como a sinalizacdo de
sobrevivéncia/morte via celular mTOR/p70S6K (SID et al., 2013).
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A ativagdo do mTOR / p70S6K ocorre em resposta a estimulos
provocados por fatores de crescimento ou agonistas adrenérgicos, como a
noradrenalina, e leva a sintese de proteinas e inibicdo da degradacdo de
proteinas e organelas (DORN e FORCE, 2005). No entanto, o papel de
MTOR/p70S6K no remodelamento cardiaco ainda ndo estd completamente
esclarecido. Estudos demonstraram que essa via esta ligada a hipertrofia
cardiaca e que o tratamento com rapamicina atenuou o desenvolvimento de
hipertrofia induzida por sobrecarga de pressdo (MCMULLEN et al., 2004). No
entanto, a inativacdo de mTOR em camundongos levou a fragdo de ejecéo e
frequéncia cardiaca reduzidas (SHEN et al., 2008), bem como a ablacdo de
MTOR no miocardio de camundongos adultos resultou em cardiomiopatia
dilatada, caracterizada por apoptose, autofagia e estrutura mitocondrial alterada
(ZHANG et al., 2010). Em condigbes de estresse oxidativo, mTOR parece ser
inibida como consequéncia da inibicdo de Akt ou ativacdo de AMPK (CHEN et
al., 2010), sendo essa Ultima alteracdo verificada nas células tratadas com
noradrenalina em nosso trabalho. O extrato de mirtilo ndo apenas diminuiu a
expressao de Akt, mas também diminuiu a expressdo de AMPK, o que poderia
explicar a ativacdo de mTOR/p70S6K observada. Vale ressaltar que o aumento
da expressdo de mTOR/p70S6K também pode ser devido a vias paralelas
estimuladas pelo extrato, como relatado anteriormente (WILLIAMS et al., 2008).
Dados da literatura mostram que a regulacédo negativa de mTOR/p70S6K tem
sido associada a morte celular (CAO et al., 2008; CHEN et al., 2010), enquanto
o aumento da atividade de catalase ou a presenca do antioxidante N-
acetilcisteina podem estimular mTOR/p70S6K e contribuir para a sobrevivéncia
celular (GUTIERREZ-UZQUIZA et al., 2012). Consequentemente, o potencial do
extrato de mirtilo em impedir a diminuicdo de mTOR/p70S6K parece ser outra
via que contribuiu para o aumento da viabilidade celular dos cardiomiécitos

guando esses foram expostos a noradrenalina.

Na Figura 6 pode-se observar as principais alteracdes causadas aos
cardiomidcitos pela exposi¢do a noradrenalina, bem como os efeitos do extrato

de mirtilo sobre essas modifica¢cdes abordados nesse trabalho.
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6. CONSIDERACOES FINAIS

De forma geral, o conjunto de resultados da presente tese destaca os
efeitos protetores do extrato de mirtilo na condicdo patologica de HAP.
Verificamos que o0 extrato atua levando a atenuacdo dos comprometimentos
funcionais e hemodinamicos pulmonares e do VD através da modulacdo dos
mecanismos redox, minimizando o0 quadro de estresse oxidativo.
Particularmente, através de nosso modelo in vitro reproduzindo a condigdo de
alta exposicao a noradrenalina a qual estaria submetido o VD na HAP, sugerimos
diversas vias de sinalizacdo envolvidas no equilibrio redox e na
morte/sobrevivéncia celular que poderiam estar envolvidas nas acdes
cardioprotetoras do extrato de mirtilo sobre o VD. Diante dos dados
apresentados, o0 extrato de mirtilo poderia ser usado como uma intervencgéo
dietoterapica e tratamento complementar a terapia farmacologica disponivel na
HAP, a fim de minimizar os efeitos deletérios do desequilibrio oxidativo sobre a

homeostase e funcdo cardiaca.
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7. PERSPECTIVAS
Como perspectivas dessa tese, podemos citar:

e Analisar o equilibrio simpato-vagal em animais com HAP e os efeitos do
extrato de mirtilo sobre a modulacéo do sistema nervoso auténomo.

¢ Analisar a expressao do receptor f1-adrenérgico no VD de animais com
HAP e os efeitos do extrato de mirtilo sobre essa expresséo.

e Analisar a expressao de proteinas relacionadas com a homeostase do
calcio no VD de animais com HAP e os efeitos do extrato de mirtilo sobre
essa expressao.

e Analisar a reatividade vascular a acetilcolina e fenilefrina da artéria
pulmonar isolada de animais com HAP e os efeitos do extrato de mirtilo

sobre essa resposta.



168

8. REFERENCIAS

ADESINA S.E. et al. Mitochondrial catalase expression protects against hypoxia-
induced pulmonary hypertension. FASEB Journal, v. 27, 2013.

AGGARWAL S. et al. Reactive oxygen species in pulmonary vascular
remodeling. Compr Physiol, v. 3, n. 3, p. 1011-1034, 2013.

AHMET I. et al. Blueberry-enriched diet protects rat heart from ischemic damage.
PLoS One, v. 4, n. 6, p. €5954, 2009.

AHMET I. et al. Survival and cardioprotective benefits of long-term blueberry
enriched diet in dilated cardiomyopathy following myocardial infarction in rats.
PLoS One, v. 4, n. 11, p. e7975, 2009.

AKSENOV M.Y., MARKESBERY W.R. Changes in thiol content and expression
of glutathione redox system genes in the hippocampus and cerebellum in
Alzheimer's disease. Neurosci Lett, v. 302, p. 141-5, 2001.

ALKHALF M.1., KHALIFA F.K. Blueberry extract attenuates y-radiation-induced
hepatocyte damage by modulating oxidative stress and suppressing NF-kB in
male rats. Saudi J Biol Sci, v. 25, n. 7, p. 1272-1277, 2018.

ALVES J. L. et al. Pulmonary arterial hypertension in the southern hemisphere:
results from a registry of incident Brazilian cases. Chest, v. 147, n. 2, p. 495-501,
2015.

ARCHER S. L. et al. Epigenetic attenuation of mitochondrial superoxide
dismutase 2 in pulmonary arterial hypertension: a basis for excessive cell
proliferation and a new therapeutic target. Circulation, v. 121, n. 24, p. 2661-71,
2010.

ARRANZ S. et al. Wine, beer, alcohol and polyphenols on cardiovascular disease
and cancer. Nutrients, v. 4, p. 759-781, 2012.

AUGUSTINE D.X. et al. Echocardiographic assessment of pulmonary
hypertension: a guideline protocol from the British Society of Echocardiography.
Echo Res Pract, v. 5, n. 3, p. G11-G24, 2018.

AWDISH R.; CAJIGAS H. Definition, epidemiology and registries of pulmonary
hypertension. Heart Fail Rev, v. 21, n. 3, p. 223-8, 2016.

BADESCH D.B. et al. Diagnosis and assessment of pulmonary arterial
hypertension. J Am Coll Cardiol, v. 54, n. 1, p. S55-66, 2009.

BADESCH D.B. et al. Pulmonary arterial hypertension: baseline characteristics
from the REVEAL registry. Chest, v. 137, n. 2, p. 376-87, 2010.

BARBOSA P.O. et al. Acai (Euterpe oleracea Matrt.) pulp dietary intake improves
cellular antioxidant enzymes and biomarkers of serum in healthy women.
Nutrition, v. 32, p. 674-680, 2016.



169

BARMAN S. A.; ZHU S.; WHITE R. E. RhoA/Rho-kinase signaling: a therapeutic
target in pulmonary hypertension. Vasc Health Risk Manag, v. 5, p. 663-71,
20009.

BARST R.J. et al. Updated evidence-based treatment algorithm in pulmonary
arterial hypertension. J Am Coll Cardiol, v. 54, n. 1, p. S78-84, 2009.

BARST, R. J. Hipertensédo Pulmonar. In: GOLDMAN, L. Goldman Cecil Medicina.
Rio de Janeiro: Elsevier, 2010, 529-537.

BASU A. et al. Berries: emerging impact on cardiovascular health. Nutr Rev, v.
68, n. 3, p. 168-177, 2010.

BOEING H. et al. Critical review: vegetables and fruit in the prevention of chronic
diseases. Eur J Nutr, v. 51, n. 6, p. 637-663, 2012.

BOSSONE E. et al. Echocardiographic features of primary pulmonary
hypertension. J Am Soc Echocardiogr, v. 12, n. 8, p. 655-62, 1999.

BOVERIS A.; CHANCE B. The mitochondrial generation of hydrogen peroxide.
General properties and effect of hyperbaric oxygen. Biochem J, v. 134, n. 3, p.
707-16, 1973.

BRAULT L. et al. PIM serine/threonine kinases in the pathogenesis and therapy
of hematologic malignancies and solid cancers. Haematologica, v. 95, n. 6, p.
1004-1015, 2010.

BRISTOW M.R. et al. Beta-adrenergic neuroeffector abnormalities in the failing
human heart are produced by local rather than systemic mechanisms. J Clin
Invest, v. 89, n. 3, p. 803-815, 1992.

BRISTOW M.R., QUAIFE R.A. The adrenergic system in pulmonary arterial
hypertension: bench to bedside (2013 Grover Conference series). Pulm Circ, v.
5,n. 3, p. 415-423, 2015.

BURG E. D. et al. Potassium channels in the regulation of pulmonary artery
smooth muscle cell proliferation and apoptosis: pharmacotherapeutic
implications. Br J Pharmacol, v. 153, n. S1, p. S99-111, 2008.

CALLERA G.E. et al. ETA receptor blockade decreases vascular superoxide
generation in DOCA-salt hypertension. Hypertension, v. 42, n. 4, p. 811-817,
2003.

CANTUARIAS-AVILES T. et al. Cultivo do mirtilo: atualizacdes e desempenho
inicial de variedades de baixa exigéncia em frio no Estado de Séo Paulo. Rev.
Bras. Frutic, v. 36, n. 1, p. 139-147, 2014.

CAO C. et al. AMP-activated protein kinase contributes to UV- and H202-induced
apoptosis in human skin keratinocytes. J Biol Chem, v. 283, n. 43, p. 28897-
28908, 2008.

CETIN M. et al. Relationship between severity of pulmonary hypertension and
coronary sinus diameter. Rev Port Cardiol, v. 34, n. 5, p. 329-35, 2015.



170

CHEN L. et al. Hydrogen peroxide inhibits mTOR signaling by activation of AMPK
alpha leading to apoptosis of neuronal cells. Lab Invest, v. 90, n. 5, p. 762-773,
2010.

CHEN Y. et al. Activation of Nrf2 Attenuates Pulmonary Vascular Remodeling via
Inhibiting Endothelial-to-Mesenchymal Transition: an Insight from a Plant
Polyphenol. Int J Biol Sci, 2017; 13(8): 1067-1081.

CHIRIBAU C.B. et al. FOXO3A regulates peroxiredoxin Il expression in human
cardiac fibroblasts. J Biol Chem, v. 283, n. 13, p. 8211-8217, 2008.

CHRISTMAN B. W. et al. An imbalance between the excretion of thromboxane
and prostacyclin metabolites in pulmonary hypertension. N Engl J Med, v. 327,
n. 2, p.70-5, 1992.

CHU W. et al. In: Herbal Medicine: Biomolecular and Clinical Aspects. 22 edi¢ao.
Boca Raton (FL): CRC Press/Taylor & Francis; 2011. Capitulo 4.

CRABTREE M. J. et al. Quantitative regulation of intracellular endothelial nitric-
oxide synthase (eNOS) coupling by both tetrahydrobiopterin-eNOS stoichiometry
and biopterin redox status: insights from cells with tet-regulated GTP
cyclohydrolase | expression. J Biol Chem, v. 284, n. 2, p.1136-44, 2009.

CRACOWSKI J. L. et al. Independent association of urinary F2-isoprostanes with
survival in pulmonary arterial hypertension. Chest, v. 142, n. 4, p. 869-76, 2012.

CUI B. et al. CPU0213, a non-selective ETA/ETB receptor antagonist, improves
pulmonary arteriolar remodeling of monocrotaline-induced pulmonary
hypertension in rats. Clin Exp Pharmacol Physiol, v. 36, n. 2, p. 169-75, 2009.

CURTIS P.J. et al. Blueberries improve biomarkers of cardiometabolic function in
participants with metabolic syndrome-results from a 6-month, double-blind,
randomized controlled trial. Am J Clin Nutr, v. 109, n. 6, p. 1535-1545, 2019.

DAHAL B. K. et al. Involvement of mast cells in monocrotaline-induced pulmonary
hypertension in rats. Respir Res, v. 12, p.60, 2011.

DARZYNKIEWICZ Z. et al. Fluorochrome-labeled inhibitors of caspases:
convenient in vitro and in vivo markers of apoptotic cells for cytometric analysis.
Methods Mol Biol. v. 682, p. 103-14, 2011.

DAVIE N. et al. ET(A) and ET(B) receptors modulate the proliferation of human
pulmonary artery smooth muscle cells. Am J Respir Crit Care Med, v. 165, n. 3,
p. 398-405, 2002.

DEMARCO V. G. et al. Oxidative stress contributes to pulmonary hypertension in
the transgenic (mRen2)27 rat. Am J Physiol Heart Circ Physiol, v. 294, n. 6, p.
2659-68, 2008.

DERUELLE P.; GROVERT. R.; ABMAN S. H. Pulmonary vascular effects of nitric
oxide-cGMP augmentation in a model of chronic pulmonary hypertension in fetal
and neonatal sheep. Am J Physiol Lung Cell Mol Physiol, v. 289, n. 5, p. L798-
806, 2005.



171

DORN G.W. II; Force T. Protein kinase cascades in the regulation of cardiac
hypertrophy. J Clin Invest, v. 115, n. 3, p. 527-537, 2005.

ECKEL R.H. et al. 2013 AHA/ACC guideline on lifestyle management to reduce
cardiovascular risk: a report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines. Circulation, v. 129, p.
S76- 99, 2014.

ELADWY R.A. et al. Mechanistic insights to the cardioprotective effect of
blueberry nutraceutical extract in isoprenaline-induced cardiac hypertrophy.
Phytomedicine, v. 51, p. 84-93, 2018.

ELKS C.M. et al. A blueberry-enriched diet attenuates nephropathy in a rat model
of hypertension via reduction in oxidative stress. PLoS One, v. 6, n. 9, p. €24028,
2011.

FALCAO-PIRES |. et al. Apelin decreases myocardial injury and improves right
ventricular function in monocrotaline-induced pulmonary hypertension. Am J
Physiol Heart Circ Physiol, v. 296, n. 6, p. H2007-14, 2009.

FORFIA P.R. et al. Tricuspid annular displacement predicts survival in pulmonary
hypertension. Am J Respir Crit Care Med, v. 174, p. 1034-41, 2006.

FRAZZIANO G. et al. Nox-derived ROS are acutely activated in pressure
overload pulmonary hypertension: indications for a seminal role for mitochondrial
Nox4. Am J Physiol Heart Circ Physiol, v. 306, n. 2, p. H197-205, 2014.

GAINE S. P., RUBIN L. J. Primary pulmonary hypertension. Lancet, v. 352, n.
9129, p. 719-25, 1998.

GALDERISI M. Diastolic dysfunction and diastolic heart failure: diagnostic,
prognostic and therapeutic aspects. Cardiovasc Ultrasound, v. 4, p. 3-9, 2005.

GERACI M. W. et al. Gene expression patterns in the lungs of patients with
primary pulmonary hypertension: a gene microarray analysis. Circ Res, v. 88, n.
6, p. 555-62, 2001.

GHOFRANI H. A.; OSTERLOH I. H.; GRIMMINGER F. Sildenafil: from angina to
erectile dysfunction to pulmonary hypertension and beyond. Nat Rev Drug
Discov, v. 5, n. 8, p. 689-702, 2006.

GIAID A.; SALEH D. Reduced expression of endothelial nitric oxide synthase in
the lungs of patients with pulmonary hypertension. N Engl J Med, v. 333, n. 4, p.
214-21, 1995.

GOMEZ-ARROYO J. et al. A brief overview of mouse models of pulmonary
arterial hypertension: problems and prospects. Am J Physiol Lung Cell Mol
Physiol, v. 302, n. 10, p. L977-991, 2012.

GOMEZ-ARROYO J. G. et al. The monocrotaline model of pulmonary
hypertension in perspective. Am J Physiol Lung Cell Mol Physiol, v. 302, n. 4,
p. L363-9, 2012.



172

GONCALVES H. et al. Analysis of heart rate variability in a rat model of induced
pulmonary hypertension. Med Eng Phys, v. 32, n. 7, p. 746-52, 2010.

GRANGER D.L. et al. Measuring nitric oxide production in human clinical studies.
Methods Enzymol, v. 301, p. 49-61, 1999.

GUSTAFSON S.J. et al. A nonpolar blueberry fraction blunts NADPH oxidase
activation in neuronal cells exposed to tumor necrosis factor-a. Oxid Med Cell
Longev, v. 2012, p. 1-12, 2012.

HABIB G.; TORBICKI A. The role of echocardiography in the diagnosis and
management of patients with pulmonary hypertension. Eur Respir Rev, v. 19,
n. 118, p. 288-99, 2010.

HAGA S. et al. Stat3 protects against Fas-induced liver injury by redox-dependent
and -independent mechanisms. J Clin Invest, v. 112, n. 7, p. 989-998, 2003.

HARDZIYENKA M. et al. Sequence of Echocardiographic Changes During
Development of Right Ventricular Failure in Rat. J Am Soc Echocardiogr, v. 19,
n. 10, p. 1272-9, 2006.

HE J. et al. Galectin-3 mediates the pulmonary arterial hypertension-induced right
ventricular remodeling through interacting with NADPH oxidase 4. J Am Soc
Hypertens, v. 11, n. 5, p. 275-289, 2017.

HEMNES A.R., BRITTAIN E.L. Autonomic Nervous System in Pulmonary Arterial
Hypertension: Time to Rest and Digest. Circulation, v. 137, n. 9, p. 925-927,
2018.

HOEPER M. M. et al. Definitions and diagnosis of pulmonary hypertension. J Am
Coll Cardiol, v. 24, n. 62, p. 42-50, 2013.

HOWARD L.S. et al. Echocardiographic assessment of pulmonary hypertension:
standard operating procedure. Eur Respir Rev, v. 21, n. 125, p. 239-48, 2012.

HU W. et al. Blueberry anthocyanin-enriched extract ameliorates transverse
aortic constriction-induced myocardial dysfunction via the DDAH1/ADMA/NO
signaling pathway in mice. Mol Med Rep, no prelo, 2019.

HUMBERT M. et al. Cellular and molecular pathobiology of pulmonary arterial
hypertension. J Am Coll Cardiol, v. 43, n. 12, p. S13-24, 2004.

HUMBERT M. et al. Pulmonary arterial hypertension in France: results from a
national registry. Am J Respir Crit Care Med, v. 173, n. 9, p. 1023-30, 2006.

INTENGAN H.D., SCHIFFRIN E.L. Vascular remodeling in hypertension: roles of
apoptosis and fibrosis. Hypertension, v. 38, p. 581-587, 2001.

ISHIKAWA M. et al. Effects of a pure alpha/beta-adrenergic receptor blocker on
monocrotaline-induced pulmonary arterial hypertension with right ventricular
hypertrophy in rats. Circ J, v. 73, n. 12, p. 2337-2341, 20009.



173

JASMIN J. F. et al. Effectiveness of a nonselective ET(A/B) and a selective ET(A)
antagonist in rats with monocrotaline-induced pulmonary hypertension.
Circulation, v. 103, n. 2, p. 314-8, 2001.

KARUPPIAH K. et al. Suppression of eNOS-derived superoxide by caveolin-1: a
biopterin-dependent mechanism. Am J Physiol Heart Circ Physiol, v. 301, n. 3,
p. H903-11, 2011.

KIMURA K. et al. Evaluation of right ventricle by speckle tracking and
conventional echocardiography in rats with right ventricular heart failure. Int
Heart J, v. 56, n. 3, p. 349-53, 2015.

KITABATAKE A. et al. Noninvasive evaluation of pulmonary hypertension by a
pulsed Doppler technique. Circulation, v. 68, n. 2, p. 302-9, 1983.

KLEIN D., KERN R.M., SOKOL R.Z. A method for quantification and correction
of proteins after transfer to immobilization membranes. Biochem Mol Biol Int, v.
36, p. 59-66, 1995.

KLOTZ L.O. et al. Redox regulation of FoxO transcription factors. Redox Biol, v.
6, p. 51-72, 2015.

KODUR S. et al. Influence of Age on Outcome in Patients with Pulmonary Arterial
Hypertension. Heart Lung Circ, v. 24, n. 7, p. 719-23, 2015.

KOSKENVUO J.W. et al. A comparison of echocardiography to invasive
measurement in the evaluation of pulmonary arterial hypertension in a rat model,
Int J Cardiovasc Imaging, v. 26, p. 509-518, 2010.

LACERDA D.S. et al. Pterostilbene reduces oxidative stress, prevents
hypertrophy and preserves systolic function of right ventricle in cor pulmonale
model, Br J Pharmacol, v. 174, p. 3302-3314, 2017.

LAEMMLI U.K. Cleavage of structural proteins during the assembly of the head
of bacteriophage T4, Nature, v. 227, 680-685, 1970.

LANG R.M. et al. Recommendations for chamber quantification. Eur J
Echocardiogr, v. 7, n. 2, p. 79-108, 2006.

LAUNAY J. M. et al. Function of the serotonin 5-hydroxytryptamine 2B receptor
in pulmonary hypertension. Nat Med, v. 8, n. 10, p. 1129-35, 2002.

LAZZE M.C. et al. Anthocyanidins decrease endothelin-1 production and
increase endothelial nitric oxide synthase in human endothelial cells. Mol Nutr
Food Res, v. 50, p. 44-51, 2006.

Lebel C.P. et al. Evaluation of the Probe 2’,7’-Dlchlorofluorescin as an Indicator
of Reactive Oxygen Species Formation and Oxidative Stress. Chem Res
Toxicol, v. 5 p. 227-231, 1992.

LEHRMAN et al. Primary pulmonary hypertension and cor pulmonale. Cardiol
Rev, v. 10, n. 5, p. 265-78, 2002.



174

LIMA-SEOLIN B.G. et al. Bucindolol Modulates Cardiac Remodeling by
Attenuating Oxidative Stress in H9c2 Cardiac Cells Exposed to Norepinephrine.
Oxid Med Cell Longeyv, v. 2019, p. 6325424, 2019.

LIU B. et al. Preventive Effect of Blueberry Extract on Liver Injury Induced by
Carbon Tetrachloride in Mice. Foods, v. 8, n. 2, 2019.

LIU L.K. et al. Mulberry anthocyanin extracts inhibit LDL oxidation and
macrophage-derived foam cell formation induced by oxidative LDL. J Food Sci,
v. 73, p. H113-H121, 2008.

LIU Y et al. Blueberry Anthocyanins-Enriched Extracts Attenuate
Cyclophosphamide-Induced Cardiac Injury. PLoS One, v. 10, n.7, p. e0127813,
2015.

LLESUY S.F. et al. Myocardial damage induced by doxorubicins: hydroperoxide-
initiated chemiluminescence and morphology. Free Radic Biol Med, v. 8, p. 259-
64, 1990.

LOUIS X.L. et al. Blueberry polyphenols prevent cardiomyocyte death by
preventing calpain activation and oxidative stress. Food Funct, v. 5, n. 8, p.
1785-94, 2014.

LOWRY O. et al. Protein measurement with the Folin phenol reagent. J Biol
Chem, v. 193, p. 265-275, 1951.

LUND A K. et al. Endothelin-1-Mediated Increase in Reactive Oxygen Species
and NADPH Oxidase Activity in Hearts of Aryl Hydrocarbon Receptor (AhR) Null
Mice. Toxicol Sci, v. 88, n. 1, p. 265-73, 2005.

MAARMAN G. et al. A comprehensive review: the evolution of animal models in
pulmonary hypertension research; are we there yet? Pulm Circ, v. 3, n. 4, p. 739-
56, 2013.

MANES A. et al. Female gender and pulmonary arterial hypertension: a complex
relationship. G Ital Cardiol, v. 13, n. 6, p. 448-60, 2012.

MARKLUND S., MARKLUND G. Involvement of the superoxide anion radical in
the autoxidation of pyrogallol and a convenient assay for superoxide dismutase,
Eur J Biochem, v. 47, p. 469-474, 1974.

MASRI F.A. et al. Deficiency of lung antioxidants in idiopathic pulmonary arterial
hypertension. Clin Transl Sci, v. 1, p. 99-106, 2008.

MATTHEW R. et al. Effects of monocrotaline on endothelial nitric oxide synthase
expression and sulthydryl levels in rat lungs. Heart Dis, v. 4, n. 3, p. 152-158,
2002.

MCGOON M. D. et al. Pulmonary arterial hypertension: epidemiology and
registries. J Am Coll Cardiol, v. 65, n. 1, p. D51-9, 2013.



175

MCMULLEN J.R. et al. Inhibition of mTOR signaling with rapamycin regresses
established cardiac hypertrophy induced by pressure overload. Circulation, v.
109, n. 24, p. 3050-3055, 2004.

MILLS G.C. Hemoglobin catabolism. I. Glutathione peroxidase, an erythrocyte
enzyme which protects hemoglobin from oxidative breakdown. J Biol Chem, v.
229, p. 189-97, 1957.

MINK P.J. et al. Flavonoid intake and cardiovascular disease mortality: a
prospective study in postmenopausal women. Am J Clin Nutr, v. 85, n. 3, p. 895-
909, 2007.

MOCUMBI A. O.; THIENEMANN F.; SLIWA K. A global perspective on the
epidemiology of pulmonary hypertension. Can J Cardiol. v. 31, n. 4, p. 375-81,
2015.

MONTANI D. et al. Targeted therapies in pulmonary arterial hypertension.
Pharmacol Ther, v. 141, n. 2, p. 172-91, 2014.

MORESCO H.H. et al. Myricitrin as the main constituent of two species of Myrcia,
J Appl Pharm Sci, v. 4, p. 1-7, 2014.

MORITA M. et al. Antioxidant capacity of blueberry extracts: Peroxyl radical
scavenging and inhibition of plasma lipid oxidation induced by multiple oxidants.
Journal of Berry Research, v. 7, p. 1-9, 2017.

MORRIS B.J. et al. FOXO3: A Major Gene for Human Longevity--A Mini-Review.
Gerontology, v. 61, n. 6, p. 515-525, 2015.

MOSELE F. et al. Effects of purple grape juice in the redox-sensitive modulation
of right ventricular remodeling in a pulmonary arterial hypertension model. J
Cardiovasc Pharmacol, v. 60, n. 1, p. 15-22, 2012.

MOZAFFARIAN D. Dietary and Policy Priorities for Cardiovascular Disease,
Diabetes, and Obesity: A Comprehensive Review. Circulation, v. 133, p. 187-
225, 2016.

NAEJIE R., MANES A. The right ventricle in pulmonary arterial hypertension. Eur
Respir Rev, v. 23, n. 134, p. 476-87, 2014.

NERI M. et al. Correlation between cardiac oxidative stress and myocardial
pathology due to acute and chronic norepinephrine administration in rats. J Cell
Mol Med, v. 11, n. 1, p.156-70, 2007.

NISBET R. E. et al. Rosiglitazone attenuates chronic hypoxia-induced pulmonary
hypertension in a mouse model. Am J Respir Cell Mol Biol, v. 42, n. 4, p. 482-
90, 2010.

NOGUEIRA-FERREIRA R. et al. Exploring the monocrotaline animal model for
the study of pulmonary arterial hypertension: A network approach. Pulm
Pharmacol Ther, v. 35, p. 8-16, 2015.



176

NOZIK-GRAYCK E. et al. Lung EC-SOD overexpression attenuates hypoxic
induction of Egr-1 and chronic hypoxic pulmonary vascular remodeling. Am J
Physiol Lung Cell Mol Physiol, v. 295, n. 3, p. L422-30, 2008.

OGAWA A.; EJIRI K.; MATSUBARA H. Long-term patient survival with
idiopathic/heritable pulmonary arterial hypertension treated at a single center in
Japan. Life Sci, v. 118, n. 2, p. 414-9, 2014.

OH H.M. et al. STAT3 protein interacts with Class O Forkhead transcription
factors in the cytoplasm and regulates nuclear/cytoplasmic localization of FoxO1
and FoxOg3a proteins in CD4(+) T cells. J Biol Chem, v. 287, n. 36, p. 30436-
30443, 2012.

OKUMURA K. et al. Carvedilol improves biventricular fibrosis and function in
experimental pulmonary hypertension. J Mol Med (Berl), v. 93, n. 6, p. 663-74,
2015.

OKUMURA K. et al. Right ventricular diastolic performance in children with
pulmonary arterial hypertension associated with congenital heart disease:
correlation of echocardiographic parameters with invasive reference standards
by high-fidelity micromanometer catheter. Circ Cardiovasc Imaging, v. 7, p.
491-501, 2014.

PEACOCK A. J. et al. An epidemiological study of pulmonary arterial
hypertension. Eur Respir J, vol. 30, n. 1, p. 104-9, 2007.

PEPKE-ZABA J., MORRELL N.W. The endothelin system and its role in
pulmonary arterial hypertension (PAH). Thorax, v. 60, n. 6, p. 443-4, 2005.

PERK J. et al. European Guidelines on cardiovascular disease prevention in
clinical practice (version 2012). The Fifth Joint Task Force of the European
Society of Cardiology and Other Societies on Cardiovascular Disease Prevention
in Clinical Practice (constituted by representatives of nine societies and by invited
experts). Eur Heart J, v. 33, n. 13, p. 1635-701, 2012.

PERTUZATTIA P.B. et al. Quantification of Several Bioactive Compounds and
Antioxidant Activities of Six Cultivars of Brazilian Blueberry. The Natural
Products Journal, v. 2, p. 188-195, 2012.

POLIV.; CAMPOREALE A. STAT3-Mediated Metabolic Reprograming in Cellular
Transformation and Implications for Drug Resistance. Front Oncol, v. 5, p.121,
2015.

PULLAMSETTI S. et al. Increased levels and reduced catabolism of asymmetric
and symmetric dimethylarginines in pulmonary hypertension. FASEB J, v. 19, n.
9, p. 1175-7, 2015.

RAMESH T., BEGUM V.H. Protective Effect of Sesbania grandiflora against
cigarette smoke-induced oxidative damage in rats. J Med Food, v. 11, p. 369-
375, 2008.



177

REZNICK A.Z., PACKER L. Oxidative damage to proteins: spectrophotometric
method for carbonyl assay. Methods Enzymol, v. 233, p. 357-63, 1994.

RICH S. et al. Primary pulmonary hypertension. A national prospective study.
Ann Intern Med, v. 107, n. 2, p. 216-23, 1987.

RISSANEN T.H. et al. Low intake of fruits, berries and vegetables is associated
with excess mortality in men: the Kuopio Ischaemic Heart Disease Risk Factor
(KIHD) Study. J Nutr, 2003 v. 133, n. 1, p. 199-204, 2003.

RODRIGUES-MATEOS A. et al. Intake and time dependence of blueberry
flavonoid-induced improvements in vascular function: a randomized, controlled,
double-blind, crossover intervention study with mechanistic insights into
biological activity. Am J Clin Nutr, v. 9, n. 5, p.1179-91, 2013.

RODRIGUEZ-MATEOQOS A. et al. Berry (poly)phenols and cardiovascular health.
J Agric Food Chem, v. 62, n. 18, p. 3842-3851, 2014.

ROESLER R. et al. Antioxidant activity of cerrado fruits, Ciénc Tecnol Aliment,
v. 27 p. 53-60, 2007.

RUITER G. et al. Reversibility of the monocrotaline pulmonary hypertension rat
model. Eur Respir J, v. 42, n. 2, p. 553-6, 2013.

RYAN J.J.; MARSBOOM G.; ARCHER S. L. Rodent models of group 1
pulmonary hypertension. Handb Exp Pharmacol, v. 218, p. 105-49, 2013.

SAHREEN S. et al. Effects of Carissa opaca fruits extracts on oxidative
pulmonary damages and fibrosis in rats. Complement Altern Med, v. 14, p. 14-
40, 2014.

SAVAI R. et al. Immune and inflammatory cell involvement in the pathology of
idiopathic pulmonary arterial hypertension. Am J Respir Crit Care Med, v. 186,
n. 9, p. 897-908, 2012.

SCHERMULY R. T. et al. Mechanisms of disease: pulmonary arterial
hypertension. Nat Rev Cardiol, v. 8, n. 8, p. 443-55, 2011.

SCHNEIDER M.P. et al. Contrasting actions of endothelin ET(A) and ET(B)
receptors in cardiovascular disease. Annu Rev Pharmacol Toxicol, v. 47, p.
731-59, 2007.

SCHOENTAL R., HEAD M. A. Pathological changes in rats as a result of
treatment with monocrotaline. Br J Cancer, v. 9, n. 1, p. 229-37, 1955.

SEERAM N.P. Berry fruits: Compositional elements, biochemical activities, and
the impact of their intake on human health, performance, and disease. J Agric
Food Chem, v. 56, p. 627-629, 2008.

SENGUPTA A. et al. FoxO transcription factors promote cardiomyocyte survival
upon induction of oxidative stress. J Biol Chem, v. 28, n. 9, p. 7468-7478, 2001.



178

SHAH M.; PATEL K.; SEHGAL P. B. Monocrotaline pyrrole-induced endothelial
cell megalocytosis involves Golgi blockade mechanism. Am J Physiol Cell
Physiol, v. 288, n. 4, p. C850-C862, 2005.

SHARMA S. et al. Altered carnitine homeostasis is associated with decreased
mitochondrial function and altered nitric oxide signaling in lambs with pulmonary
hypertension. Am J Physiol Lung Cell Mol Physiol, v. 294, n. 1, p. L46-56,
2008.

SHARMA S. et al. Role of oxidized lipids in pulmonary arterial hypertension. Pulm
Circ, v. 6, p. 261-73, 2016.

SHEN W. H. et al. Cardiac restricted overexpression of kinase-dead mammalian
target of rapamycin (MTOR) mutant impairs the mTOR-mediated signaling and
cardiac function. J Biol Chem, v. 283, n. 13842-13849, 2008.

SHI'Y. et al. Roles of STAT3 in leukemia (Review). Int J Oncol, v. 53, n. 1, p. 7-
20, 2018.

SID B. et al. Role of AMPK activation in oxidative cell damage: Implications for
alcohol-induced liver disease. Biochem Pharmacol, v. 86, n. 2, p. 200-209,
2013.

SIES, H. Total antioxidant capacity: appraisal of a concept. The Journal of
Nutrition, v. 137, n. 6, p. 1493-1495, 2007.

SILVA S. et al. Health promoting properties of blueberries: a review. Crit Rev
Food Sci Nutr, v. 29, p. 1-20, 2018.

SIMONNEAU G. et al. Updated Clinical Classification of Pulmonary
Hypertension. J Am Coll Cardiol, v. 24, n. 62, p. 34-41, 2013.

SONG Y. et al. Effects of blueberry anthocyanins on retinal oxidative stress and
inflammation in diabetes through Nrf2/HO-1 signaling. J Neuroimmunol, v. 301,
p. 1-6, 2016.

SOUZA-RABBO M. et al. Effects of a chronic exercise training protocol on
oxidative stress and right ventricular hypertrophy in monocrotaline-treated rats.
Clin Exp Pharmacol Physiol, v. 35, n. 8, p. 944-948, 2008.

SPIEKERMANN S.; SCHENK K.; HOEPER M. M. Increased xanthine oxidase
activity in idiopathic pulmonary arterial hypertension. Eur Respir J,v. 34, n. 1, p.
276, 2009.

SPOHR L. et al. Combined actions of blueberry extract and lithium on
neurochemical changes observed in an experimental model of mania: exploiting
possible synergistic effects. Metab Brain Dis, v. 34, p. 605-619, 20109.

STENMARK K. R. et al. Animal models of pulmonary arterial hypertension: the
hope for etiological discovery and pharmacological cure. Am J Physiol Lung
Cell Mol Physiol, v. 297, n. 6, p. L1013-32, 20089.



179

SUN Y. et al. Blueberry extract attenuates doxorubicin-induced damage in H9c2
cardiac cells. Can J Physiol Pharmacol, v. 97, n. 9, p. 880-88, 2019.

SUTENDRA G. et al. Fatty acid oxidation and malonyl-CoA decarboxylase in the
vascular remodeling of pulmonary hypertension. Sci Transl Med, v. 2, n. 44, p.
44-58, 2010.

TABIMA D. M.; FRIZZELL S.; GLADWIN M. T. Reactive oxygen and nitrogen
species in pulmonary hypertension. Free Radic Biol Med, v. 52, n. 9, p. 1970-
1986, 2012.

TAN D. et al. Blueberry anthocyanins-enriched extracts attenuate the
cyclophosphamide-induced lung toxicity. Chem Biol Interact, v. 222, p. 106-111,
2014.

TANGNEY C., RASMUSSEN H.E. Polyphenols, inflammation, and
cardiovascular disease. Curr Atheroscler Rep, v. 15, p. 324, 2013.

TONEY B.M. et al. Selective endothelin-A receptor blockade attenuates
endotoxin-induced pulmonary hypertension and pulmonary vascular dysfunction.
Pulm Circ, v. 4, n. 2, p. 300-10, 2014.

TOURNIER A. et al. Calibrated automated thrombography demonstrates
hypercoagulability in patients with idiopathic pulmonary arterial hypertension.
Thromb Res, v. 126, n. 6, p. 418-22, 2010.

TRESSERRA-RIMBAU A. et al. Inverse association between habitual polyphenol
intake and incidence of cardiovascular events in the PREDIMED study. Nutr
Metab Cardiovasc Dis, v. 24, p. 639-647, 2014.

TURCK P. et al. Trapidil improves hemodynamic, echocardiographic and redox
state parameters of right ventricle in monocrotaline-induced pulmonary arterial
hypertension model. Biomed Pharmacother, v. 103, p.182-190, 2018.

UETI O. M. et al. Assessment of right ventricular function with Doppler
echocardiographic indices derived from tricuspid annular motion: comparison
with radionuclide angiography. Heart, v. 88, n. 3, p. 244-8, 2002.

VAILLANCOURT M. et al. Autonomic nervous system involvement in pulmonary
arterial hypertension. Respir Res, v. 18, n. 1, p. 201, 2017.

VANWINKLE W.B. et al. Cytoskeletal alterations in cultured cardiomyocytes
following exposure to the lipid peroxidation product, 4-hydroxynonenal. Cell Motil
Cytoskeleton, v. 28, n. 2, p. 119-134, 1994.

VITA J.A. Polyphenols and cardiovascular disease: effects on endothelial and
platelet function. Am J Clin Nutr, v. 81, p. 292—-297, 2005.

VOELKEL N. F. et al. Pathobiology of pulmonary arterial hypertension and right
ventricular failure. Eur Respir J, v. 40, n. 6, p. 1555-65, 2012.

VOLPE S.L. et al. Fruit and Vegetable Intake and Prevention of Chronic Disease.
ACSM's Health & Fitness Journal, v. 23, n. 3, p. 30-31, 2019.



180

WANG Y. et al. Superoxide dismutases: dual roles in controlling ROS damage
and regulating ROS signaling, J Cell Biol, v. 217, p. 1915-1928, 2018.

WANG Z. et al. Blueberry Anthocyanin-Enriched Extracts Attenuate Fine
Particulate Matter (PM2.5)-Induced Cardiovascular Dysfunction. J Agric Food
Chem, v. 65, n.1, p. 87-94, 2017.

WEI Y. et al. Angiotensin Il-induced NADPH oxidase activation impairs insulin
signaling in skeletal muscle cells. J Biol Chem, v. 281, p. 35137-35146, 2006.

WENSEL R. et al. Impaired cardiac autonomic control relates to disease severity
in pulmonary hypertension. Eur Respir J, v. 34, n. 4, p. 895-901, 2009.

WEST J.; HEMNES A. Experimental and transgenic models of pulmonary
hypertension. Compr Physiol, v. 1, n. 2, p. 769-82, 2011.

WILLIAMS C.M. et al. Blueberry-induced changes in spatial working memory
correlate with changes in hippocampal CREB phosphorylation and brain-derived
neurotrophic factor (BDNF) levels. Free Radic Biol Med, v. 45, n. 3, p. 295-305,
2008.

WILSON D. W. et al. Progressive inflammatory and structural changes in the
pulmonary vasculature of monocrotaline-treated rats. Microvasc Res, v. 38, n.
1, p. 57-80, 1989.

WOLIN M. S.; AHMAD M.; GUPTE S.A. The sources of oxidative stress in the
vessel wall. Kidney Int, v. 67, n. 5, p. 1659-61, 2005.

WONG C.M. et al. Reactive oxygen species and antioxidants in pulmonary
hypertension. Antioxid Redox Signal, v.18, p. 1789-96, 2013.

World Health Organization. Cardiovascular diseases (CVDs) fact sheet. WHO.
[ctado em 25 de novembro de 2019]. www.who.int/news-room/fact-
sheets/detail/cardiovascular-diseases-(cvds).

WUNDERLICH C. et al. The adverse cardiopulmonary phenotype of caveolin-1
deficient mice is mediated by a dysfunctional endothelium. J Mol Cell Cardiol, v.
44,n. 5, p. 938-47, 2008.

XUE C.; JOHNS R. A. Endothelial nitric oxide synthase in the lungs of patients
with pulmonary hypertension. N Engl J Med, v. 333, n. 24, p. 1642-4, 1995.

YEN-CHUN L. et al. Pulmonary Arterial Hypertension: The Clinical Syndrome.
Circ Res, v. 115, n. 1, p. 115-30, 2014.

YIN F.C. et al. Use of tibial length to quantify cardiac hypertrophy: application in
the aging rat. Am J Physiol, v. 243, n. 6, p. H941-7, 1982.

YOUDIM K.A. et al. Potential role of dietary flavonoids in reducing microvascular
endothelium vulnerability to oxidative and inflammatory insults. J Nutr Biochem,
v. 13, p. 282-288, 2002.

YU C. M. et al. Right Ventricular Diastolic Dysfunction in Heart Failure.
Circulation, v. 93, n. 8, p. 1509-14, 1996.


http://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
http://www.who.int/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)

181

YUN W. et al. Protective effects of hydrogen-rich saline on monocrotaline-
induced pulmonary hypertension in a rat model. Respir Res, v. 4, p. 12-26, 2011.

ZAFRA-STONE S. et al. Berry anthocyanins as novel antioxidants in human
health and disease prevention. Mol Nutr Food Res, v. 51, p. 675-683, 2007.

ZEN-GUO L. et al. Sulfhydryl involvement in nitric oxide sequestration and nitric
oxide induced guanylyl cyclase activation in vascular smooth muscle. Can J
Physiol Pharmacol, v. 73, p. 1144-1148, 1995.

ZHANG D. et al. MTORCL1 regulates cardiac function and myocyte survival
through 4E-BP1 inhibition in mice. J Clin Invest, v. 120, n. 8, p. 2805-2816, 2010.

ZHU Y.P. et al. Adenosine 5'-monophosphate-activated protein kinase regulates
IL-10-mediated anti-inflammatory signaling pathways in macrophages. J
Immunol, v. 19, n. 2, p. 584-594, 2015.

ZIMMER A. et al. Effects of aerobic exercise training on metabolism of nitric oxide
and endothelin-1 in lung parenchyma of rats with pulmonary arterial
hypertension. Mol Cell Biochem, v. 42, n. 1-2, p. 73-89, 2017.



UF R G S  PRO-REITORIA DE PESQUISA ASCEUA

UNIVERSIDADE FEDERAL Comissao De Etica No Uso De Animais
DO RIO GRANDE DO SUL

CARTA DE APROVACAO

Comissio De Etica No Uso De Animais analisou o projeto:

Nuamero: 32192

Titulo: AVALIACAO DOS EFEITOS DO EXTRATO DE MIRTILO SOBRE O VENTRICULO DIREITO DE
RATOS COM HIPERTENSAO ARTERIAL PULMONAR INDUZIDA POR MONOCROTALINA

-

Vigéncia: 01/12/2016 a 01/11/2020

Pesquisadores:

Equipe UFRGS:

ALEX SANDER DA ROSA ARAUJO - coordenador desde 01/12/2016
PATRICK TURCK - Aluno de Doutorado desde 01/12/2016

Comissao De Etica No Uso De Animais aprovou o mesmo , em reuniao realizada em
23/01/2017 - SALA 330 DO ANEXO - PREDIO DA REITORIA DA UFRGS/CAMPUS
CENTRO/UFRGS, em seus aspectos éticos e metodolégicos, para a utilizagdo de 162 ratos
Wistar machos, com 200 gramas de massa corporal, provenientes do CREAL/UFRGS, de
acordo com os preceitos das Diretrizes e Normas Nacionais e Internacionais, especialmente
a Lei 11.794 de 08 de novembro de 2008, o Decreto 6899 de 15 de julho de 2009, e as normas
editadas pelo Conselho Nacional de Controle da Experimenta¢cao Animal (CONCEA), que
disciplinam a produg¢ao, manutencao e/ou utilizacao de animais do filo Chordata, subfilo
Vertebrata (exceto o homem) em atividade de ensino ou pesquisa.

Porto Alegre, Sexta-Feira, 17 de Fevereiro de 2017 o
2

ALEXANDRE TAVARES DUARTE DE OLIVEIRA
Vice Coordenador da comissao de ética



