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RESUMO

A hipertensdo arterial (HA) é complexa, multifatorial e com o envolvimento de processos
oxidativos e inflamatorios assim como a ativacdo do sistema-renina-angiotensina (SRA)
sisttmico e local promove disfuncdo dos vasos sanguineos e do tecido adiposo
perivascular (PVAT). Considerando os efeitos vasculares deletérios da HA estabelecida,
hipotetizamos que a utilizacdo de uma estratégia ndo-farmacoldgica, com o uso de um
alimento funcional, o hidrolisado de clara de ovo (HCO) obtido pela hidrolise com
pepsina por 8h, pode minimizar os danos vasculares promovidos pelo modelo DOCA-sal.
Para tal, inicialmente, investigamos os efeitos do HCO sobre os danos causados pela HA
DOCA-sal em artérias de condutancia e de resisténcia e as vias vasculares envolvidas e
demonstramos que a HA induzida pelo modelo DOCA-sal atingiu niveis pressoricos
sistélicos médios de 194 mmHg que foi significativamente reduzido pelo co-tratamento
com HCO. Como esperado, a HA reduziu o relaxamento dependente do endotélio
induzido pela acetilcolina nas artérias estudadas o que foi restaurado pelo co-tratamento
com o HCO. A protecdo vascular promovida pelo HCO envolveu a prevencdo do aumento
de ROS de origem celular (com a incubacgédo da Superoxido Dismutase) e mitocondrial
(com a incubacdo do MitoTEMPOQO) nas artérias de condutancia e de resisténcia,
respectivamente. O anion superoxido foi a principal espécie reativa envolvida no prejuizo
vascular induzido pelo modelo DOCA-sal e sua producdo foi suprimida pelo co-
tratamento com o HCO. O HCO restaurou 0s niveis de 0xido nitrico nas artérias de
condutancia. Em ambas as artérias, 0 HCO reduziu a ativacdo de NF-kB, de TNF-a e de
receptores do tipo | para angiotensina aumentados pela inducdo da HA DOCA-sal. Além
disso, evitou a peroxidacao lipidica em ambos os leitos vasculares. No segundo estudo,
investigamos se 0 HCO reverteria a disfuncdo do PVAT mesentérico (MPVAT)
promovida pela HA DOCA-sal. Observamos que 0 HCO recuperou parcialmente o efeito
anticontratil do mPVAT reduzido pelo aumento maligno da pressao neste modelo. Esse
efeito envolveu a participacdo da via da renina local e também inibicdo da ECA tecidual.
Ainda, o0 HCO restaurou os niveis teciduais de ROS, TNF-a, IL-1p e IL-6 no mPVAT
aumentados pela HA DOCA-sal. Assim, o efeito protetor apresentado pelo HCO diante
da disfuncdo do mPVAT na HA DOCA-sal foi mediado pelo SRA local, envolvendo a
acdo antioxidante e anti-inflamatoria deste alimento funcional. O conjunto de resultados
apresentados demonstra que HCO protege os vasos incluindo o mPVAT das alteragdes
oxidativas, pré-inflamatorias induzidas pela HA no modelo DOCA-sal e pode constituir
uma alternativa terapéutica dietética adjuvante no tratamento da hipertensdo severa.

Palavras-chave: hipertensdo secundaria; estresse oxidativo; processo inflamatdrio,
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ABSTRACT

Arterial hypertension (AH) is complex, multifactorial, and with the involvement of
oxidative and inflammatory processes as well as the activation of the systemic and local
renin-angiotensin system (RAS) promotes dysfunction of blood vessels and perivascular
adipose tissue (PVAT). Considering the detrimental vascular effects of established AH,
we hypothesized that the use of a non-pharmacological strategy involving the use of
functional food, an egg white hydrolysate (EWH) obtained through 8-hour pepsin
hydrolysis, could minimize the vascular damage promoted by the DOCA-salt model. To
this end, we conducted two studies using the following experimental groups: Initially, we
investigated the effects of EWH on the damage caused by DOCA-salt-induced AH in
conductance and resistance mesenteric arteries, as well as the involved vascular pathways.
We demonstrated that AH induced by the DOCA-salt model reached average systolic
blood pressure levels of 194 mmHg and was significantly reduced by co-treatment with
EWH. As expected, the model decreased endothelium-dependent relaxation induced by
acetylcholine in the conductance and resistance arteries, restored by co-treatment with
EWH. The vascular protection promoted by EWH involved the prevention of increased
cellular-origin ROS (incubation of superoxide dismutase) and mitochondrial-origin ROS
(incubation of superoxide dismutase of MitoTEMPO) in conductance and resistance
arteries, respectively. Superoxide anion was the main reactive species involved in the
vascular damage induced by the DOCA-salt model, and its production was suppressed by
co-treatment with EWH. Collectively, EWH restored nitric oxide levels in conductance
arteries. In both artery types, EWH reduced the activation of NF-kB, TNF-a, and
angiotensin type | receptors, all increased by DOCA-salt induction. Furthermore, EWH
prevented lipid peroxidation in both vascular beds. In the second study, we investigated
whether EWH would reverse the dysfunction mesenteric PVAT (mPVAT) promoted by
DOCA-salt-induced HA. EWH partially restored the anticontractile effect of MPVAT that
was reduced due to malignant pressure increase. This effect involved the local renin
pathway and tissue ACE inhibition. Additionally, EWH restored tissue levels of ROS,
TNF-a, IL-1B, and IL-6 that were increased by DOCA-salt-induced HA. Thus, the
protective effect presented by EWH against mPVAT dysfunction in DOCA-salt-induced
HA was mediated by the local RAS, involving antioxidant and anti-inflammatory action
of this functional food. The results presented demonstrate that EWH protects vessels,
including mesenteric PVAT, from oxidative and pro-inflammatory changes induced by
DOCA-salt model AH and may serve as an adjunct dietary therapeutic alternative in
treating severe hypertension.

Keywords: secondary hypertension; oxidative stress; inflammatory process; renina-

angiotensin system; perivascular adipose tissue.
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MRA (Upper graphics) and aorta (Bottom graphics) segments from rats from
SHAM, SHAM+EWH, DOCA, and DOCA+EWH groups before (E+) and after
incubation with scavenger reactive oxygen species, the superoxide dismutase (SOD,
750/mL). The results are expressed (mean £ SEM) as the percentage of relaxation
responses in norepinephrine or phenylephrine precontracted rings. The number of

73

76

77

78



animals in each group is in parentheses. Two-way ANOVA followed by Bonferroni
POSt-teSt: P < 0.05 VS, Ed.oiniiiii e

Figure 6 — The role of EWH on mitochondrial ROS-mediated, ACh-induced
relaxation in MRA and aorta of DOCA-salt rats. Concentration—response curves to
ACh were obtained in MRA (Upper graphics) and aorta (Bottom graphics) segments
from rats from SHAM, SHAM+EWH, DOCA, and DOCA+EWH groups before
(E+) and after incubation with specific scavenger of mitochondrial superoxide, Mito-
TEMPO (0.5 pumol/L). The results are expressed (mean + SEM) as the percentage of
relaxation responses in norepinephrine or phenylephrine precontracted rings. The
number of animals in each group is in parentheses. Two-way ANOVA followed by
Bonferroni post-test: p < 0.05 " VS. ...t

Figure 7 —The role of EWH on O2— production in MRA and aorta section of DOCA -
salt rats. Typical images of sensitive fluorescent dye Dihydroethidium (DHE) in the
absence or presence of Mito-TEMPO (0.5 pmol/L—third line panel A) or
MnTMPyYP (25 pM—third line panel B) in MRA and aorta sections of SHAM,
SHAM+EWH, DOCA, or DOCA+EWH rats. The basal images are the negative
control pictures without DHE. The histogram (a—MRA and b—Aorta) shows in
white bars the DHE fluorescence and in black bars the DHE fluorescence after Mito-
TEMPO or MnTMPyP incubation. The results are expressed as representative
fluorescence intensity in arbitrary units. The results are expressed as mean £ SEM
(n = 6). Two-way ANOVA followed by Bonferroni post-test: p < 0.05 * vs. SHAM;
BV DOCA ..o

Figure 8 — The role of EWH on NOX1 expression in MRA and aorta section of
DOCA-salt rats. Representative photomicrographs (x40 magnification) and
histogram of NOX1 immunofluorescence in MRA and aortic sections of SHAM,
SHAM+EWH, DOCA, and DOCA+EWH arteries. Data are expressed as mean *
SEM, n = 8. The images correspond to the merge of the marking of the colors by the
DAPI in blue and the NOX-1 in green. Two-way ANOVA followed by Bonferroni
post-test: p < 0.05 “vs. SHAM; # vs. DOCA. ......couiimiiiiiii e,

Figure 9 — The role of EWH on NF-kB and TNFa expression in MRA and aorta
section of DOCA-salt rats. Representative photomicrographs (x40 magnification)
and histogram of NF-kB (left) and TNFa (HT) immunofluorescence of MRA and
aorta sections of SHAM, SHAM+EWH, DOCA, and DOCA+EWH arteries. Data
are expressed as mean = SEM, n = 8. The images correspond to the merge of the
marking of the colors by the DAPI in blue and the NF-kB and TNFa in green. Two-
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Figure 10 — Effects of EWH on the oxidative stress (ROS and TBARS) and
antioxidant (FRAP) capacity in plasma, MRA, and aorta of DOCA-salt rats. ROS,
TBARS, and FRAP values were assessed in plasma, MRA, and aorta of SHAM,
SHAM+EWH, DOCA, and DOCA+EWH rats. The results are expressed as mean +
SEM, and the number of animals is indicated as dots in the bars. Two-way ANOVA
followed by Bonferroni post-test: p < 0.05 * vs. SHAM; #vs. DOCA...................

Figure 11 — The role of EWH on endothelial NO synthase (eNOS) expression in
MRA and aorta section of DOCA-salt rats. Representative photomicrographs (x40
magnification) and histogram of eNOS immunofluorescence of MRA (left panels)
and aortic (HT panels) sections of SHAM, SHAM+EWH, DOCA, and
DOCA+EWH arteries. Data are expressed as mean + SEM, n = 8. The images
correspond to the merge of the marking of the colors by the DAPI in blue and the
eNOS in green. Two-way ANOVA followed by Bonferroni post-test: p < 0.05 * vs.
SHAM; # VS, DOCA. ..o

Figure S1: The role of EWH in NF-kB-induced impairment on acetylcholine (ACh)
relaxation in MRA of DOCA-salt rats. Concentration-response curves to ACh were
obtained in MRA from rats from SHAM, SHAM+EWH, DOCA, and DOCA+EWH
groups before (E+) and after incubation with NF-kB inhibitor (BAY 117082. 5 uM).
The results are expressed (mean £ SEM) as the percentage of relaxation responses
to norepinephrine precontracted rings. The number of animals in each group is in
parentheses. Two-way ANOVA followed by Bonferroni post-test: P < 0.05 *vs. E+.

Figure S2: The role of EWH in NO-mediated acetylcholine (ACh)-induced
relaxation in the aorta of DOCA-salt rats. Concentration-response curves to ACh
were obtained in the aorta of rats from SHAM, SHAM+EWH, DOCA, and
DOCA+EWH groups before (E+) and after incubation with a non-selective inhibitor
of NOS (L-NAME, 100 uM). The results are expressed (mean + SEM) as the
percentage of relaxation responses to phenylephrine precontracted rings. The
number of animals in each group is in parentheses. Two-way ANOVA followed by
Bonferroni post-test: P < 0.05 *VS. B+

Figure S3: NO production is recovered by EWH treatment in aortic sections of
DOCA-salt rats. Representative fluorographs of transverse sections of aorta loaded
with DAF-2 in the absence (Basal, left panel) and presence of ACh (100 pmol/L,
right panel) in SHAM, SHAM+EWH, DOCA, and DOCA+EWH groups. Bar graphs
show the quantified NO production measured as DAF-2 fluorescence in sections of
the aorta in basal condition (white bar) and after ACh stimulation (black bar). The
values are presented as the mean + SEM. N=4. Significance was assessed with a two-
way ANOVA: p < 0.05 *vs. basal condition, # vs. SHAM. ...............ccoiiiininnn.
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(PVAT+) of PVAT. The sensibility of the concentration-response curve of NE (Log
EC50) is represented in graph D in the same conditions. Data are presented as mean
+ SEM. The number of animals per group is indicated in parentheses in the figure.
The statistical analysis was assessed by three-way ANOVA followed by the
Bonferroni test; * p<0.05 vs. PVAT-; ¢ p < 0.05 vs. DOCA,; "p<0.05 vs. SHAM.......

Figure 2 — Effect of Aliskiren (1 pM) on concentration-response curves to
norepinephrine (NE) in mesenteric resistance artery (MRA) ring with functional
endothelium in the presence of perivascular adipose tissue (PVAT+) from animals
SHAM (A), SHAM/EWH (B), DOCA (C) and DOCA/EWH (D). Data are presented
as mean £ SEM. The number of animals per group is indicated in parentheses in the
figure. The statistical analysis was assessed by three-way ANOVA followed by the
Bonferroni test; @ p<0.05 vs. without ALISQ..........oovuiiniiiiieiiiiieieee e
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A, B and C respectively. Digital images were captured using the 20x objective. The
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The statistical analysis was assessed by two-way ANOVA followed by Bonferroni
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1 APRESENTACAO

Esta tese esta escrita em formato de artigos, segundo as regras do PPG em Bioquimica
da UNIPAMPA. O documento € composto inicialmente por uma revisdo da literatura que
contempla aspectos etioldgicos, dados epidemioldgicos e classificacdo da hipertenséo
arterial (HA), modelos experimentais de avaliacdo da HA, estrutura, funcdo dos vasos
sanguineos bem como as alteragdes vasculares promovidas pela HA, tratamento padrao
da HA, e estratégias terapéuticas advindas da dieta. Por fim, discorro sobre o uso de
proteinas da clara o ovo contextualizando e apresentando os principais achados utilizando
este tipo de proteina. A revisdo foi baseada, em grande parte, em artigos cientificos
relativos ao tema obtidos na base de dados PubMed, sem recorte de ano de publicacéo,
considerando o idioma inglés, a partir de buscas com palavras-chave como:
“Hypertension”; “Secondary Hypertension”; “DOCA-salt”; “Perivascular Adipose
Tissue” ou “PVAT” associadas as palavras “Oxidative Stress” ou “Inflammation” ou
“Tissue Adipose”, “Vessels” ou “Cardiovascular System”. E, ainda as palavras: “Egg
Hydrolysis”; “Egg Hydrolysate”; “Egg White Hydrolysate” “Bioactive Peptides”; “Egg
Protein”. A seguir, sdo apresentados a hipotese, o objetivo geral e os objetivos especificos
(PARTE 1). Na sequéncia, os resultados sdo apresentados divididos em dois manuscritos
(PARTE II). No primeiro manuscrito, avaliamos o efeito da suplementacéo dietética
diaria de um hidrolisado de clara de ovo (HCO) sobre os danos promovidos pela
hipertensdo DOCA-sal em vasos de condutancia (aorta) e de resisténcia (MRA) e as vias
implicadas no efeito vascular do HCO. Estes resultados foram publicados em 2022, no
periodico “Antioxidants” com fator de impacto de 7,675 (B1 — CBII) sob o titulo “ROS
Suppression by Egg White Hydrolysate in DOCA-Salt Rats - An Alternative Tool against
Vascular Dysfunction in Severe Hypertension” (doi:10.3390/antiox11091713). O
segundo manuscrito, submetido ao periodico “British Journal of Pharmacology” cujo
fator de impacto é de 9.473 (Al — CBII) demonstramos os efeitos protetores do HCO
sobre a disfuncdo induzida pela hipertensdo DOCA-sal no tecido adiposo perivascular
mesentérico (MPVAT) bem como os mecanismos envolvidos nesta protecdo. Na
sequéncia, apresento a conclusdo e perspectivas futuras, seguidas das referéncias e anexos
gue encerram esta tese. Sabendo que a construcdo de um doutoramento implica, além da
producdo cientifica a formacdo humana e pessoal, registro que neste periodo tive duas
oportunidades de realizacdo de estagios no exterior pelo periodo de trés e seis meses,

respectivamente. Ambas no Instituto de Investigacién en Ciencias de la Alimentacion
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(CIAL-CSIC) em Madrid, sendo a primeira (12/2021 a 03/2022), com ajuda financeira
obtida pela aprovacdo do projeto I-COOP+ 2020 (COOPA 20453) intitulado
"Hidrolizado de clara de huevo y salud cardiovascular — estudio del efecto
antihipertensivo y menismos de accion en ratas DOCA-sal” fruto da cooperagdo com a
Dra. Marta Miguel-Castro do Grupo de Pesquisa Bioactive Gastronomy do CIAL/CSIC,
coordenadora espanhola do projeto. E, na segunda (12/2022 a 06/2023), oportunizada
pela bolsa CNPq Edital 26/2021, processo n° 200482/2022-0/SWE concedida a Prof?. Dr?,
Giulia Wiggers e também com tutoria espanhola da co-orientadora de tese Dr?. Marta
Miguel-Castro, onde além de desenvolver atividades no CIAL-CSIC, também realizei
experimentos em cooperacdo na Universidad Rey Juan Carlos 111 no Laboratério de
Histologia e Patologia Clinica do Grupo de Investigacion de Alto Rendimiento en
Fisiopatologia y Farmacologia del Sistema Digestivo com o Prof. Dr. Jose Antonio

Uranga-Ocio, um colaborador dos projetos em comum entre as orientadoras.


https://gestion2.urjc.es/pdi/grupos-investigacion/neugut
https://gestion2.urjc.es/pdi/grupos-investigacion/neugut
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2 REVISAO DA LITERATURA
2.1 Hipertensao Arterial

A hipertensdo arterial (HA) é um fator de risco significativo para o
desenvolvimento de doencas cardiovasculares (DCV), como insuficiéncia cardiaca,
doenca renal crénica, doenca arterial coronariana, doenca arterial periférica, dentre outras
(ESC/ESH, 2018). A pressdo arterial (PA) é determinada pela interacdo entre o débito
cardiaco (DC) e a resisténcia vascular periférica (RVP), sendo esses dois componentes
cruciais no desenvolvimento, manutencéo e regulagdo da hipertenséo (HA).

Atualmente, no mundo um em cada trés adultos sdo hipertensos e esse cenario se
repete no Brasil (SBC, 2023). Dados do Ministério da Saude demostram que o nimero
de adultos com diagndstico médico de HA aumentou 3,7% nos ultimos 15 anos (Brasil,
2022). De acordo com o Sistema de Informacao sobre Mortalidade (SIM) de 2010-2020,
foram registradas 551.262 mortes por doencas relacionadas diretamente com a HA. Que
coloca essa doenca como destaque do grupo das doencas crénicas ndo transmissiveis
(DCNT’s), relacionadas a meta dos Objetivos de Desenvolvimento Sustentavel (ODS) da
Agenda 2030 que envolve a redu¢ao de um terco, da mortalidade prematura por DCNT’s.

A atual normativa da HA publicada pela American Heart Association (AHA) e
pelo American College of Cardiology (ACC) no ano de 2017, classifica os valores de PA
sistdlica (PAS) acima de 130 mmHg e/ou PA diastolica (PAD) maiores que 80 mmHg
como HA (Tabela 1) (AHA/ACC, 2017).

No entanto, as diretrizes europeias estabelecem valores maiores que 140 / 90
mmHg para o diagnostico de HA (ESC/ESH de 2018). Pontos de corte com valores
maiores também sdo utilizados pelo National Institute for Health and Care Excellence do
Reino Unido que utiliza como referéncia de HA a faixa de PA > 140 / 90 mmHg (NICE,
2016). Semelhante com a classificacdo atual utilizada pela Sociedade Brasileira de
Cardiologia (SBC) que define HA Estagio | quando os valores estdo acima de 140 / 90
mmHg. Embora, valores acima de 130 / 80 mmHg sejam classificados como pré-HA
(Tabela 1) (SBC, 2020).
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Tabela 1: Valores de referéncia para hipertensdo arterial e niveis de
estadiamento/gravidade.

PAS PAD AHA/ACC ESH/ESC NICE SBC
(mmHg) (mmHg) 2017 2018 2016 2020
<120 e <80 Normal Otima Normal Otima
120-129 e <80 Elevada Normal Normal Normal

130-139 ou 80-89 Grau | Normal alta Normal alta Pré-HA

140-159 ou 90-99 Grau Il Grau | Grau l Estagio |
(>135/85 mmHg) g

160-179 ou  100-109 Grau Il Grau Il Graull Estagio Il

(>150/55 mmHg)

>180 ou >110 Grau Il Grau Il Severa Estagio 11

American Heart Association (AHA) e American College of Cardiology (ACC); as defini¢cGes da European
Society of Cardiology (ESC) e European Society of Hypetension (ESH); o posicionamento do National
Institue for Health and Care Excellence (NICE) do Reino Unido e da Sociedade Brasileira de Cardiologia
(SBC). PAS: pressdo arterial sistolica; PAD: pressao arterial diastdlica.
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Etiologicamente, a HA pode ser dividida segundo sua origem em priméria ou
secundaria. A HA priméria € aquela sem causa identificavel e representa cerca de 90%
dos casos de pacientes diagnosticados com HA (SBC, 2020). Por outro lado, a HA
secundaria (HS) sdo formas de HA relacionadas a uma causa identificada e, portanto,
poderia ser resolvida removendo a causa subjacente (Rossi et al., 2020). Dentre as causas
mais comuns da HS estdo alteracbes enddcrinas, como o aldosteronismo primario, a
feocromocitoma, o hipercortisolismo e o hiperparatireodismo, alteragdes renais como na
HA renovascular e do parénquima e outras causas, como a sindrome de Cushing e aapneia
obstrutiva do sono (Rossi et al., 2020; Sarathy et al., 2022).

A HS corresponde em 5-10% dos pacientes diagnosticados com HA (Sarathy,
2022). No entanto, a grande maioria dos hipertensos ndo busca tratamento pela causa de
sua HA, ou seja, pela forma “secundaria”. Essa subdetecgao explica por que uma pequena
porcentagem de pacientes hipertensos acaba sendo diagnosticada com uma forma
secundaria de HA. A prevaléncia dessas formas €, portanto, acentuadamente subestimada,
embora possam atingir até um terco dos casos entre 0s pacientes encaminhados ao
ambulatorio e até metade daqueles com HS sejam de dificil tratamento (Rossi et al.,
2020).

Fisiologicamente, os valores da PA permanecem dentro de uma faixa de
normalidade devido a um fino equilibrio mantido entre os fatores reguladores da PA,
como fatores neurais, hormonais ou locais que mantém os niveis pressoricos adequados
(Touyz et al., 2018; Lamirault et al., 2020). No entanto, quando ha um desequilibrio,
especialmente, nos vasos sanguineos resulta em liberacdo excessiva de substancias
vasoconstritoras e ocasiona alterac@es tanto estruturais quanto funcionais que aumentam
a RVP e levam a HA (Félétou et al., 2009; Nguyen Dinh Cat e Touyz et al., 2011; Ma et
al., 2014; Torjesen et al., 2017).

Independentemente do tipo de HA ha fatores de risco relacionados ao seu
desenvolvimento e manutencdo, que sdo divididos em dois eixos principais: 0s ndo
modificaveis, que incluem, os fatores genéticos e a idade; e os modificaveis dentre eles
estdo a obesidade, o habito de fumar, o consumo excessivo de bebidas alcodlicas, estresse,
consumo exagerado de sal, a hipercolesterolemia e o sedentarismo (Ghorani et al., 2021,
Gorostidi et al., 2022). O controle destes fatores tem demonstrado, juntamente com a

adogdo de hébitos alimentares saudaveis, ser um potente aliado no controle da HA.
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Cabe salientar que na HA tanto os vasos sanguineos de condutancia quanto os de
resisténcia sofrem modificacbes desde a camada endotelial até o tecido adiposo
perivascular (do inglés “perivascular adipose tissue’- PVAT) (Ruan et al., 2015; Matin
et al., 2016; Silva et al., 2016; Nosalski et al., 2020; Zhang et al., 2022). Essas
modifica¢Bes serdo detalhadas nos topicos 2.3.1. e 2.3.2.

Nesse sentido, sabendo que a HA promove indmeras alteracbes no sistema
cardiovascular e, em especial nos vasos sanguineos e modifica os mediadores liberados
em todas as camadas arteriais, tem-se buscado cada vez mais a elucidacdo dos
mecanismos que contribuam para a sua génese e/ou manutencdo bem como alternativas

de tratamento.

2.2 Modelos Experimentais de HA — Modelo DOCA-sal

Experimentalmente, diversos modelos animais sdo utilizados para investigar a
fisiopatologia da HA e buscar novas formas de tratamento. Dentre eles os modelos
geneticamente modificados envolvem a manipulacéo de genes especificos relacionados a
regulacdo da PA, que mimetizam a HA primaria. Outros modelos como hipertensdo
induzida por angiotensina Il (ANG-II), L-NAME, ou ainda modelos de hipertensédo
renovascular onde o aumento da presséo arterial se da pela oclusdo da artéria renal, séo
empregados para investigar HA secundaria.

Para investigar a HA secundaria um dos modelos utilizados é o DOCA-sal que
atinge niveis severos de classificacdo e mimetiza algumas alteracdes que podem ser
encontradas em humanos como, baixos niveis de renina circulante e sensibilidade ao
sodio.

Esse modelo de HA induzida envolve a administracdo de um mineralocorticoide
que pode ou ndo ser acompanhado por uninefrectomia (Zicha et al., 1989; Grobe et al.,
2011, Pestana-Oliveira et al., 2020). Na década de 30, a desoxicorticosterona (DOC) foi
identificada e sintetizada, um horménio produzido pelas glandulas adrenais que possui
atividade mineralocorticoide (Selye & Stone, 1946; Vinson et al., 2011). Na década de
40, Selye e colaboradores (1946) observaram que a administracdo de acetato de
desoxicorticosterona (DOCA) induzia HA em ratos.

Este modelo, conhecido como DOCA-sal tem sido utilizado e embora possua
variagdes de protocolo € um modelo de desenvolvimento de HA dependente de volume.
Baseia-se na administracdo de DOCA e sobrecarga se sal acompanhado ou n&o por

uninefrectomia (Pestana-Oliveira et al., 2020).



33

O excesso de DOCA leva a um desequilibrio no manejo do sodio por aumentar a
reabsorcdo de sodio e &gua nos tubulos renais distais, exacerbado pela ingesto excessiva
de sal e pela redugdo da massa renal, levando a um aumento do liquido extracelular e do
volume plasmaético (Schiffrin & Louis,1987; Brown et al.,1999). A HA DOCA-sal ocorre
em Vvarios estagios. Na fase inicial (dias) de tratamento com DOCA, o sddio € retido nos
tabulos distais do rim em detrimento ao aumento de excre¢do de K* pelas células renais.
Na segunda fase (semanas) ha o balanco de sddio e deplecao cronica de K* com aumento
abrupto de PA durante as primeiras 48 horas, seguido por um aumento gradual da PA nas
semanas seguintes levando a HA sustentada que se estabelece entre 42 a 72 semana
(Mohring et al., 1977; Jacob et al., 2005; Brooks et al., 2006).

Além do componente renal, a HA DOCA-sal, possui um componente neurogénico
substancial, relacionada a hiperatividade simpatica, que pode ser resultante em parte do
aumento da osmolaridade plasmatica, e reflexo barorreceptor alterado que precedem o
aumento na PA em ratos neste modelo (Takeda et al., 1988a,b; O'donaughy e Brooks,
2006). Essa hiperatividade simpatica aumenta a vasoconstricdo em ambas as arteriolas e
na circulacdo venosa. A importancia da regulacdo cerebral nesse modelo é evidenciada
por estudos que mostraram que lesdes em determinadas regides do hipotalamo atenuaram
0 surgimento e/ou gravidade da HA DOCA-sal (Fink et al., 1987; Osborn et al., 2006;
Collister et al., 2018).

Ademais, mesmo que a HA DOCA-sal seja caracterizada por atividade de renina
plasmatica suprimida, as concentracGes de ANG-II no encéfalo podem estar aumentadas,
provavelmente contribuindo para a ativacao simpatica e retencéo de sal e agua por meio
de efeitos nos receptores AT1R (Grobe et al., 2011). Ha também evidéncias do
envolvimento do receptor de (pro)renina nesses processos pois, 0 bloqueio seletivo do
receptor de (pro)renina no cérebro com o antagonista PRO20 reduziu a PA em ratos
DOCA, bem como animais nocaute do receptor de (prd) renina especifico de neurénios
preveniu o desenvolvimento da HA em ratos DOCA-sal (Li et al., 2014; Danser et al.,
2015).

Além da hipervolemia e das alteracBes neurogénicas, esse modelo promove
modificacbes nos vasos sanguineos tanto funcionais quanto estruturais, modificando a
resposta vasoconstritora (Pérez-Rivera et al.,, 2005) e/ou reduzindo a resposta
vasodilatadora via prejuizo da sintese e/ou biodisponibilidade de NO (Wenceslau et al.,
2014; Gémez-Gusman et al., 2012; Matin et al., 2016; Silva et al., 2016). Ainda, promove
ativacdo da NADPH oxidase e COX (Glosh et al., 2004; Callera et al., 2006; Gomez-



34

Guzman et al., 2012; Wenceslau et al., 2014; Matin et al., 2016) o que pode levar
consequentemente ao aumento dos niveis de espécies reativas de oxigénio (ROS do inglés
— “reative oxigen species”) , especialmente anion superéxido (O2™) e, ainda pode ativar a
xantina oxidase e as mitocondrias para producdo de ROS (Callera et al., 2006; Viel et al.,
2008; Wenceslau et al., 2014) e ativagdo da endotelina-1 (Callera et al., 2003, 2004;
Montezano et al., 2005). Somado este modelo pode levar a reducdo da atividade das
isoformas da superéxido dismutase Cu/Zn/SOD e expressdo de MnSOD, importantes
detoxificantes celulares (Wu et al., 2001, Callera et al., 2006).

Na HA DOCA-sal ha aumento de citocinas pro-inflamatorias, tais como IL-6 e
IL-1B; do NF-kB e infiltracdo de macrofagos (Seifi et al., 2010; Thang et al., 2015;
Krishan et al., 2016) que contribuem para o remodelamento hipertréfico nas artérias de
resisténcia e manutencdo da HA (Ko et al., 2007; Yemane et al., 2010). Além disso, maior
producéo de células T que contribuem para o agravamento da HA (Guzik et al., 2007).

Portanto, esse modelo é bastante interessante para ser utilizado na pesquisa tanto
na investigacdo da fisiopatologia da HA quanto na busca de estratégicas terapéuticas para
0 tratamento dessa doenca. Pois existem componentes dependente de volume,
neurogénico, vasculares e imunes que afetam os sistemas nervosos central e periférico
(Basting e Lazartigues, 2017; Colliester et al., 2018; Lerman et al., 2019).

2001
[~
=
S | eemm—m-
% 180T /_‘
= &0
.g E
£ 1601
=k
=}
- ‘g
Jl\(:“(ll § 130+
— f =
poca /o =4
A 1* 2" 38 4* sa 68 7 8a semanas
) - Dose — L L I i L .
DOCA-sal mg/kg 20 12 12 6 6

Figura 1: Grafico representativo do aumento da pressdo arterial sistélica em mmHg nas
semanas de inducdo no Modelo DOCA-sal. A partir da 4%/5% semana habitualmente a PA
estabiliza em niveis médios de 190 mmHg. (Fonte: desenho da prépria autora com base

nos estudos desenvolvidos por Tostes et al., 2000; Callera et al., 2003).
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2.3 Funcéo do Sistema Arterial

O sistema arterial compreende os grandes vasos de conducéo, artérias musculares
e pequenas artérias (Cao et al., 2022). A vasculatura arterial € responsavel pelo transporte
de oxigénio e nutrientes para todos os tecidos do corpo (Marziano et al., 2021).

A parede arterial é constituida, por diferentes camadas anatdmicas identificadas
como: a tnica intima (endotélio), a tdnica média (camada muscular) e a tlnica externa
(adventicia). A maior parte dar artérias, exceto as cerebrais e pulmonares, ainda sdo
envolvidas por um tecido adiposo perivascular ou tdnica adiposa (PVAT) (Eelen et al.,
2020; Hillock-Watling e Gotlieb, 2022) (Figura 2).
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Figura 2: Representacdo das diferentes camadas que comp&em a parede arterial de artéria
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de resisténcia constituidas pelas tunicas externa, média e intima. (Fonte: desenho da

autora baseado em Oiseth et al., 2022).

As grandes artérias servem como condutos gque transportam o sangue oxigenado
para as artérias menores. Por outro lado, 0s vasos que, quando relaxados, medem menos
de 300 um de didmetro do lumen, atuam como o principal local de resisténcia vascular e
incluem uma rede de artérias de resisténcia (didmetro do limen > 300 um) e arteriolas
(<150 pum).
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As células musculares lisas vasculares contrateis (do inglés “vascular smooth
muscle cells” — VSMC’s) sdo os elementos predominantes da camada média e séo cruciais
para 0 bom desempenho da vasculatura. Essa camada € inervada pelo sistema nervoso
autdbnomo e seu estado contratil € regulado por horménios, peptideos vasoativos e ROS.
As VSMC’s possuem um complexo esqueleto de citoesqueleto, proteinas contrateis
estruturais e funcionais e moléculas reguladoras associadas. Essas células se conectam a
células vizinhas por meio de jun¢fes comunicantes, como as conexinas, que controlam a
sincronizacdo na concentracao de ions e potencial de membrana entre as células vizinhas
(Cao et al., 2022). A elasticidade da artéria é creditada principalmente a presenca de
laminas elasticas que permitem que o fluxo sanguineo seja mais uniforme, reduzindo as
variacOes de pressdo durante a sistole e a diastole (Cao et al., 2022).

Por outro lado, as VSMC’s em pequenas artérias de resisténcia sao responsaveis
por regular a distribuicdo do fluxo sanguineo, reduzindo o didmetro e apresentando
resisténcia. Essas artérias séo responsaveis pela distribuicéo regional do tébnus vascular e
do fluxo sanguineo e desempenham um papel importante na regulacdo da PA por meio
de efeitos na resisténcia vascular. Trés pardmetros fundamentais determinam a
resisténcia ao fluxo sanguineo, incluindo didmetro do vaso, comprimento arterial e
viscosidade sanguinea. Destes, o didmetro do vaso é o mais importante pois discretas
variagdes no didametro vascular relacionadas a contracao ou dilatacdo do mesmo refletem
sobremaneira na resisténcia vascular. Isto porque com base na Lei de Poiseuille, a
resisténcia do vaso é proporcional ao comprimento do vaso e inversamente proporcional
ao raio elevado a quarta poténcia (r #) (Aires, 2018).

As VSMC’s sao células especializadas  altamente  pléasticas e
multifuncionais.  Fisiologicamente apresentam baixas atividade metabolica e
normalmente, expressam genes e proteinas importantes para a contracdo/dilatacdo, o que
Ihes permite controlar a pressdo sistémica e local por meio da regulacdo do ténus
vascular. No entanto, em condicdes patologicas, as células contrateis altamente
diferenciadas entram no ciclo celular assumindo um fenoétipo proliferativo/migratério
expressando proteinas contrateis e do citoesqueleto especificas como ciclinas, proteinas
quinases ativadas por mitdgenos (MAPK’s), fatores de transcri¢do pré-inflamatorios e
metaloproteinases de matriz, etc (Sorokin et al., 2020; Romvoults et al., 2022).

As EC’s excercem varios efeitos sobre as VSMC’s por secretarem agentes
vasoativos, tais como, oxido nitrico (NO), prostaciclina, prostaglandinas, tromboxano,
ANG-II, endotelina-1 (ET-1) e ROS (detalhados no subitem 2.3.1) que modulam o
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didmetro do vaso influenciando a funcdo vascular (Marin e Sdnchez-Ferrer, 1990; Tostes
et al., 2000; Hernanz et al., 2014; Incalza et al., 2018).

A hiperreatividade vascular, o remodelamento e enrijecimento vascular envolvem
alteracOes na organizacao do citoesqueleto, conexdes célula a célula, crescimento celular,
calcificagdo, inflamag¢do e rearranjo das VSMC’s. No nivel extracelular, este
remodelamento é influenciado por mudangas na composi¢do das proteinas da matriz e
reorganizacdo de proteoglicanos, colagenos, fibronectina e elastina, alterando a
elasticidade vascular (Tomazelli et al., 2023). A ativacdo de adip6citos no PVAT secreta
adipocinas vasoativas que também influenciam a reatividade, a contratilidade vascular e
mudancas estruturais na camada adventicia (Dos Reis Costa et al., 2021).

A regulacdo aguda do didmetro vascular e, consequentemente, da resisténcia
vascular depende do estado de ativagdo da maquinaria contratil envolvendo a interacdo
actina-miosina nas VSMC’s. Alteracdes nas concentragdes de Ca?*, fluxos idnicos e
potencial de membrana levam a fosforilacdo mediada por célcio-calmodulina das cadeias
leves regulatdrias de miosina (MLCs) e ciclagem de ponte cruzada actina-miosina com
consequente vasoconstricdo rapida. Mecanismos independentes de calcio associados
com alteracdo da sensibilizacdo ao calcio e remodelamento dos filamentos de actina e
aumento da biodisponibilidade de ROS (estresse oxidativo) também modulam a
contracgdo vascular (Cao et al., 2022).

O evento-chave no acoplamento excitacdo-contragao das VSMC’s ¢ um aumento
na concentracdo de Ca ?* em resposta a estimulos mecanicos, humorais ou neurais e a
essa sinalizagdo de Ca 2* controlam as principais fun¢des das VSMC’s e sdo finamente
sintonizadas pelos canais, trocadores e transportadores permedveis ao calcio da
membrana plasmatica e por fontes intracelulares, incluindo o reticulo sarcoplasmatico
(RS), mitocbndrias e proteinas ligantes de calcio. No entanto, na HA, esses processos sao
alterados levando ao aumento dos niveis Ca?*" e a um estado de hipercontratil e
consequente remodelamento vascular

Por outro lado, dada a importancia do aumento da concentragdo de Ca?* para a
contracio, 0 oposto, ou seja, reducdo dos niveis de Ca?" causa vasodilatagdo (Langst et
al., 2021; Cao et al., 2022).

Além disso, dois nucleotidios ciclicos, 0 cAMP e cGMP (do inglés, “adenosine
monophosphate” — cAMP e “cyclic guanosine monophosphate”- cGMP) sdo essenciais
na vasodilatacdo e para manter os niveis pressoricos dentro da faixa de normalidade

(Spiranec et al., 2018). Seus niveis sdo limitados a atividade de um conjunto de enzimas
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denominadas fosfodiesterases (do inglés, “phosphodiesterase”- PDESs). O cAMP é
formado pela acdo da adenilatociclase (AC) sobre o ATP. O cGMP é sintetizado pela
guanilatociclase (GC). Os peptidios natriuréticos ativam a GC particulada (GCp),
enquanto o NO ativa a forma solivel (GCs). A acdo vasodilatadora do cGMP é
principalmente mediada pela atividade da proteinoquinase G (PKG), enquanto a do
cAMP é principalmente mediada pela atividade da proteinoquinase A (PKA). Onde a
PKA e a PKG séo responsaveis por: reduzir da concentragio de Ca®*via (a) aumento da
recaptacio de Ca?* pelo RS via ativacdo da Ca**-ATPase do RS (SERCA); (b) aumentar
do efluxo de Ca®" pela Ca?*-ATPase da membrana plasmatica (PMCA); (c) reduzir o
influxo de Ca?*; (d) reduzir a liberacéo de Ca?* do RS pela inibicdo dos canais para Ca?*
sensiveis aos IP3. Somados a hiperpolarizacao das VSMC’s pela ativacao de canais para
K* de larga condutancia, canais para K+ sensiveis a voltagem (KV), canais para K*
sensiveis a ATP, canais para K" retificadores de entrada (Kir) e/ou da Na*/K*-ATPase
(Vanhoutte et al., 2017).

A regulacdo do tdnus vascular envolve a liberacdo de mediadores da camada
endotelial, assim como mudancas na camada media pela liberacdo de vasoativos
expressos e/ou liberados pela tdnica adiposa, que circunda a maioria dos vasos de
mamiferos, com algumas excec¢des como as artérias cerebrais e pulmonares (Adachi et
al., 2023). A partir de estudos de Soltis e Cassis (1991), as funcdes fisioldgicas do PVAT
como importante papel enddcrino, tanto autdcrino quanto paracrino sao descritas. A acdo
anti-contratil apresentada pelo PVAT frente a estimulos constritores, secretam uma
variedade de citocinas, hormonios, quimiocinas e &cidos graxos, adipocinas, leptina,
adiponectina, éxido nitrico (NO), sulfeto de hidrogénio (H.S (Tabela 2 — pag 46) (Gil-
Ortega et al., 2015; Victorio e Davel, 2020; Barp et al., 2021).

Inicialmente, descrito somente como suporte mecanicos aos vasos sanguineos,
estudos demonstraram a sua importancia na regulacao da funcédo vascular/endotelial tanto
na fisiologia quanto na patologia (Araujo et al., 2015; Victorio et al., 2016; Ayala-Lopez
et al., 2017; Baltieri et al., 2018).

Este tecido representa cerca de 3% da massa total de tecido adiposo corporal, e é
composto majoritariamente por adipdcitos, além de fibroblastos, EC’s e imunes
(macrofagos, linfocitos e eosinofilos), matriz extracelular e terminagdes nervosas
adrenérgicas (Siegel-Axel e Haring, 2016; Gao et al., 2017; Man et al., 2020; Hu et al.,
2021). Nos ultimos anos seu papel ativo na producdo de substancias vasoconstritoras e

vasodilatadoras emergiu como um importante 6rgdo endocrino (Galic et al., 2010). E hoje
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é sabido que esse tecido contribui para a regulacdo da homeostase vascular e afeta a
patogénese das doencas cardiovasculares (DCV), dentre elas, a HA.

Estruturalmente, somente na década de 80, Hausman e Campion (1982)
descreveram, pela primeira vez, evidéncias histoquimicas e ultra estruturais de pré-
adipocitos localizados no PVAT. Em 1984, de Souza e colaboradores descreveram que
as bainhas de lamelas dos vasos eram formadas por redes de fibras colagenas e elasticas.
Porém, nos anos seguintes ndo ha registros de trabalhos completos publicados sobre a
funcdo desse tecido até o inicio da década de 90, quando os estudos de Soltis e Cassis
(1991) usando aorta de ratos Sprague-Dawley na presenca e auséncia de PVAT
verificaram que a contragdo induzida por norepinefrina foi reduzida em tecidos com
PVAT, indicando a participacdo desse tecido na regulacdo da funcédo vascular.

Nos anos seguintes novamente houve um novo hiato onde nenhum um trabalho
foi publicado sobre o papel do PVAT na regulagdo vascular, visto que o endotélio ainda
era o grande objeto de estudo nos anos 90. Porém, no inicio dos anos 2000 o estudo da
funcdo ativa do PVAT no controle do tdnus vascular ganhou novamente destaque e novas
evidéncias foram publicadas.

As caracteristicas do PVAT sao semelhantes ao do tecido adiposo e € classificado
segundo suas caracteristicas morfologicas e funcionais em branco e marrom variando de
acordo com a espécie animal e regido anatdmica (aorta, mesentério) (Szasz e Webb, 2012;
GAQO, et., 2014; Brown et al., 2014; Gil-Ortega et al., 2015). Nas artérias mesentéricas
de roedores o PVAT (do inglés “mesenteric perivascular adipose tissue” - mPVAT) que
as envolve é predominantemente do tipo branco, ja a artéria aorta na sua porgéo toracica
a caracteristica do PVAT (do inglés “thoracic aorta perivascular adipose tissue ” -
tPVAT) é predominantemente do tipo marrom e se modifica para a aorta abdominal para
0 tipo branco e bege (do inglés “abdominal aorta perivascular adipose tissue” aPVAT),
na artéria renal hd uma mescla destes dois tipos de adipdcitos, marrom e branco (Padilla
et al., 2013; Victdrio e Davel, 2020; Adachi et al., 2023) (Figura 3).

Quanto a sua morfologia os adipdcitos do tecido branco sdo compostos por uma
Unica vesicula lipidica monocular com uma pequena quantidade de citoplasma. Ja os
adipdcitos do tecido marrom contém vesiculas lipidicas multiloculares menores (Padilla
et al., 2013).

Ademais, um outro tipo de tecido adiposo, denominado como tecido adiposo bege,
que pode apresentar populagdes de adipdcitos brancos e marrons capazes de coexistir

dentro de uma mesma estrutura, e modificar o estado metabolico global em situacoes
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fisiologicas ou patoldgicas. Podendo ter dupla fungdo: comporta-se como o branco,
armazenando o excesso de energia ou, quando estimulado (exposicéo ao frio, estimulagéo
simpatica), tem seu programa termogénico ativado, elevando a expressdo de UCP1
(Uncoupling Protein-1) a niveis semelhantes aos do tecido adiposo marrom e

promovendo maior dissipacao de energia (Frigolet e Guriérrez, 2020).

tPVAT

Aorta toracica

Figura 3: Representacdo grafica das diferencas entre os tipos de tecido adiposo
perivascular — PVAT em artéria aorta na sua porcéo toracica (tPVAT), aorta abdominal
(aPVAT) e em tecido mesentérico (mPVAT). (Modificado de Li et al., 2021).

Sob condic¢des patoldgicas esse tecido torna-se disfuncional e secreta adipocinas
pré-inflamatorias, como, fator de necrose tumoral alfa (TNF-a) e interleucina 1 (1L-1p)
dentre outros que induzem disfuncéo no proprio tecido e nas demais camadas dos vasos
sanguineos, que sera melhor abordado a seguir na condi¢do da HA (Gao et al., 2014; Man
et al., 2020).
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2.3.1 Fatores reguladores do ténus vascular

Tanto o endotélio como o PVAT séo tecidos funcionais que liberam mediadores
vasodilatadores e vasoconstritores que afetam o tonus vascular. No endotélio sdo

liberados 0s seguintes vasoativos:
2.3.1.1 Oxido Nitrico (NO)

O NO e um gas instdvel com uma meia-vida muito curta e de facil difusdo através
das membranas bioldgicas. Pode ser produzido por trés isoformas da enzima sintase de
NO (NOS), sendo elas: NOS neuronal (nNOS), NOS induzivel (iNOS) e NOS endotelial
(eNOS). E o principal fator vasodilatador produzido pelo endotélio, que com o aumento
da concentragdo de célcio no citosol aumentara a formacdo de complexos célcio-
calmodulina, que ativardo o dominio de ligacdo da calmodulina da eNOS e levara a
producdo de NO (Moncada et al., 1991). Além disso, o aumento do estresse de
cisalhamento hemodinamico, proteina quinase A (PKA) e proteina quinase B (Akt) no
vaso sanguineo irdo induzir a fosforilagio da eNOS no sitio Ser''”® (Quillon e Fromy,
2015; Zhao et al., 2015). Uma vez ativada a eNOS, ela ira catalisar a quebra de L-arginina
em NO. Posteriormente, 0 NO se difundird para VSMC’s adjacentes para estimular a
atividade dos componentes abaixo de sua cascata de sinalizacdo, como guanilil ciclase
solavel (sGC), monofosfato de guanosina ciclico (cGMP) e proteina quinase G (PKG),
resultando em vasodilatacdo (Marin & Rodrigues-Martinez et al., 1991; Jakala et al.,
2009).

A producdo do NO pode estimular ainda mais os canais de K* ativados por calcio
(KCa) (Chadha et al., 2011) e os canais de K* ativados por voltagem (Kv) através da via
independente de sGC (Stoclet et al., 1999; Yuan et al., 1996). A eNOS e nNOS séo
expressas constitutivamente e sdo dependentes de Ca?*/CaM, aumentando a sintese de
NO paralelamente ao aumento da concentracéo intracelular de Ca?*. A iNOS apresenta
uma localizacdo mais abrangente, e é induzivel, pois para sua ativacdo requer que a célula
seja estimulada por substancias pro-inflamatérias como citocinas ou lipopolissacarideos
(LPS) (Figura 4).
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Figura 4: Esquema representativo dos fatores vasodilatadores e vasoconstritores liberados
pelo endotélio e pelo PVAT. (Fonte: Prépria)

2.3.1.2 Fator hiperpolarizante derivado do endotélio (EDHF)

Os EDHF’s foram descobertos quando havia residuos de relaxamento dependente
do endotélio observados mesmo apos a deplecdo de NO e PGI2 (Wang, 2002; Scotland
et al., 2005). A identidade quimica dos EDHFs ainda é desconhecida, e a possibilidade
da existéncia de varios EDHF’s é descrita (Tomioka et al., 1999; Vanhoultte et al., 2016).
Em geral, as respostas mediadas pelos EDHF’s envolvem aumento da concentracdo
intracelular de Ca?*, abertura de canais Kca e hiperpolarizagdo das EC’s. Isso resulta em
uma hiperpolarizacdo dependente do endotélio das VSMCs, que pode ser evocada por
acoplamento elétrico direto através das juncdes mioendoteliais e/ou pelo acimulo de ions
de K" no espaco intercelular. Os ions K* hiperpolarizam as VSMCs ativando os canais
retificadores internos de K* e/ou Na*/K*ATPase (Nelson e Quayle et al., 1995). O
endotélio libera metabdlitos, como a PGI2 e TXA2 (Garcia-Redondo et al., 2009). Os
acidos epoxieicosatriendicos (EET) gerados ndo sdo apenas mensageiros intracelulares,
mas também podem difundir e hiperpolarizar as K* ativando canais Kca. Adicionalmente,

0 endotélio pode produzir outros EDHF’s de lipoxigenases.


https://pubmed.ncbi.nlm.nih.gov/?term=Vanhoutte+PM&cauthor_id=16543495
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2.3.1.3 Sulfeto de Hidrogénio (H2S)

De maneira semelhante ao NO, o H2S € gerado a partir de um aminoécido (L -
cisteina) e as enzimas que o sintetizam sdo expressas na maioria dos 6rgdos e tecidos do
corpo (Li et al., 2012). Alternativamente, a L-cisteina pode ser convertida em 3-
mercaptopiruvato pela cisteina aminotransferase (CAT) e depois em HzS por meio da 3-
mercaptopiruvato sulfurtransferase (3-MST) (Li et al., 2012). Evidéncias demonstram
que a producdo de HS poderia ser aumentada pelo menos duas vezes no endotélio quando
desencadeada pela ativagcdo do VEGF (do inglés “Vascular endothelial growth factor”) e
do receptor muscarinico por meio da ativagio dependente de Ca?*-calmodulina. Além
disso, H.S é difusivel nos VSMC’s adjacentes para inibir o ATP de se ligar aos canais de
K* sensiveis ao ATP (Kare), ativando assim 0s canais e subsequentemente permitindo o
efluxo de K* que resulta em hiperpolarizacdo. O H2S também pode inibir a acdo da
fosfodiesterase 5 (PDE5) na quebra do cGMP, resultando em um aumento dos efeitos
vasodilatadores (Wang, 2009; Coletta et al., 2012).

2.3.1.4 Espécies Reativas de Oxigénio

Em condicbes patoldgicas, como na HA, o endotélio produz grandes quantidades
de ROS, como 0 O™, os radicais hidroxil (OH™), o peroxinitrito (ONOO"), dentre outros,
associados a reducdo das defesas antioxidantes enzimaticas, como a superéxido
dismutase, catalase, glutationa peroxidase e mieloperoxidases e defesas antioxidantes
ndo-enzimaticas, como vitamina C e E, glutationas (Dubois-Deruy et al., 2020;
Krezeminska et al., 2022).

Em condicdes fisioldgicas, a enzima superdxido dismutase (SOD) inibe a acéo
oxidante do O™ reduzindo-o a H20, que posteriormente pode sofrer agdo da glutationa
peroxidase e/ou catalase e ser eliminado em forma de H20 e pode também ser precursor
de outros radicais como o OH™ (Touyz et al., 2020). O H,O; pode atuar tanto como
vasoconstritor como vasodilatador como observado nas artérias mesentéricas e
intrarrenais (Mufioz et al., 2018; Katunaric et al., 2022). Entretanto, sob estresse
oxidativo, contudo, quantidades exacerbadas de O2* reagem com o NO para formar o
peroxinitrito (ONOQO), que atua como radical livre, altamente oxidativo (Touyz et al.,
2020; Griendling et al., 2021).
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O ion 0 OH™ ¢ a espécie reativa mais reativa e é formado a partir de H20> pela
oxidagdo de Fe?* ou Cu?* e tem acio tanto constritora quanto vasodilatadora (Griendling
etal., 2021).

Nos vasos sanguineos dentre todas as espécies reativas presentes, destaca-se 0 02"
que é gerado pela adi¢do de um elétron a molécula de oxigénio e pode ser produzido pela
atividade da cadeia respiratoria mitocondrial, pelas xantinas-oxidases, ciclooxigenases,
lipoxigenase, pelo desacoplamento da e-NOS, mas principalmente ativacdo do complexo
da NADP(H) oxidase (Griendling et al., 2021; Vermot et al., 2021).

O 02" desempenha importante papel na indugdo de apoptose, angiogénese
endotelial e expressdo de fatores implicados na inflamagao das VSMC’s (Dubois-Deruy
et al., 2020; Krzeminska et al., 2022). Além disso, 0 O™ pode induzir contracdo vascular
(Santillo et al., 2015). Como também, reduzir a biodisponibilidade de NO endotelial e
seu efeito vasodilatador por formar o ONOO", bem como o0 O2"e 0 ONOO"™ possuirem
efeitos vasoconstritores diretos (Guzik e Touyz, 2017; Touyz et al., 2020; Vermot et al.,
2020).

2.3.1.5 Angiotensina Il (ANG-I11)

O octapeptideo (NH2-Asp-Arg?-Val*-Try*-Lle>-Hisb-Pro’-Phe8-COOH), ANG-
I, € resultante da transformacdo da ANG-I pela acdo da enzima conversora de
angiotensina (ECA) no plasma e em varios tecidos, como rins, cérebro, adrenais, musculo
liso vascular e, também, nas EC’s e adiposas (Gao, 2009; Nguyen Dinh Cat et al., 2013;
Young & Davisson, 2015; Leite et al., 2022; Pedreanez et al., 2022). As funcdes
bioldgicas da ANG-II sdo mediadas por dois receptores, principais, denominados receptor
tipo 1 (AT1R) e receptor tipo 2 (AT2R) (Ichki, 2013). A maioria dos efeitos
cardiovasculares da ANG-II sdo mediados pelo AT1R que € amplamente expresso no
corpo. A expressao de AT1R é aumentada em lesGes cardiovasculares e € regulada por
muitas substancias bioativas enddgenas e drogas.

Considera-se geralmente que o AT2R antagoniza os efeitos do AT1R, mas sua
funcdo precisa ainda é controversa, particularmente em humanos, embora nos Gltimos
anos o papel protetor do AT2R estd sendo postulado (Obst et al., 2004; Arendse et al.,
2019; Ranjitetal., 2021). A expressao de AT2R ¢ baixa em animais adultos normais, mas
quando héa lesdes cardiovasculares e na HA a expressdo de AT2R estd aumentada (Ichki,

2013; Dai et al., 2016). A regulagdo dinamica da expressdo de AT1R e AT2R sugere um
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envolvimento ativo dos receptores de ANG-1I no desenvolvimento de DCV, como HA,
aterosclerose, insuficiéncia cardiaca, doengas renais crbnicas e doencas
cerebrovasculares. Entre as mdltiplas acbes da ANG-II incluem-se contracdo e
proliferacdo de células musculares lisas vasculares, aumento da contratilidade e indugdo
de hipertrofia cardiaca, estimulacdo da secrecdo de aldosterona e consequente formacéao
de colageno e outros elementos da matriz extracelular, liberacdo de vasopressina e
estimulacdo do SNS (Arendse et al., 2019).

2.3.2 Fatores vasodilatadores e vasoconstritores derivados do PVAT

Desde o primeiro trabalho publicado por Soltis e Cassis (1991) até os dias atuais
0 PVAT vem se destacando no papel ativo na fisiologia e fisiopatologia vascular. Em
condic@es fisioldgicas, o PVAT libera mediadores essenciais para manter o tonus e
modular a fungéo dos vasos sanguineos (Galvez et al., 2006; Gao, 2007). Nestes, estdo
incluidos, o fator relaxante derivado do PVAT (PDRF) (Figura 5), que demonstrou afetar
0 tdnus vasomotor e regular importantes funcdes homeostaticas dos leitos vasculares,
embora, ainda permaneca desconhecida a totalidade de sua natureza, a adiponectina, o
H202, 0 H2S, a PGI2, ANG1-7 sdo candidatos apontados (Lohn et al., 2002; Szasz et al.,
2013; Brown et al., 2014) (Tabela 2).
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Tabela 2: Moléculas biologicamente ativas derivadas do PVAT com efeitos vasculares.

PODEM SER LIBERADAS PELO PVAT

Adipocinas Leptina, adiponectina, resistina, visfatina, adrenomedulina, omentina,,
nesfatina , vaspina , chemerin

Citocinas IL-1, IL-6, IL-8, MCP-1, PAI-1, TNFa, RANTES

Moléculas Superdxido, peréxido de hidrogénio, NO, H,S

PODEM SER EXPRESSAS PELO PVAT

Moléculas de SRA Angiotensinogénio, angiotensina I, angiotensina 1, angiotensina (1-7),
ECA1, ECAZ2, renina, receptor (pro)renina, receptores AT1R e AT2R

ROS/estresse oxidativo NADPH oxidase, SODs, eNOS desacoplada, lipoxigenases

Adipocinas Adipocinas, receptores de adipocinas, acidos graxos livres, PPARYy,
UCP-1

Células inflamatorias Citocinas, receptores de citocinas

Outros Metaloproteases, hormonios esterdides, complemento 3

Fonte: Adaptado de Man et al., 2020.

Okamato e colaboradores (2001) relataram o aumento de leucocitos no PVAT em
resposta a lesdo por angioplastia das artérias coronarias, sugerindo a producdo de
mediadores inflamatorios nesse tecido, relacionado ao desenvolvimento de DCV. Em
doencas associadas a disfuncéo vascular, como na HA, a liberacdo de PDRF é diminuida,
enquanto PVAT libera uma série de fatores paracrinos, como adipocinas (resistina, leptina
e visfatina), citocinas (IL-6 e TNF-a), quimiocinas e proteina quimiotaticas de mondécitos
1 (MCP-1, CCL2) as quais podem afetar diretamente VSMCs e CEs e que iniciam a
inflamacdo vascular. Este desequilibrio entre a producdo e liberacéo de fatores protetores
e moléculas pro-inflamatérias foi denominado, de forma semelhante a disfuncéo
endotelial, de disfuncdo do PVAT (Guzi et al., 2006, 2007; Almabrouk et al., 2017).

2.4 Alteracdes vasculares na HA

A HA esta associada a alteracBes vasculares significativas caracterizadas por
disfuncdo endotelial, aumento da contracdo vascular e remodelamento arterial (Figura
4). As VSMC’s estao criticamente envolvidas nesses processos por meio de suas
caracteristicas altamente plasticas e dinamicas e capacidade de sofrer diferenciacéo

fenotipica. Estimulos pré-hipertensivos, como ativagdo do sistema renina-angiotensina-


https://www.safetylit.org/week/journalpage.php?jid=8045
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aldosterona (SRAA), estresse oxidativo, ativagdo do sistema nervoso simpético,
alteracbes hemodinadmicas e forcas mecénicas estimulam a sinalizacdo dessas células,
levando & vasoconstricdo, hipertrofia vascular, fibrose, inflamagdo e calcificagdo,
processos subjacentes as alteraces vasculares funcionais, estruturais e mecanicas (Touyz
et al., 2018; Vermot et al., 2020).

A disfungdo endotelial é caracteristica marcante na HA, caracterizada por
vasoconstricao, proliferacdo celular e mudanca para um estado pré-inflamatorio e pro-
trombdtico (Gallo, et al., 2022). Na HA, a disfuncdo endotelial pode estar envolvida no
inicio e desenvolvimento da inflamacéo vascular, remodelamento vascular (Alexander et
al., 2021). Diferentes condicBes, como estresse de cisalhamento vascular prejudicado,
inflamacdo e estresse oxidativo, ativacdo do SRA tem sido descritos como importantes
mecanismos fisiopatoldgicos envolvidos (Dubois-Deruy et al., 2020, Griendling et al.,
2021).

Dentre os mediadores gerados pelo PVAT esta a ANG-II assim como o AGT (do
inglés “angiotensinogen, AGT”), ECA (ACE do inglés “angiotensin-converting enzyme”,
do receptor (pro)renina, receptores de ANG-I11 e do receptor mineralocorticoide (do inglés
“mineralocorticoid receptor” - MR) (Galvez-Prieto et al., 2008).

Os mediadores do SRA diferem em presenca e expressao do PVAT nos diversos
leitos vasculares e se assemelham em relacdo a expressdo de AGT, ECA1, ECA2 em aorta
e mesentérica (Galvez-Prieto et al., 2008). No que tange, a expressdo de (P)RR esta foi
cinco vezes maior no PVAT adrtico em comparagdo com o PVAT mesentérico e da
quimase e dos receptores AT1R e AT2R foram significativamente menores. Ainda, 0s
niveis de ANG-I no PVAT foram semelhantes entre leitos vasculares, porém, os niveis
de ANG-II foram maiores no PVAT da artéria mesentérica PVAT em comparacdo ao
PVAT adrtico (Oliver & Sciacca, 1984).

Estudos realizados em PVAT de artérias, aorta e mesentéricas de ratos Wistar
Kyoto mostraram a presenca de AGT, ECA, ECA2, ANG-I E ANG-II (Galez-Pietro et
al., 2006). Além disso, também foram descritos a presenca de (P)RR, quimase, AT1R e
AT2R no PVAT (Galvez-Pietro et al., 2006). No entanto, a renina nao foi detectavel,
tanto nos niveis de RNAmM quanto nos niveis proteicos, e o receptor AT1Rb foi
dificilmente detectavel (Galvez-Pietro et al., 2006) no PVAT. Entretanto, a literatura
carece de estudos de caracterizacdo de todos os mediadores do SRAA presente no PVAT

nos diferentes leitos vasculares.


https://pubmed.ncbi.nlm.nih.gov/?term=Touyz+RM&cauthor_id=29394331
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Ainda, ndo esté clara qual o significado funcional dessas diferencas, mas podem
estar relacionadas como as respostas diferenciais entre os fatores derivados de adipécitos
provenientes do tecido adiposo marrom versus o tecido adiposo branco. O tecido adiposo
periadrtico tem sido identificado como tecido adiposo marrom expressando
desacoplamento da proteina-1 (UCP-1), enquanto o tecido adiposo da artéria mesentérica
é considerado tecido adiposo branco (Galvez-Pietro et al., 2006). Dentro do PVAT, a
atividade do ECA-2 promove a producdo de ANG-(1-7) a partir ANG-I1, tanto nas artérias
quanto nas veias (Lee et al., 2009; Lu et al., 2011). A ANG-(1-7) produzida pelo PVAT
induz a producdo de NO endotelial (Gao et al., 2006; Nobrega et al., 2017).

Os componentes derivados do SRAA fornecem uma interrelagdo importante entre
as células adipécitas do PVAT e as células vasculares, exercendo efeitos
autocrinos/paracrinos tanto nos adipécitos PVAT quanto nos tecidos vasculares
adjacentes. Os efeitos da ANG-(1-7) derivados de PVAT sdo alterados em vasos de SHR
contribuindo para a disfuncéo endotelial e vasodilatacdo prejudicada na HA e em tecido
adiposo visceral de camundongos e humanos e o PVAT produzem aldosterona de maneira
dependente de ANG-II induzindo processos inflamatorios que afetam as respostas

vasculares (Nguyen Dinh Cat et al., 2011).
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Figura 5: Funcdo e mediadores envolvidos nas diferentes camadas vasculares no estado

fisiolégico e no desenvolvimento da Hipertensdo DOCA-sal. (Fonte: Propria. Baseado

em Nosalski e

Guzik, 2017).

2.4.1 Estresse oxidativo e inflamacdo na HA

O equilibrio entre a formacdo e eliminacdo de ROS é fundamental para a

manutencdo da homeostase vascular.

Em condicgdes fisiologicas, sua producdo é
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controlada por componentes antioxidantes enzimaticos e ndo enzimaticos (Krzeminska et
al., 2022).

As ROS tém papéis fisioldgicos importantes na sinalizagdo e crescimento celular,
no entanto, quando ha um desequilibrio entre a producdo de ROS e os mecanismos de
defesa antioxidantes resulta ao chamado estresse oxidativo (EO) (Touyz et al., 2020;
Gallo et al., 2021).

O envolvimento do estresse oxidativo no contexto da HA relaciona-se ao papel
fundamental das ROS e da sinalizagcdo redox em processos moleculares, celulares e
sisttmicos que causam danos no endotélio, disfuncdo vascular, remodelamento
cardiovascular, disfuncdo renal, excitacdo do SNS, ativacdo de células imunes e
inflamacdo sistémica e local (Dubois-Deruy et al., 2020; Touyz et al., 2020; Griendling
et al., 2021; Gallo et al., 2021).

A sinalizacdo redox é a modificacdo pos-translacional especifica de oxidacao-
reducdo de moléculas de sinalizacdo a jusante induzida por radicais livres, como O, e
NO, e radicais ndo livres, como H:02, que acima de niveis normais resulta em
desenvolvimento e/ou agravamento da HA (Griendling et al., 2021; Krzeminska et al.,
2022).

A ativacdo do complexo enziméatico da NADPH oxidase, uma familia de proteinas
transmembrana que transferem elétrons através das membranas € uma das principais
fontes de ROS para os vasos. Sua ativacao resulta em aumento da producéo de ROS,
especialmente, de O2", promovendo injurias oxidativas direta nos leitos vasculares e
reducdo da sintese e/ou biodisponibilidade de NO (Touyz et al., 2020; Vermot et al.,
2021). Ainda, as ROS vasculares podem ser oriundas da xantina oxidase, das
mitocondriais e da eNOS desacoplada (Griendling et al., 2021).

Além da oxidacgdo, seja como causa ou consequéncia, o processo inflamatério faz
parte da fisiopatologia da HA (Krzeminska et al., 2022). Os principais mediadores da
resposta inflamatdria induzida sdo, TNF-a, NF-«B, interleucinas e interferon-y (INF-y),
etc. Esses mediadores podem interagir com varias células para amplificar a resposta
inflamatéria (Krzeminska et al., 2022).

Os mecanismos oxidativos e inflamatorios na HA se relacionam diretamente. A
geracdo de ROS dentro das células imunes e ativa respostas celulares mediadas por
complexos enzimaticos como, por exemplo, 0 da NADPH oxidase (Guzik et al., 2020;
Vermot et al., 2021).
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Outro mecanismo envolve a peroxidacdo lipidica em células apresentadoras de
antigenos em modelos animais de HA, gerando metabdlitos que ativam células T e a
producéo de citocinas pré-inflamatdrias e ROS afetando 6rgéos alvo como os rins, vasos
e 0 SNC contribuindo para a HA (Zewinger et al., 2020; Griendling et al., 2021). Além
disso, quando ha uma alta ingestdo de sédio, maiores serdo os niveis de inflamatdrias nos
rins, aumentando assim a disfuncéo renal que afeta diretamente o controle da PA (Zhao
et al., 2018; Valinsky et al., 2018).

Pesquisas e evidéncias clinicas também sugerem o envolvimento de outros
componentes do sistema imunolégico desempenhando papéis criticos na fisiopatologia
da HA, como niveis aumentados de infiltrados de macréfagos, que medeiam o dano nas
EC’s, remodelamento vascular, produ¢do de ROS, bem como ativacdo de citocinas
inflamatorias, como TNF-a e IL-18 (Rudemiller & Crowley, 2016; Xido et al., 2020,
Panthiya et al., 2023).

Krishnan e colaboradores (2016) avaliando o tecido renal de camundongos
DOCA-sal verificaram aumento da area de superficie corporal (ASC), dos niveis de
MRNA de inflamassoma NLRP3, pro-caspase 1 e de pro-interleucina 1B. Ainda, 0s
mesmos autores demonstraram que o uso do MCC0950, um inibidor da inflamassoma
NLPR3, reduz a PA em animais DOCA-sal (Krishnan et al., 2019). Somados, 0 aumento
de células do sistema imune estimulou o aumento de PA ocasionando disfuncéo endotelial
em artérias mesentéricas e aumentou a producdo de ROS (Thang et al., 2015).

Além do envolvimento do estresse oxidativo e da inflamacdo, a participacdo do
sistema renina-angiotensina-aldosterona (SRA) compdem a patogénese do
desenvolvimento da HA e recentemente um sistema SRA local também passou a ser

estudado. A seguir serd discutido ambos os sistemas bem como a relacao entre eles.

2.4.2 Sistema renina-angiotensina (SRA) sistémico e local na HA

O SRA ¢ o sistema enddcrino que regulacdo a PA. O SRA classico ou sistémico
possui papel de destaque no controle hemodindmico e equilibrio hidroeletrolitico
(Pahlavani et al., 2020). O SRAA sistémico, estudado ha quase um século consiste em
uma cascata proteolitica de peptideos que agem sequencialmente para gerar ANG-II
(Cantero-Navarro et al., 2021). No entanto, nas ultimas décadas, € descrito que tanto a
ANG-II como os mediadores deste sistema podem ser produzidos localmente em 6rgaos

como, rins, coracao, cérebro, tecido adiposo e vasos sanguineos (Pahlavani et al., 2020).
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De forma sistémica, o angiotensinogénio (AGT), uma o-2-globulina inativa é
sintetizada principalmente no figado. O AGT produzido é liberado no sangue e clivado
em ANG-I (pela clivagem amino-terminal da ligacdo entre o 10° e 11° residuos de
aminodcidos — leucina e valina) por acdo da renina, sintetizada principalmente nas células
justaglomerulares do rim, embora também possa ser sintetizada em outros tecidos. A
secrecdo de renina € controlada por diferentes fatores, tais como: diminuicdo da pressao
de perfusdo renal, reducdo da carga renal de sodio, aumento do tdnus simpatico
(estimulacdo Pl-adrenérgica) e aumento dos fatores locais como, PGs, dopamina,
adenosina e NO (Pacurari et al., 2014).

Historicamente a funcédo da renina era considerada apenas como fator limitante de
velocidade de ativacdo do SRAA, sem possuir atividade biol6gica propria, no entanto,
evidéncias nos ultimos anos descrevem seu papel funcional (Nguyen e Muller, 2010;
Pacurari et al., 2014).

Ap0s, a clivagem a ANG-I é hidrolisada pela enzima conversora de ANG-I (ECA)
liberada pelos capilares pulmonares, ECs e células epiteliais renais, a partir da retirada de
dois aminoacidos (histidina e leucina) para formacdo da ANG-II. A ANG-II formada
participa ativamente no controle da PA e na homeostase vascular. E por fim, este peptideo
gerado pode se ligar aos seus dois tipos de receptores principais, AT1R e AT2R, ativando
todas as funcgdes cléssicas do sistema SRAA, tais como: contragdo do musculo liso;
estimulacdo da secrecdo de aldosterona pelas glandulas adrenais, aumentando a
reabsorcdo de sodio e a excrecdo de K*; e estimulacdo da secrecdo do hormdnio ADH
(também chamada de vasopressina , ou horménio antidiurético) que por sua vez estimula
a reabsorcédo de agua, resultando em niveis pressoricos elevados (Patel et al., 2017).

Embora, a ANG-II seja hd muitas décadas estudado como o principal peptideo
efetor do sistema SRAA, nos ultimos anos foram descobertos uma série de outros
peptideos, formados por cadeias de aminoacidos mais curtas com importantes funcdes
biolégicas (Colafella et al., 2019). Entre eles, a ANG-III, a ANG-1V, a ANG-(1-7), a
ANG-(1-9), a ANG-A e Alamandina (Arendse et al., 2019) (Figura 5).

A ANG-II por acdo da glutamil aminopeptidase A (APA) é transforma-se em
ANG-III, e possui afinidade por AT1R e AT2R, mas com meia-vida muito curta. Por sua
vez, a ANG-II1I é transformada em ANG- IV por acdo da alanil aminopeptidase N (APN).
A ANG-IV também se comporta como um agonista de AT1R e de AT2R, mas tem uma
afinidade especifica para o AT4R (Pacurari et al., 2014). Este receptor, esta localizado no

cérebro, participando de processos de memoria, aprendizado e desenvolvimento neural e
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ao rim e coragdo, onde participa de mecanismos que regulam a frequéncia cardiaca, o
fluxo sangue e excrecao de sodio (Pacurari et al., 2014). A ANG-(1-7) resulta a partir da
ANG-I ou da ANG-II pela acdo da ECAL e ECA2 e peptidases (prolil-endopeptidase e
prolil-carboxipeptidases. Foi descrito que o proto-oncogene Mas é um receptor para este
peptideo e que o eixo ECA-2-ANG-(1-7) -Mas pode compensar os efeitos
cardiovasculares e renais do SRAA sistémico.

A ANG-(1-7) exerce seu efeito pela estimulagéo do receptor Mas (Verano-Braga
et al., 2012). Essa ativacdo na célula endotelial induz as fosfatidilinositol 3-quinases ou
via Akt, levando a ativacdo no endotélio da NOS e posterior liberacdo de NO, podendo
induzir vasorelaxamento. Além, da liberacdo de NO, a estimulacdo do Mas regula os
efeitos da ANG-II por inibir as vias intracelulares, como quinases reguladas por sinal
extracelular 1/2 e c-Src que sdo induzidas por estimulagdo AT1R (Verano-Braga et al.,
2012). Os efeitos de ANG-(1-7) séo, portanto, ambiguos: induz vasodilatacdo mediada
pelo NO, por um lado e inibe os efeitos vasoconstritores da ANG-II por outro lado. Desta
forma, ANG-(1-7) é capaz de contrabalangar os efeitos da ANG-II, resultando em um
equilibrio dindmico entre os niveis de ANG-(1-7) e ANG-II. Assim, deslocando esse
equilibrio para ANG-(1-7) resulta em vasodilatacdo, enquanto um equilibrio voltado para
ANG-II induz vasoconstricao.

Ja, a ANG-(1-9) é formada a partir de ANG-I e ANG-(1-7) pela acéo catalitica de
um homologo da ECA, a ECA-2. A ECA-2 é expressa no coracao, pulméo, rim, cérebro
e vasos sanguineos e neutraliza os efeitos da ECA (Ocaranza et al., 2010, 2014; Flores-
Mufioz et al., 2012). Por sua vez, ANG-(1-9) exerce seus efeitos por ligacdo direta sobre
0 AT2R e pode ser convertida em ANG-(1-7) pela acdo da ECA (Fattah et al., 2016).
Ainda, a cascata ANG-A/alamandina-MrgD associa 0s ramos deletério e protetor do
SRAA. A ANG-A esta posicionada na interseccdo desse sistema, uma vez que induz
acOes vasoconstritoras e pro-proliferativas diretas ou é posteriormente metabolizada em
alamandina, desencadeando efeitos opostos. A alamandina, molécula central dessa
cascata, pode ser gerada de duas formas, a partir da ANG-A ou vir da clivagem da ANG-
(1-7), e a depender da quantidade gerada ou da origem da geracdo pode ter efeito
regulador da PA e reduzir a remodelamento vascular ou ser indutora destes (Figura 5)
(Hrenak et al., 2016).

Vérios estudos realizados tanto em humanos quanto em animais de
experimentacdo revelaram a presenca do SRAA localizado no tecido adiposo (Engeli et
al., 2003; Gorzelniak et al., 2002; Achard et al., 2007). Além disso, durante a aplicacao
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do bloqueador do SRAA, ocorre uma regulacdo positiva de multiplos metabolitos da
ANG, que podem exercer acdes proprias e possivelmente até contribuir para os efeitos
benéficos do bloqueio do SRAA. Destacando as vias protetoras (vasodilatadoras) do
AT2R e a via do receptor ECA2-ANG-(1-7). ANG-(1-7) é produzida diretamente da
ANG-I e posteriormente degradada em ANG (1-5) ou ANG-(1-4), que s&o provavelmente
biologicamente ineficazes, pelo menos até agora (Lautner et al., 2019).

2.5 Tratamento da HA

O tratamento da HA envolve o uso de estratégias farmacoldgicas e ndo-
farmacoldgicas. No tratamento farmacolégico sdo utilizados B € a bloqueadores, os DRI’s
(do inglés, “direct renin inhibitors — DRI’s), os inibidores da ECA - iECA (do inglés,
“angiotensin converting enzyme inhibitor” — iACE), antagonistas de receptores tipo 1
(AT1), diuréticos, bloqueadores dos canais de célcio, antagonistas de receptores de
mineralocorticoides (MR), dentre outros (Brasil, 2020).

No entanto, a aderéncia ao tratamento, os potenciais efeitos colaterais e a
complexidade do controle da pressdo arterial em casos de HS com niveis elevados de
pressdo sanguinea adicionam a necessidade de um conhecimento mais profundo sobre os
mecanismos dessa doenca. Isso, por sua vez, impulsiona 0 avango na terapéutica
farmacologica para tornad-la mais precisa, bem como o desenvolvimento de terapias
adjuvantes nao farmacoldgicas derivadas de alimentos para auxiliar no controle da PA.

O tratamento ndo-farmacolégico da HA envolve controle ponderal, medidas
nutricionais, pratica de atividades fisicas, cessacdo do tabagismo e consumo de alcool e
controle de estresse. Cuidados na alimentacao envolvem o aumento do consumo de fibras,
como frutas, legumes e verduras, introducdo de alimentos ricos em potassio e de
leguminosas, diminuicdo do consumo de gorduras, principalmente as saturadas,
diminuicao da ingestdo de alimentos ultraprocessados e da ingesta de sddio (Krause e
Mahan, 2018). Além disso, as recomendac@es oficiais para o controle da PA, como a dieta
DASH (do inglés, “Dietary Approach to Stop Hypertension” - DASH), dieta mediterranea
e 0 Ultimo caderno do Ministério da Salde do Brasil para uma alimentacao
cardioprotetora, recomendam o consumo regular de muitos alimentos que sdo
considerados alimentos funcionais (Brasil, 2018).

Devido a grande complexidade da HA cada vez mais, tém se incentivado o uso
combinado de estratégias farmacoldgicas e ndo-farmacolégicas para a manutencdo e

controle da PA em niveis desejaveis.
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2.6 Uso de peptideos bioativos derivados de proteinas alimentares na HA

Os peptideos bioativos foram relatados pela primeira vez na década de 50 por
Mellander. Eles podem ser obtidos de proteinas de fontes alimentares animal ou vegetal
(Jahandideh et al., 2022). Sao definidos como fragmentos de proteinas especificas que os
serem liberados apresentam propriedades benéficas para as atividades vitais dos
organismos vivos ou tém efeitos fisioldgicos além dos nutricionais (Bhat et al., 2015).

O uso crescente desses peptideos com propriedades bioativas tém sido cada vez
maior, uma vez que a sua identificagdo, caracterizagédo e descrigcdo de suas propriedades
funcionais podem ser utilizadas de maneira isolada, seja ela na forma hidrolisada ou
individual ou ainda agregada a outros produtos alimenticios (Jia et al., 2021; Lopes-
Martinez et al., 2022; Patil et al., 2022).

Os peptideos gerados, geralmente apresentam sequéncias peptidicas compostas de
2 a 20 residuos de aminoacidos, que so exibem atividade biologica apos liberacdo bem-
sucedida por hidrolise enzimatica, processamento de alimentos, fermentacao ou digestéo
gastrointestinal (Sun et al., 2020). Os diferentes tipos de hidrolisados e/ou sequéncias
peptidicas podem apresentar iniUmeras propriedades, tais como: atividade antioxidante,
anti-hipertensiva, antimicrobiana, imunorreguladora, hipolipidémica, antitrombdtica e
antiobesogénica que variam conforme a sua composicdo, fonte proteica, tempo de
processamento (Bhat et al., 2015; Albenzio et al., 2017, Jia et al., 2021).

Dentre as propriedades buscadas nos estudos dos peptideos bioativos a atividade
anti-hipertensiva se destaca devido a sua grande importancia na satde publica. A maioria
das sequencias peptidicas identificadas com efeito anti-hipertensivo demonstrado em
estudos in vivo estdo relacionadas a capacidade de inibir a ECA (iECA), bem como seus
efeitos antioxidante e/ou anti-inflamatorio. Uma vez que as causas do desenvolvimento
da HA séo multifatoriais e os pontos chave para o tratamento desta doenca séo complexos,
como a reducdo dos insultos oxidativos e inflamatdrios, bem como a modulagdo do SRAA
0 uso de peptideos bioativos com efeitos diversos pode ser uma alternativa interessante
uma vez que compostos multialvos podem apresentar maior eficacia no tratamento da
HA.

Os peptideos com acdo IECA ja foram isolados de fontes variadas como, leite,
ovos, carne, milho e até algas marinhas (Sanchez e Vazquez, 2017). Nas sequéncias

identificadas, a maior parte, continham aminoacidos hidrofébicos (tirosina, fenilalanina,
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triptofano, alanina, isoleucina, valina e metionina) ou aminoéacidos de carga positiva
(arginina e lisina), bem como o prolina na posi¢do C-terminal. Essas caracteristicas foram
relacionadas com o efeito iECA por possuirem melhor afinidade com o sitio ativo da
enzima em Varios dos peptideos extraidos (He et al., 2013, Rai et al., 2015. Miguel et al.,
2020). Importante ressaltar que a ECA € uma enzima chave na regulagdo da PA e sua
inibicdo promove menor ativagdo do SRAA sistémico e degeneracéo da bradicinina, um
potente vasodilatador (Smolinska et al., 2023).

Em estudos utilizando modelos de HA em animais o uso de peptideos (VPP e IPP)
obtidos de proteinas do leite reduziu a PA e preveniu a HA (Moller et al., 2008;
TuomileHAO et al., 2004). A utilizacdo de um peptideo de sequéncia Thr-GIn-Val-Tyr
obtido de proteinas do arroz em um modelo de HA experimental reduziu os niveis
pressoricos (Li et al., 2007). Outros peptideos obtidos de macroalgas também
apresentaram efeitos funcionais (Kamthania e Kumar, 2014). Peptideos iECA também
foram obtidos usando enzimas microbianas (Yu et al., 2012). Um estudo dose-dependente
validou que o dipeptideo lle-Tyr foi capaz de reduzir significativamente PA em um
modelo experimental de animais SHR (Tanaka et al., 2006). A sequéncia lle-GIn-Pro,
mostrou efeito anti-hipertensivo por modulacdo do SRAA sistémico em animais SHR (Lu
etal., 2011).

Embora, identificados nos anos 50 e desde entdo inimeras pesquisas tenham sido
desenvolvidas, foi somente no final da década de 90 que os peptideos bioativos derivados
da clara do ovo foram descritos. Fujita e colaboradores (1995) isolaram e caracterizaram
0 peptideo de sequéncia Phe-Arg-Ala-Asp-His-Pro-Phe-Leu (FRADHPFL) a partir da
ovalbumina. Na qual denominaram como ‘“ovocinina” por apresentar semelhanga
estrutural com o peptideo enddgeno, bradicinina.

A ovocinina demonstrou efeito direto sobre o sistema cardiovascular por ser um
agonista dos receptores de bradicinina, promovendo assim efeito vasodilatador. No final
da década de 90, Matoba e colaboradores (1999) isolaram e identificaram um peptideo
analogo a ovocinina, com alto efeito anti-hipertensivo, a ovocinina (2-7) com sequéncia
Arg-Ala-Asp-His-Pro-Phe, obtido da ovalbumina. Utilizando animais SHR a
administracao desse peptideo promoveu efeitos hipotensivos na dose de 10 mg/kg apos a
administracdo oral. Posteriormente, foram realizadas modificacdes nas posicdes dos
aminoacidos (Pro?, Phe®)-ovocinina(2-7), ), 0 novo peptideo obtido foi denominado como
“Novocinina” com sequéncia Arg-Pro-Leu-Lys-Pro-Trp que evocou efeitos anti-

hipertensivos na dose de 0,3 mg/kg, correspondendo a uma dose mais de 30 vezes menor



57

em comparacdo a ovocinina(2-7) apds a administracdo oral (Matoba et al., 2001). Em
animais SHR a administragcdo da novocinina apresentou efeitos vasodilatadores dos quais
em parte foram mediados por receptores AT2R (Yamada et al., 2008).

Outros estudos também demonstraram que a clara do ovo é uma importante fonte
de peptideos bioativos. Usando a enzima alcalase, in vitro Liu e colaboradores (2010)
obtiveram um hidrolisado de clara de ovo com 58% de efeito inibitério de ECA, com o
isolamento da sequéncia RVPSL, derivado de ovotransferrina. Outra sequéncia, a
RVPSLM, também obtida da clara demonstrou efeito inibitério da enzima a-glucosidase
e assim, além de efeito anti-hipertensivo os peptideos obtidos da clara também
apresentam outras atividades, como por exemplo antibiabética (Yu et al., 2011).

Miguel e colaboradores (2004) obtiveram um hidrolisado de clara de ovo com
pepsina por 3 horas com atividade de iECA e atividade antioxidante in vitro. Deste
hidrolisado, varios peptideos que apresentavam atividade de iECA foram isolados e
identificados (Miguel et al., 2004) e/ou uma potente atividade antioxidante reconhecidas
(Déavalos et al., 2004). Dentre, as sequéncias identificadas foram descritas os peptideos
anti-hipertensivos como YAEERYPIL e RADHPFL, em estudos posteriores exerceram
atividade vasodilatadora ex vivo (Miguel et al., 2007). A eficacia anti-hipertensiva do
hidrolisado de clara de ovo obtido por 3 horas com pepsina foi demonstrada em ratos
SHR em administracdo oral aguda e cronica neste modelo (Miguel et al., 2005; Miguel et
al., 2006; Miguel et al., 2007). E ainda, esse hidrolisado demonstrou efeito sobre
parametros de estresse oxidativo e reducao dos niveis plasmaticos de colesterol total e
triglicerideos na aorta e no plasma de animais SHR (Manso et al., 2008).

Mesmo que nos estudos voltados para o tratamento da HA utilizando peptideos
bioativos, a capacidade iECA seja um grande alvo, as propriedades antioxidantes e anti-
inflamatdrias também demonstraram destaque nos estudos desses hidrolisados e seus
peptideos (Majumber e Wu, 2014; Santos-Parker et al., 2017; Zhou et al., 2022).

O estresse oxidativo desencadeado na HA cursa com a producao de radicais livres
e reducdo da acdo de enzimas protetoras, como SOD, catalase e GPx, levando a efeitos
celulares como a apoptose, oxidacdo de proteinas celulares, lipidios de membrana, DNA
e enzimas, comprometendo a funcdo tecidual do sistema cardiovascular (Nita e
Grzybowski, 2016; Touyz, 2020; Lisowski et al., 2018).

Os hidrolisados de proteinas ou as fragdes peptidicas derivadas demonstraram ter
acdo antioxidantes significativas, tanto por inibigdo da peroxidacdo lipidica ou pela alta

capacidade de eliminacdo de radicais livres, como também pela atividade quelante de
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metais de transi¢do, envolvidos no processo de oxidacdo das macromoléculas (Girgih et
al., 2013; Wang et al., 2013, Mora e Toldré et al., 2023). Em estudos com exposicao de
metais verifica-se que a administracdo de um hidrolisado obtidos de proteinas alimentares
do ovo possui forte acdo de inibicdo do complexo enzimatico NADP(H) oxidase,
importante fonte de ROS para 0s vasos sanguineos (Rizzetti et al., 2017; Martinez et al.,
2019; Escobar et al., 2020; Moraes et al., 2022; Piagette et al., 2023).

O efeito anti-inflamatorio, apresentado por muitos dos peptideos bioativos
presentes em hidrolisados de proteinas de origem animal e vegetal estdo relacionados a
capacidade de inibicdo do estresse oxidativo, que uma vez presente dispara cascatas
inflamatorias. Por exemplo, as sequéncias QEPVL e QEPV, derivadas da caseina foram
capazes de reduzir o aumento de IL-4, IL-10, gama-interferon, TNF-alpha e modular a
liberacdo de NO (Jiehui et al., 2014). Outros peptideos (IPP e VPP) contidos também em
hidrolisados obtidos a partir do leite demonstraram acdo sobre a via do NF-xB
(Chakrabarti e Wu, 2015).

Além disso, hidrolisados de proteinas de gréo de milho e seus peptideos derivados,
utilizando modelos de células Caco-2 reduziram significativamente a expressdo de TNF-
alpha (Liang et al., 2018). Hidrolisados ou sequéncias peptidicas derivadas de proteinas
da clara de ovo demonstram ter grande acao anti-inflamatoria, como o peptideo IRW que
inibiu a disfuncédo da integridade da barreira induzida por LPS e a inflamacao em células
Caco-2 (Bao e Wu et al., 2022), o hidrolisado obtido com alcalase a partir da hidrolise da
ovomucina que inibiu a ativacdo da via do do NF-xB mediada pelo TNF-alpha em
fibroblastos de humanos (Sun et al., 2016). Ainda, o hidrolisado obtido, especialmente da
ovotransferrina utilizando a pepsina apresenta forte poder de inibicdo da via das
ciclooxigenases (Rizzetti et al., 2017; Martinez et al., 2019; Escobar et al., 2020; Moraes
et al., 2022; Piagette et al., 2023).

2.7 Peptideos bioativos de hidrolisado de clara de ovo (HCO)

A clara do ovo representa cerca de 58% do peso total do ovo e € composta por
(88-90%) de agua e de (10-12%) de proteinas de alto valor bioldgico. Dentre as proteinas,
majoritariamente estdo a ovalbumina, ovotransferrina e ovomucdide. Outras proteinas,
como ovomucina, lisozima, globulina e vestigios de ovoinibidor, ovoglicoproteina,
ovomacroglobulina, cistatina também podem ser encontradas (Mine, 2007). No entanto,

os afeitos anti-hipertensivos mais descritos na literatura estdo relacionados
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principalmente a hidrdlise de proteinas como a ovoalbumina, ovotransferrina e lisozima
por diferentes processos, tais como sintese quimica, fermentacdo, mas, especialmente,
utilizando enzimas como tripsina, neutrase, alcalase, pepsina e aminopeptidase (Miguel e
Aleixandre 2006; Garcés-Rimon et al., 2016; Jovanovic¢ et al., 2016).

A partir dos estudos de Fujita e colaboradores (1995) e Matoba e colaboradores
(1999) a clara do ovo passou a ter destaque na pesquisa para obtencdo de peptideos
bioativos, e que foram atribuidas propriedades anti-hipertensivas (Grotaert et al., 2017;
de Campos Zani et al., 2018; Miguel et al., 2020).

O hidrolisado de clara de ovo utilizado neste estudo foi obtido por Garcés-Rimon
et al. (2016) com base em estudos anteriores de Miguel et al. (2004; 2005; 2006; 2007,
a,b,c) (Tabela 3, Figura 6) que identificaram varios peptideos bioativos e propriedades
funcionais deste HCO derivado da hidrolise enzimatica com pepsina durante 3 horas
(Tabela 3). No estudo desenvolvido por Garcés-Rimoén et al. (2016) foram avaliados
diferentes tempos de hidrolises, de 0 a 48 horas), bem como empregadas varios tipos de
enzimas (Alcalase, Peptidase, Flavourzyme, Pancreatina, Promod, Pepsina e Neutrase, e
a maior atividade antioxidante foi encontrada no HCO obtido por 8 horas de hidrolise
com pepsina que apresentou grande poder iECA. bem como importante capacidade de
eliminacéo de radicais livres e atividade inibitdria de ligacdo de acidos biliares.

O HCO do presente estudo foi preparado por meio de hidrolise enzimatica de
claras de ovos crus, as claras de ovos pasteurizadas sao hidrolisadas com pepsina BC
1:3000 (E:S: 2:100 w:w, pH 2,0, 38 °C, Cardiff, Reino Unido), durante 8 h. A inativacédo
da enzima foi conseguida aumentando o pH para 7,0 com NaOH 5N. Apés, o hidrolisado
foi centrifugado a 5.000 x g durante 15 min e o sobrenadante foi congelado e liofilizado
(Figura 6).
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1 pH 2,0 com HC1 Adicio da Pepsina Neutralizagiao Hidrolise com
1:3000 T pH 7,0 com NaOH

Hidrolisado da
Clara do Ovo
(ressuspendido em agua
para uso)

Sobrenadante Liofilizagao

Figura 6: Etapas de producéo do hidrolisado de clara de ovo utilizando a hidrélise com

pepsina por 8 horas. (Fonte: fotos proprias)

Desde meados dos anos 2000 até a sintese e padronizagéo do hidrolisado utilizado
neste estudo, inumeros trabalhos foram realizados (Tabela 3) Miguel et al. (2004)
identificaram 14 sequéncias peptidicas obtidas pela hidrolise enzimatica com pepsina
durante 3 horas com base na proteina ovalbumina, das quais, trés (RADHPFL,
YAEERYPIL e IVF) apresentaram capacidade inibitoria da enzima conversora da
angiotensina (ECA) e duas delas demonstraram ser potentes iECA, sendo elas:
RADHPFL e YAEERYPIL, com IC50 de 6,2 e 4,7 um, respectivamente.

Posteriormente, Davalos et al. (2004) verificam que a sequéncia peptidica
YAEERYPIL além de ser um potente inibidor da ECA (iECA) também apresentava alta
capacidade antioxidante com um poder redutor de ROS e da peroxidacéo lipidica in vitro.
No ano seguinte, utilizando modelo de HA genética (ratos SHR) e tratando por um curto
periodo de tempo (2, 4, 6, 8 e 24 h pds administracdo das sequéncias) foi demonstrado
que as sequéncias identificadas (YAEERYPIL, RADHPFL e IVF) tinham capacidade de
reducdo da PA in vivo elas diminuiram a PA sistolica e PA diastolica, de forma dose-
dependente. O minimo as doses efetivas foram de cerca de 2 mg/kg YAEERYPIL e
RADHPFL e 4 mg/kg de FIV. A reducdo maxima da PAS e da PAD foi observado 6 h
apos a sua administracdo e o efeito durou, pelo menos, 8h (Miguel et al., 2005). Apoés, o
HCO de 3h passou a ser utilizado na sua forma completa. Em 2006, Miguel e
colaboradores verificaram que a administracdo a longo prazo promovia retardo no

desenvolvimento da HA em animais SHR (Miguel et al., 2006).
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Embora, a capacidade iECA seja uma caracteristica marcante tanto das sequéncias
peptidicas quanto dos hidrolisados desenvolvidos por Miguel et al. (2007), demonstrou,
que esse ndo é o tnico mecanismo mediador do efeito vasodilatador. O uso dos peptideos
identificados (YRGGCEPINF, RDILNQ e ESIINF) promoveram vasodilatacdo em aorta,
no entanto, ndo apresentaram efeito sobre a ECA, demonstrando outras vias implicadas
no efeito vasodilatador deste HCO.

Também foi demonstrado que a administragdo tanto a curto quanto a longo prazo
do HCO de 3h promovia reducgéo na elevacdo da PA em ratos SHR (Miguel et al., 2007)
e mesmo ap0s a digestdo simulada as sequéncias peptidicas isoladas mantinham o efeito
vasodilatador e foi possivel identificar que esse efeito foi mediado pela melhora dos niveis
de NO e acéo sobre receptores (B1) de bradicinina (Miguel et al., 2007). E ainda esse
hidrolisado demonstrou efeito sobre parametros de EO tecidual e reducao plasmatica de
colesterol total e triglicerideos em animais hipertensos (Manso et al., 2008).

Em 2010, Garcia-Redondo e colaboradores avaliando artérias mesentéricas
verificaram que o efeito vasodilatador apresentado pelas sequéncias peptidicas contidas
no HCO de 3h, além de ser mediado por NO, havia acdo sobre a via da COX e eram parte
dependente e/ou parcialmente dependente do endotélio (Garcia-Redondo et al., 2010).
Ademais, a presenca do aminoacido Arg ou Tyr e a posi¢cdo N-terminal nas sequéncias
peptidicas foi atribuido como fundamentais para o efeito vasodilatador (Garcia-Redondo
et al., 2010).

Com base nesses achados, Garcés-Rimén et al. (2016) foi desenvolvido um HCO
seguindo com a utilizacdo de pepsina, porém, com o tempo de hidrélise maior, de 8h. E
importante ressaltar que embora a base de proteina e a enzima utilizadas sejam as mesmas,
0 tempo de exposicdo a ela, faz com que outros peptideos e diferentes propriedades sejam
apresentadas. Nos experimentos in vitro, foram verificados que esse novo HCO, além ser
um iECA e antioxidante, apresentava também acao sobre mediadores inflamatdrios, como
0 TNF-a e sobre 0 aumento de acidos biliares. Nesse sentido, o campo de aplicabilidade
desse produto passou a ser muito maior.

Assim, utilizando o HCO de 8h foi demonstrado que a suplementacdo dietética
reduzia os niveis de ROS, TNF-a, acidos biliares e esteatose hepética induzida pela
obesidade genética (animais Zucker) (Garcés-Rimén et al., 2016). Ainda, avaliando a
sindrome metabdlica decorrente dessa obesidade observou-se efeito sobre 0 metabolismo
glicémico (Garcés-Rimon et al., 2018). E em modelo de sindrome metabdlica induzida

pela dieta (gordura/dextrose) o efeito antiobesogénio foi encontrado e relacionado com
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ao aumento de genes da dindmica mitocondrial e do tecido adiposo marrom, com aumento
da termogénese e reducdo dos danos no tecido adiposo branco disfuncional (Moreno-
Fernandes et al., 2018). Este mesmo HCO 8h revelou uma acéo benéfica sobre o perfil
microbiano intestinal em animais obesos Zucker (Requena et al., 2017).

Em relacdo a acdo sobre os vasos, este HCO revelou melhora na disfuncdo
endotelial nas artérias de resisténcia e condutancia e reduziu o estresse oxidativo vascular
em animais expostos a metais, obesos e com sindrome metabdlica (Rizzetti et al., 2017;
Martinez et al., 2019; Garcés-Rimon et al., 2019; Escobar et al., 2020; Moraes et al.,
2022; Piagette et al., 2023).

De forma aprofundada em modelos de exposicdo a diferentes metais como a
baixas doses de mercurio, a baixas e altas doses de aluminio e a doses equivalentes a
desastres ambientais de cadmio, e nos diferentes sistemas afetados pela exposicdo aos
metais, tais como, vascular (aorta e mesentérica), nervoso (memoria, cognicdo e
nocicepc¢éo), reprodutor e gastrointestinal (Rizzetti et al., 2016,a,b;2017; Martinez et al.,
2019,a,b,c; 2022; Pinheiro Junior et al., 2020; Escobar et al., 2020; Moraes et al., 2022;
Piagette et al., 2023).

Rizzetti et al. (2016a) demonstram que 0 HCO possuia efeito no sistema nervoso.
O co-tratamento com o hidrolisado preveniu o comprometimento da memoria induzido
pela exposicdo ao Hg, reduzindo o conteudo de Hg e a producdo de ROS no hipocampo.
Além disso, o HCO apresentou efeito remediativo diante de distdrbios neuropaticos
ocasionados pela exposicdo ao mercurio associado a reducdo dos niveis de MDA no
cérebro e no numero do complexo célula-neurite de Merkel na pele (Rizzetti et al.,
(2016b). Martinez e colaboradores também comprovaram essa acdo benéfica do HCO
sobre o sistema cerebral diante dos danos neurotdxicos induzidos pelo aluminio, apds 60
ou 42 dias de exposicao, os animais tratados com o HCO n&o apresentaram prejuizo na
mem©aria ou disfuncdo cognitiva. Além disso o HCO evitou a catalepsia, EO no
hipocampo, disfuncdo colinérgica e aumento do numero de microglias ativadas e células
positivas para COX-2 induzidas pela exposi¢cdo ao metal (Martinez et al., 2019).

Este mesmo HCO preveniu as alteracdes ocasionadas pela exposi¢do ao mercurio,
aluminio e cadmio no sistema reprodutor de ratos machos, através da: 1) redu¢do no dano
de membrana dos espermatozoides e melhorando a motilidade espermatica; 2) prevencéao
da diminuicao da producéo diaria espermética absoluta e relativa, e do aumento do tempo

de transito espermatico em epididimo e das anormalidades morfoldgicas induzidas pelos
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metais e tais melhoras foram relacionadas com o capacidade antioxidante do HCO
(Rizzetti et al., 2017; Martinez et al., 2019; Pinheiro Jr et al., 2020).

Em relacdo aos vasos sanguineos de condutancia e de resisténcia, este HCO
revelou ser um excelente agente para a indugéo de substancias vasoativos e/ou inativagdo
de vias deletérias induzidas pela exposicéo a metais. Foi verificado que em aorta de ratos
0 HCO apresentou efeito protetor por evitar o aumento nas respostas contrateis a
fenilefrina e prevenindo a disfungdo endotelial relacionada & diminuic&o da atividade da
ECA e ativacdo de NOX afetando a producéo de ROS e melhorando a biodisponibilidade
de NO (Rizzetti et al., 2017; Martinez et al., 2022; Moraes et al., 2022).

Nas artérias de resisténcia 0 HCO além de reduzir a resposta vasoconstritora e/ou
aumentar a resposta vasodilatadora mediada pelo endotélio, reduziu os niveis de ROS,
especialmente O,", advindos da NADP(H) oxidase e aumentando a sintese de NO, e
reduzindo a participacdo da COX nestas respostas (Martinez et al., 2019; Escobar et al.,
2020; Moraes et al., 2022).

Os efeitos vasculares foram diretamente repercutidos na reducdo da PA onde a
administracao tanto concomitante quanto préevia deste HCO reduziu os niveis pressoricos
dos animais expostos ao aluminio e cadmio, mantendo-os na faixa de normalidade
(Martinez et al., 2019; Moraes et al., 2022; Piagette et al., 2023).

Adicionalmente ao efeito sobre a PA quando o HCO foi administrado previamente
a exposicdo de cadmio, minimizou os danos nas artérias de resisténcia ocasionados pelo
metal, pela normalizacdo do aumento da resposta contratil induzida pelo metal; dos niveis
de ROS oriundos da NADP(H) oxidase, por meio da participacdo da subunidade NOX-1,
e da peroxidacdo lipidica; blogueio da ativacao de processos inflamatdrios, mediados por
COX-2, NF-kB e TNF-a; e revelou uma nova via de acdo deste HCO com inibicao de
processos apoptéticos, via reducao da ativacdo de caspase-3 (Piagette et al., 2023).

Além, do efeito sobre o sistema cardiovascular foi demonstrado que nos modelos
de exposicdo ao mercurio e ao aluminio o HCO tem acéo direta sobre o tecido adiposo
branco, melhorando a expressdo de mRNA de CHOP, PPARa e leptina e aumentando os
niveis de insulina (Rizzetti et al., 2002) e no sistema gastrointestinal, melhorando a
oxidacdo e as alteracbes morfoldgicas do intestino (Martinez et al., 2022).

Embora se tenha uma vasta linha de investigacéo relacionada aos efeitos benéficos
deste HCO, e seus efeitos anti-hipertensivos pare¢cam claros relacionados aos principais
mecanismos desencadeadores e de manutencdo da HA, estresse oxidativo e a inflamacéo,

ainda ndo se tem informacdes na literatura acerca do efeito deste hidrolisado na HA
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secundaria mimetizada pelo modelo DOCA-sal bem como a acéo deste na disfuncdo do

tecido adiposo perivascular mesentérico.



Tabela 3: Hidrolisado de Clara de Ovo obtidos com pepsina e seus efeitos em diferentes modelos experimentais
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TIPO DE HCO OU SEQUENCIA

PEPTIDICAS METODO/MODELO DOSE EFEITO REFERENCIA
Arg-Ala-Asp-His-Pro-Phe-Leu - RADHPFL* {ECA
Tyr-Ala-Glu-Glu-Arg-Tyr-Pro-Ile-Leu - . * .
YAEERYPIL** mn vitro 612357(1 fﬁM Miguel e al., 2004
Tyr-Ala-Glu-Glu-Arg-Tyr-Pro-Ile-Leu - antioxidante:
YAEERYPIL in vitro --- {ECA ’ Davalos et al.,2004
Tyr-Ala-Glu-Glu-Arg-Tyr-Pro-Ile-Leu — YAEERYPIL — 2mg/kg
YAEERYPIL RADHPFL- 2mg/k
Arg-Ala-Asp-His-Pro-Phe-Leu - RADHPFL SHR ke JPA
FIV - 4mg/kg
Ile-Val-Phe — FIV Agudo 4-6h .
EW — 400mg/kg . Miguel et al., 2005
EwW iECA ’
HEW HEW-400mg/kg
HEW <3000KDa HEW <3000KDa — 100mg/kg
SHR VPA
HCO . retarda aparecimento da .
pepsina 3h 0,75 mg/kg e 1g/kg hipertensio em SHR Miguel et al., 2006
iECA
IVF, RADHPFL e YAEERYPIL. E apés a digestio . .
simulada: RADHP e YPI 3h aorta 10 mg/kg (1\%/5{,);2(11?2?3?;3) Miguel et al., 2007
YRGGLEPINF, RDILNQ e ESIINF, sequéncias SHR VPA Micuel ef al.. 2007
sintéticas identificadas no HCO de 3h dose unica; aorta 10 mg/kg Vasodilatador MUguel el at,
SHR
curto e longo prazo
plasma, aorta, rim e JPA Miguel ef al., 2007

HCO pepsina 3h

pulmdes

0,5 mg/kg e 1g/kg

iIECA



https://mega.nz/file/72A3gAJI#u8Qj-dK8UDN20_nPcauX_DsH_zQ2v9wS1LqATcu4H_w
https://mega.nz/file/D6pSFaCA#RrD4IuzSBp6XYuIZpHDjaz7mwmQHTLyk9yrvKy2MbMw
https://mega.nz/file/m7oHzbrC#yv5t6NNu-rHX3AcRNNu7HNQTPdd8J7gpudc57aa-xH4
https://mega.nz/file/rzJzHbLa#iz3voaKimLCeeBKss1Vg3SzZdFYgrDANAkFvY3Ne-9U
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https://mega.nz/file/OuA31QSI#3Fw9-JWj9aUEobxpBzjvk-rI4N6bW-SleRSNnsSdGvk
https://mega.nz/file/a7ATHK6Z#ndpIrKSFUjHiLc1SX0C84LmW0uELzrJ_c8KTiAWsRwo
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HCO pepsina 3h

SHR
aorta, plasma

0,5 mg/kg e 1g/kg

Antioxidante
anti-hiperlipidémico

Manso et al., 2008

Arg-Ala-Asp-His-Pro-Phe-Leu;
Arg-Ala-Asp-His-Pro-Phe;

Arg-Ala-Asp-His-Pro;

Tyr-Arg-Gly-Gly-Leu-Glu- Pro-Ile-Asn-Phe;

Arg-Asp-Ile-Leu-Asn-Gln; MRA 0,1 mmol L"! Vasodilatador Garcia-Redondo et al., 2010
Val-Pro-Pro (e+);
Phe-Arg-Ala-Asp-His-Pro-Phe-Leu
IC50 ECA 46,70 ug/proteina/
mL; 574,20
umol/Trolox/proteina; 200 iECA;
ug/mL/proteina reducdo dos antioxidante o
HCO pepsina 8h in vitro niveis de citocinas pro- anti-inflamatéria Garcés-Rimén et al., 2016
inflamatdrias
obesidade genética (ratos
Zucker);
. tecido adiposo branco . o Garcés-Rimon et al., 2016
HCO pepsina 8h epididimal; figado ¢ 750 mg/kg anti-obesogénico
plasma
baixas doses de HgCl,; protetor a d1s turk'nOS . .
HCO pepsina 8h cérebro (nocicepgio) lg/kg neu'rop'amcos, Rizzetti et al., 2016
antioxidante
. . Protecdo espermatica
HCO pepsina 8h ba;;isei(;sf: (if)(jﬁll%(g’lz, lo/k (ntimero e forma) Rizzetti et al., 2017
P ke Antioxidante
VPA
. . antioxidante;
. baixas doses de HgCl; via NADPH oxidase Rizzetti et al., 2017
HCO pepsina 8h aorta lg/kg ATRI E—

iECA



https://mega.nz/file/Cj5Q3Z4B#vAMhcWBqe50mLydQOxHUpJ9DikKPuCG4KYOT6rxN1bg
https://mega.nz/file/iuBBkKLJ#sKc2ahDtbg2jslAAAIWbfGwnxOc0J1Kz1uyoTd6Bps4
https://mega.nz/file/n2QBUAoB#ic5vCq3KN2wjvxJOlkO2xfirXJIbhuJXoWpLlT4Djbw
https://mega.nz/file/rrBizLrQ#ktrc6bYKvJjs2XhHOpsgIzWG6zziuoelCi296l4EFbw
https://mega.nz/file/eihEHKwT#22ujIoYPMCIrV_vXLJO2HwAq-eOxTdsoVr7Ys0oQbsk
https://mega.nz/file/3ngglCRD#Q6H820OH-q7eGljsG--xFcUrhdwUAOG6Y3T6BgXMh9U
https://mega.nz/file/TnomnJ6Y#mE4HdixUZm6bMWV62xdhhv1j-stAQRPd8zxzn4vcseM
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obesidade genética (ratos
Zucker); microbiota

Requena et al., 2017

HCO pepsina 8h intestinal anti-obesogénico
sindrome metabdlica anti-glicémico:
HCO pepsina 8h (ratos Zu?ker); 750 mg/kg anti-obesogénico; Garcés-Rimén ef al., 2018
sangue e pancreas
sindrome metabodlica
dieta
HCO pepsina 8h h.1per11p1d1ca/<liextrose; 1a/ke anti-obesogénico: Moreno-Fernandez et al., 2018
adiposo branco; plasma e
figado
obesidade e
sindrome metabolica
HCO pepsina 8h . (.dieta . . Moreno-Fernandez et al., 2018
hiperlipidica/dexrtrose); lg/kg anti-obesogénico ?
adiposo branco e marron
obesidade genética
. (ratos Zucker); aorta e Antioxidante Garcéz-Rimon et al., 2019
HCO pepsina 8h MRA 750 mg/kg via NOX-1
altas e baixas doses antioxidante:
HCO pepsina 8h AlCl3; cereb?o’ (memoria; 1g/kg/dia anti-inflamatério Martinez et al., 2019
cognitivo)
altas e baixas doses antioxidante; .
HCO pepsina 8h AICls; reprodutor 1g/kg/dia anti-inflamatorio Martinez et al., 2019
altas e baixas doses VPA
. AlCls; . antioxidante; Martinez et al., 2019
HCO pepsina 8h aorta e MRA lg/kg/dia anti-inflamatorio
baixas doses de HgCly; VPA
HCO pepsina 8h ’ 1g/kg/dia antioxidante; Escobar et al., 2020
anti-inflamatorio
altas doses de CdCly; recupera funcdo
. co-tratamento; . espermatica Pinheiro Junior ef al., 2020
HCO pepsina 8h sistema reprodutor lg/kg/dia antioxidante;
altas doses de CdCl,
ré-tratamento; VPA Moraes et al., 2022
HCO pepsina 8h p ’ lg/kg/dia antioxidante -

MRA



https://mega.nz/file/ejwghBII#zXdPriHwQA-rm7xP-BlhUzQpg08NKKCYTVd_3Nzh3nA
https://mega.nz/file/u3Yg3TbB#x2nnzlyN4JcInvz3hDoCLINisHBOAc2QXt7VHhyvMz0
https://mega.nz/file/TmYGkIbA#4O8cMmnO4SXur19lj8zYn4av1eihQJ5HUi7hI7qs4KQ
https://mega.nz/file/mvpE0CLK#ujV1rywsoWcpRR7Iia8K1GKbLQBs2CX-UuJjQ2VlW6c
https://mega.nz/file/mi4QWSCQ#ZYJMUYix3P01lyhs1X83sycKlxwzxVyt45c167mUxgw
https://mega.nz/file/irAUgDRL#M-T7FOt2UL-2DCNeIRRMRZmtTyax2nBYDsfIupZw4zI
https://mega.nz/file/z3IRhQKB#z9IRdwPI-ktTQeQxa2obs5GjrbnKXybBFxM3XMe_ylA
https://mega.nz/file/XrZ1HQCb#z9IRdwPI-ktTQeQxa2obs5GjrbnKXybBFxM3XMe_ylA
https://mega.nz/file/624GkSQT#SCcoM6-2MIiCEZpbsO32R0Py93Tuw3N_0eAh5IPE2Y0
https://mega.nz/file/W7xGmZAa#ogZWXZDfu7tryMv8-4VagjzwQHBTKLpqPKqJtDtDQrI
https://mega.nz/file/j6IS3YjC#ueQB-1HX7hWAThgb0hTi5bcpBj_jvrFQDR94G3zLB0g
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baixas doses de HgCly;

anti-inflamatorio

HCO pepsina 8h tecido adiposo 1g/kg/dia aqt10x1da’nt.e Rizzetti et al., 2022
anti-apoptotico
altas e baixas doses an:l;}[?;l(aiizﬁ;rlo
HCO pepsina 8h (AIC; lg/kg/dia Ydepésito de Al Martinez et al., 2022
1ntestino
altas e baixas doses \l/de;pqs tio Al
AICL: antioxidante
. . > 1g/kg/dia anti-inflamatorio Martinez et al., 2022
HCO pepsina 8h sistema reprodutor .
preserva células
(ratos) X
reprodutivas
Hipertensio anti-hipertensivo;
. (ratos DOCA-sal); . A ? Da Luz Abreu et al., 2022
HCO pepsina 8h aorta o MRA 1g/kg/dia antioxidante
altas doses de CdCI2 anti-hipertensivo;
. (pré-tratamento); 1g/kg/dia antioxidante; Piagette et al., 2023
HCO pepsina 8h MRA anti-inflamatorio

anti-apoptotico



https://mega.nz/file/vrwhnJJb#doF9cdl1xRQw6ybvPTLarrBL_wnxiIaihNxah3h6INI
https://mega.nz/file/ni5DAZZB#qqu3FhnX77-heHCXJUuWP3nXiYaLF6Qavls4Dy219LE
https://mega.nz/file/2iAlVRbT#nvoiIt8WToKP9xX9bMCAkniaVdxPR2QTZblWmyl1ETQ
https://mega.nz/file/H7phHQib#bb6_TJNy08xQMDwAhzc5YA1iu0J_cGRFiORq9srvAwQ
https://mega.nz/file/2q4lhR5a#Neu2vXR-CqBkF-kE8RI6lB5rjPfp8oJgi_rJcfL6ypI
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3. HIPOTESE

A administracdo dietética didria com um hidrolisado de clara de ovo obtido por
pepsina por 8h atenua os danos pressores e vasculares promovidos pela HA DOCA-sal.

4. OBJETIVOS

4.1 Objetivo geral:

Avaliar se o tratamento com um hidrolisado de clara de ovo previne os danos e
repercussdes pressoricas e disfuncdo endotelial e do tecido adiposo perivascular
mesentérico induzidas pela HA DOCA-sal.

4.2 Objetivos Especificos:

- Avaliar o efeito do tratamento com o HCO sobre os pardmetros pressoricos induzidos
pelo modelo DOCA-sal;

- Investigar a papel protetor vascular do HCO em artérias de condutancia e resisténcia em
modelo DOCA-sal e as vias implicadas;

- Verificar se 0 HCO interfere na disfuncdo do PVAT induzida pela HA maligna e quais
0s mecanismos envolvidos;

- Averiguar o papel do HCO na prote¢do vascular sobre os mecanismos de mediadores
disfuncionais de estresse oxidativo e inflamatorios na HA DOCA-sal;

- Explorar o envolvimento do sistema SRAA local nas alteracdes vasculares promovidas
pela HA DOCA-sal.
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Abstract: This study aimed to evaluate the potential for lowering blood pressure and beneficial
effects on mesenteric resistance arteries (MRA) and conductance vessels (aorta) produced by dietary
supplementation of an egg white hydrolysate (EWH) in rats with severe hypertension induced by
deoxycorticosterone plus salt treatment (DOCA-salt), as well as the underlying mechanisms involved.
The DOCA-salt model presented higher blood pressure, which was significantly reduced by EWH.
The impaired acetylcholine-induced relaxation and eNOS expression observed in MRA and aorta
from DOCA-salt rats was ameliorated by EWH. This effect on vessels (MRA and aorta) was related to
the antioxidant effect of EWH, since hydrolysate intake prevented the NF-kB/TNF« inflammatory
pathway and NADPH oxidase-induced reactive oxygen species (ROS) generation, as well as the
mitochondrial source of ROS in MRA. At the plasma level, EWH blocked the higher ROS and MDA
generation by DOCA-salt treatment, without altering the antioxidant marker. In conclusion, EWH
demonstrated an antihypertensive effect in a model of severe hypertension. This effect could be
related to its endothelium-dependent vasodilator properties mediated by an ameliorated vessel’s
redox imbalance and inflammatory state.

Keywords: egg white hydrolysate; hypertension; deoxycorticosterone acetate (DOCA)-salt; oxidative
stress; inflammation; mitochondria

1. Introduction

Hypertension is one of the most common chronic diseases worldwide. It is of mul-
tifactorial origin and results from a complex interaction between environmental (such
as dietary) and genetic factors [1-3]. Although a larger number of pharmacological and
non-pharmacological therapies are used, some patients are resistant to treatment, mainly
those who present severe hypertension [2,4]. Thus, more studies are necessary to improve
blood pressure control in hypertension. Interestingly, endothelial dysfunction is a hallmark
of hypertension, and the resistance and conductance arteries are crucial for the regulation
and maintenance of blood pressure [3]. In hypertension, oxidative stress is implicated in
vascular injuries [5-7], and the main vascular sources of oxidative stress are the excessive
production of superoxide anion (O, ) by NADPH oxidase, xanthine oxidase, mitochondria,
cyclooxygenase-2, and /or uncoupled nitric oxide (NO) synthase [6-8]. As a result of this
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oxidative stress, endothelium-dependent vasodilation is impaired, and vascular stiffness
and peripheral vascular resistance are increased, contributing to the development and
maintenance of arterial hypertension, leading to damage to end-organs [5,6,9].

Considering its complexity, hypertension is studied in different models of experimen-
tal rodents, including deoxycorticosterone acetate (DOCA)-salt hypertension, a volume-
dependent hypertension model that combines DOCA treatment, and high salt intake with
uninephrectomy. This model induces severe hypertension and impacts blood volume,
cardiac output, and peripheral vascular resistance; thus, it is a helpful model for studies on
resistant hypertension [7,10,11].

Non-pharmacological strategies to prevent or treat hypertension have gained atten-
tion. In this context, natural bioactive compounds from foods seem safe and low-cost
alternatives. Moreover, this strategy generally does not present side effects common in the
polytherapy usually used for the treatment of hypertension [4,12]. Among them, bioactive
peptides derived from food proteins with antihypertensive and antioxidant properties have
been reported to be successfully used to control hypertension and related disorders. In
previous works, enzymatic hydrolysis of egg white proteins with pepsin for eight hours
produced multifunctional peptides with angiotensin-converting enzyme (ACE) inhibitory
action and antioxidant, anti-inflammatory, and vasorelaxant activities [13-24]. A blood-
pressure-lowering effect related to ACE inhibition and antioxidant activity was also demon-
strated after short- and long-term administration of this hydrolysate on a genetic model
of hypertension—spontaneously hypertensive rats (SHR) [14,15]. However, the effect
and mechanisms of this functional food administration on blood pressure and vascular
dysfunction in the severe hypertension model have been little explored.

This study aimed to evaluate the potential antihypertensive and vasculoprotective
effects of dietary supplementation of an egg white hydrolysate (EWH) in DOCA-salt
hypertensive rats and the mechanisms involved.

2. Material and Methods
2.1. Egg White Hydrolysate Preparation

EWH was obtained by enzymatic hydrolysis of raw egg whites after treatment with
food-grade pepsin, as described previously by Garcés-Rimoén et al., 2016 [20]. For eight
hours, pasteurized egg white was hydrolyzed with pepsin BC 1:3000 (Biocatalyst, UK).
Enzyme inactivation was achieved by increasing the pH to 7.0 with NaOH (5 N). The
hydrolysate was centrifuged at 2500 x g for 15 min, and the supernatant was frozen and
lyophilized until used.

2.2. Animals and Treatment

Male Wistar rats (180-220 g) were obtained from the Central Animal Laboratory of
the Federal University of Pelotas (Rio Grande do Sul, Brazil). Animals were maintained at
standard conditions (constant room temperature, humidity, and 12:12 h light-dark) with
water and fed ad libitum in the Federal University of Pampa vivarium. The experimental
protocols were performed according to guidelines of the National Council of Ethics with
Animals (CONCEA) and National Institute of Health Guide for the Care and Use of
Laboratory Animals (NIH, 1996), and the Local Institution Animal Care and Use Committee
(protocol number 003 /2020).

Rats were submitted to the tail-cuff plethysmography to evaluate the systolic blood
pressure (SBP) levels before the uninephrectomy (time —1/week) and the induction of the
hypertensive model. Afterward, all animals were submitted for right kidney removal as
previously described [7]. Thus, the rats were anesthetized (64.9 mg/kg ketamine, 3.2 mg/kg
xylazine, and 0.78 mg/kg acepromazine, i.p.) and underwent a small incision in the right
flank for kidney removal. All animals received analgesia for 3 days post-surgery (Ketofen®
0.2 mg/kg, s.c.).

As observed in Figure 1, seven days after surgery (time 0), rats were randomly divided
into two groups: DOCA-salt and SHAM (Vehicle). Animals of the SHAM group received
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vehicle injections (1:1 mineral oil and propylene glycol) and drinking water. Animals of
the DOCA-salt group received subcutaneous injections of DOCA (Sigma Aldrich, Darm-
stadt, Germany) diluted in 1:1 mineral oil and propylene glycol at the sequential doses of
20 mg/kg in the first week, 12 mg/kg in the second and third week, and 6 mg/kg from
the fourth week to the eighth week of the experimental period, plus water supplemented
with 1.0% of NaCl and 0.2% of KCI [7]. In the last four weeks of the experimental period,
the groups were subdivided into animals treated with EWH diluted in water (1 g/kg/day,
by gavage) [21] or water, by gavage. Thus, the animals constituted 4 experimental groups:
SHAM, SHAM+EWH, DOCA, and DOCA+EWH.

| SHAM |
SHAM
mineral oil and propylene glycol + drinking water | SHAM+EWH (1g/kg/day) |
‘ | DOCA |
i :l DOCA
z/\;j NaCl 1% + KC10.2% in tap water ad libidum +~ DOCA | DOCA+EWH (1g/kg/day) |
ﬁ dTC?,';I;“_‘iZE)‘E'X“ DOCA DOCA DOCA DOCA DOCA DOCA DOCA
| | 20mgkg | '2meke  12mgke , 6mekg | 6mghe  Omeke  Gmgkg ) Omeke .
I T T T T T T T ] ] Time (weeks)
-1 0 1 2 3 4 5 6 7 8

SBP
measure
weekly

EWH treatment period

Figure 1. Schematic representation of experimental groups, DOCA-salt hypertension induction
model and EWH treatment period.

2.3. Systolic Blood Pressure Measurement

As described above, SBP was measured weekly using a standard non-invasive tail-cuff
plethysmography method (Pneumatic transducer, AD Instruments Pty Ltd., Bella Vista,
NSW, Australia) in conscious, restrained rats as described [25]. Briefly, rats were heated to
37 °C for 10 min to detect caudal artery pulsations. Afterward, the transducer was placed
on the tail, and the average of ten collected times of SBP was used. To ensure the reliability
of the measurements, all animals were previously acclimatized, and measurements were
made for the same person at the same time of day. The measurements were made weekly
in the following times: time —1 and 0, before, and 1 week after uninephrectomy; time 1 to
4,1 to 4 weeks after DOCA-salt or SHAM treatment; and time 4-8, after the co-treatment
with EWH or water (Figure 1).

2.4. Blood, Tissue Collection, and Mesenteric and Aorta Vascular Reactivity Experiments

At the end of the experimental period, animals were anesthetized (87 mg/kg ketamine,
and 13 mg/kg xylazine, i.p.) and euthanized. Blood samples, mesenteric resistance arteries
(MRA), and thoracic aorta were removed. Arteries were cleaned of connective tissue, and
some rings were inserted in a freezing medium (OCT) and frozen at —80 °C.

For vascular reactivity experiments, third order MRA (2 mm) and thoracic aorta (4 mm)
segments with (E+) and without endothelium (E-, mechanically removed) were mounted in
a wire myograph for small and larger vessels [26,27]. After 45 min of equilibration period
in gassed (95% O, and 5% CQO,) Krebs-Henseleit solution (in mM: 115 NaCl, 25 NaHCO;,
11.1 glucose, 4.7 KCl, 2.5 CaCl,, 1.2 MgSO4-7H,0, 1.2 KH, POy, and 0.01 Na, EDTA; pH 7.4,
37 °C), MRA were stretched to their optimal lumen diameter to develop active tension, and
aorta segments maintaining an optimal resting tension of 1.5 g. MRA diameter were similar
among groups (SHAM: 292.2 + 4.8 vs. SHAM+EWH: 291.1 + 8.4 vs. DOCA: 288.5 + 8.2
vs. DOCA+EWH: 291.1 &+ 4.5 pm, n = 10; Two-way ANOVA, p > 0.05).
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To verify the smooth muscle integrity and the maximal tension developed, MRA and
aorta segments were exposed twice to a high-potassium solution (KPSS-120 or 75 mM,
respectively). The vascular response to KPSS remained unaltered in MRA (SHAM: 4.0 + 0.1
vs. SHAM+EWH: 4.2 + 0.2 vs. DOCA: 4.0 = 0.1 vs. DOCA+EWH: 4.3 + 0.1 mN/mm,
n =10; Two-way ANOVA, p > 0.05) and in aorta (SHAM: 1.5 &+ 0.1 vs. SHAM+EWH:
1.4 + 0.1 vs. DOCA: 1.5 + 0.1 vs. DOCA+EWH: 1.7 + 0.1 g, n = 10; Two-way ANOVA,
p > 0.05) among groups.

After 60 min, the endothelium-dependent relaxation to acetylcholine (ACh-Sigma-
Aldrich, St. Louis, MO, USA) was assessed. MRA and aorta segments were pre-contracted
with «-adrenergic agonists (norepinephrine-NE and phenylephrine-Phe, respectively;
Sigma-Aldrich), in a concentration that produced tension close to 50% of those induced
by KPSS and a concentration-response curve to ACh (1 nM-1 mM) was performed. To
evaluate the endothelium-independent relaxation, concentration-response curves to NO
donor sodium nitroprusside (SNP, 0.1 nM-300 uM; Sigma-Aldrich) were performed in NE
or Phe pre-contracted segments.

To evaluate the participation of NO, reactive oxygen species (ROS), mitochondrial
superoxide anion production, NF-«B activity on ACh-induced relaxation, and some MRA
and/or aorta segments with intact endothelium (E+) were pre-incubated for 30 min with:
(1) Nw-nitro-L-arginine methyl ester (L-NAME, 100 uM; Cat. N° N5751—Sigma-Aldrich), a
non-selective NO synthase (NOS) inhibitor (only in the aorta); (ii) superoxide dismutase
(SOD, 750 U/mL; Cat. N° s5395—Sigma-Aldrich), superoxide anion scavenger; (iii) Mi-
toTEMPO (0.5 uM; Cat. N° SML0737—Sigma-Aldrich), specific scavenger of mitochondrial
O, 7; and (iv) BAY 117,082 (5 uM; Cat. N° B5556- Sigma-Aldrich) NF-«kB inhibitor (only in
MRA), respectively.

2.5. Determination of Oxidative Stress Biomarkers in Plasma, MRA, and Aorta

To evaluate the oxidative stress biomarkers in MRA and aorta, the vessels were
homogenized in Tris-HCI (50 mM, pH 7.4) and centrifuged at 2400 g for 10 min at 4 °C,
and the supernatant fraction was used.

Malondialdehyde levels (MDA), a measure of lipid peroxidation, were performed
using the colorimetric method. Briefly, thiobarbituric acid (TBA) 0.8%, acetic acid buffer
(pH 3.2) plus sodium dodecyl sulfate (SDS) 8% were added to the samples, and the color
reaction was measured against blanks (532 nm—SpectraMax M5 Molecular Devices, San
Jose, CA, USA). The results were expressed as nmol MDA /g tissue [28].

ROS levels [29] were determined by 2, 7’-dichlorofluorescein diacetate (DCF-DA)
using the spectrofluorometric method. Briefly, after being diluted (1:5 in Tris-HCI 50 mM;
pH 7.4), samples received 2’, 7'-dichlorofluorescein diacetate (DCF-DA, 1 mM; Cat. N°
6883—Sigma-Aldrich). The DCF fluorescence intensity emission represents the amount
of ROS formed (520 nm emission with 480 nm excitation for 60 min at 15 min intervals—
SpectraMax M5 Molecular Devices, San Jose, CA, USA). The ROS levels were expressed as
fluorescence units.

The total antioxidant capacity (FRAP) was measured by the Ferric Reducing/ Antioxidant
Power (FRAP) assay [30]. Briefly, the sample was added to FRAP reagent 10:1:1 [Sodium
acetate buffer—300 mM pH 3.6; 2,4,6-Tri(2-pyridyl)-s-triazine—- TPTZ—10 mM (Cat. N° 93285,
Sigma-Aldrich); Iron (III)—FeCl3—20 mM (Cat. N° 157740, Sigma-Aldrich)] and incubated at
37 °C for 10 min. The absorbance was read at 593 nm (SpectraMax M5 Molecular Devices,
San Jose, CA, USA). Data are expressed in reference to mM Trolox equivalents.

2.6. In Situ Detection of Vascular O~ Production in MRA and Aorta and NO Production in the Aorta

O, ™ production in situ in MRA and aorta was measured by dihydroethidium (DHE)
(Cat. N° D2310, Invitrogen Life Technologies, Waltham, MA, USA), as previously described
by Piech et al. (2003) [31]. To evaluate the source of the O, ™, mitochondrial and/or by the
antioxidant activity of superoxide dismutase (SOD), some sections were incubated with
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DHE plus Mito-Tempo a scavenger of mitochondrial superoxide anion (0.5 mM—Sigma
Aldrich) or MnTMPyP, a mimetic of SOD (25 uM; Cat. N ALX-430-07—Enzo Life Sciences,
Farmingdale, NY, USA), respectively. The mean fluorescence densities were calculated
using NIH Image] software V1.56 (National Institutes of Health, Bethesda, MD, USA) using
the same imaging settings in each case. The results are expressed as arbitrary units (AU) of
fluorescence intensity.

NO production was measured in the aorta sections using the NO-sensitive fluorescent
dye 4,5-diaminofluorescein diacetate (DAF-2; Cat. N° D225, Sigma Aldrich), according
to Couto et al. (2015) [32]. The aortic sections were equilibrated for 10 min in phosphate
buffer (0.1 mol/L, pH 7.4) that contained CaCl, (0.45 mmol/L). The fresh buffer that
contained DAF-2 (8 umol/L) was topically applied to each tissue section and incubated
in a light-protected humidified chamber at 37 °C. After 25 min of incubation, sections of
each artery were stimulated without (Basal) or with ACh (100 pmol/L) for 15 min. The
concentration of ACh used to evaluate the NO production in the aorta was selected based
on functional vascular experiments. The images were analyzed with Image ] software
using the integrative density of the fluorescence observed in the artery in relation to the
background staining in sections with and without Ach stimulation.

2.7. Immunofluorescence in MRA and Aorta

Arterial segments of MRA and aorta were prepared and analyzed according to Jimenez-
Altay6 et al. (2005) [33]. The primary antibodies used were against NOX1 (1:400; Cat.
2108601, Sigma Aldrich), eNOS (1:400; Cat. SAB4502615, Sigma Aldrich), NF-kB (1:400;
Cat. 4502615, Sigma Aldrich), and TNFa (1:400; Cat. 5700627, Sigma Aldrich). Alexa
488-conjugated goat anti-mouse immunoglobulin G [IgG]) was diluted at 1:400 (Cat. N°
A11001, Invitrogen Life Technologies). DAPI (1:500; Cat. MBD0015, Sigma Aldrich) to
stain nuclei was used. In the preparation of negative control sections, we omitted the
primary antibody. Images were acquired using an EVOS® Floid® Cell Imaging Station
(Life Technologies, Carlsbad, CA, USA). For quantification, sections with the same capture
parameters were analyzed. The mean fluorescence densities (histogram) using Image] were
calculated. Data are expressed as fluorescence intensity.

2.8. Statistical Analysis

Data are expressed as the mean + SEM. Vasodilator responses to ACh or SNP were
expressed as a percentage of relaxation of the pre-contraction induced by NE or Phe. Results
were analyzed using two-way ANOVA followed by a post hoc Bonferroni test (GraphPad
Prism 8 software, San Diego, CA, USA). Differences were considered statistically significant
with values of p < 0.05.

3. Results

SBP was similar among groups before starting the experimental period (Figure 2, time
—1), and the uninephrectomy did not alter this parameter (Figure 2, time 0). As expected,
DOCA-salt treatment progressively increased SBP from week 1 to week 4 (Figure 2, time 1-4).
After the 4th week of treatment, DOCA animals maintained high blood pressure levels as
compared to SHAM, but DOCA+EWH animals present lower SBP values than DOCA animals
(Figure 2, time 4-8). This reduction was 36% compared to the untreated DOCA group, without
reaching the SBP values of the SHAM group (Figure 2). SHAM+EWH animals maintained
blood pressure levels similar to those observed in SHAM animals (Figure 2).
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Figure 2. Effect of EWH on SBP in DOCA-salt hypertensive rats. SBP values of SHAM, SHAM+EWH,
DOCA, and DOCA+EWH groups, measured before and after nephrectomy (—1 and 0 weeks),
during DOCA-salt model induction (1 to 4th week), and during the maintenance of the DOCA-salt
hypertensive model co-treated or not with EWH (5th to 8th week). The EWH treatment started on
the 4th week after DOCA-salt or SHAM treatment (orange-marked line). Data are expressed as mean
+ SEM. The number of rats is indicated in parentheses. Two-way ANOVA followed by Bonferroni
post-test: p < 0.05 * vs. SHAM; # vs. DOCA.

—

The endothelium-dependent relaxation induced by ACh, in both arteries, was reduced
in the DOCA group as compared to SHAM (Figure 3A,B). EWH co-treatment improved
ACh-induced relaxation in MRA and aorta of DOCA animals and did not change it in
SHAM animals (Figure 3A,B). The SNP-induced relaxation was not altered in both vessels
among groups (Figure 3C,D).

The removal of the endothelium (E-) reduced the ACh-induced relaxation in MRA
and aorta of all groups as compared to the respective E+ segments (Figure 4). The role of
the endothelium in the relaxation response to ACh was strongly reduced in MRA and aorta
of DOCA animals compared to SHAM, whereas EWH co-treatment partially restores this
response in both arteries (Figure 4).

To investigate whether the ROS could be involved in the vascular protective action
induced by EWH, the participation of the O, at the cellular (SOD) or mitochondrial (Mito-
Tempo) level was investigated in both vessels (Figures 5 and 6). In MRA, SOD incubation
did not alter the relaxation induced by Ach in any group (Figure 5). However, Mito-Tempo
improved the Ach-induced relaxation in the DOCA group (Figure 6). Moreover, in the MRA
of SHAM, SHAM+EWH, and DOCA+EWH, Mito-Tempo did not change the ACh-induced
response (Figure 6). This finding demonstrated the pivotal role of mitochondrial ROS in
MRA endothelial dysfunction of the DOCA salt hypertensive model and the role of EWH in
restoring this oxidative status. On the other hand, in aorta segments, only SOD (Figure 5),
but not Mito-Tempo (Figure 6), was able to improve the ACh-induced relaxation in DOCA
group, suggesting a dysfunctional action of the SOD in the aorta of the DOCA group and
an antioxidant effect of EWH.
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Figure 3. Effect of EWH in endothelium-dependent and -independent relaxation of MRA and
aorta segments from DOCA-salt rats. Concentration-response curves to ACh (A,B) and SNP (C,D)
in MRA and aorta segments from SHAM, SHAM+EWH, DOCA, and DOCA+EWH groups. The
results are expressed (mean + SEM) as the percentage of relaxation responses in norepinephrine
or phenylephrine precontracted rings. The number of rats is indicated in parentheses. Two-way
ANOVA followed by Bonferroni post-test: p < 0.05 * vs. SHAM; # vs. DOCA.

To corroborate these findings, in situ vascular ROS detection was evaluated. In MRA
and aorta sections of the DOCA group, higher O, detection was observed, whereas EWH
co-treatment restored this detection towards SHAM levels (Figure 7). The incubation
of Mito-Tempo in MRA or MnTMPyP in aorta sections decreased the DHE fluorescence
intensity in DOCA group, without additional effect in the section of the DOCA+EWH
group (Figure 7). Interestingly, the NOX1 protein levels were increased in MRA and aorta
of DOCA rats, and the co-treatment with EWH, once again, reduced these levels towards

SHAM values (Figure 8).
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Figure 4. The role of endothelium on the effect of EWH in ACh-induced relaxation of MRA and aorta
segments from DOCA-salt rats. Concentration-response curve to ACh in the presence (E+) and absence
of endothelium (E—) in MRA (Upper graphics) and aorta (Bottom graphics) segments from rats SHAM,
SHAM+EWH, DOCA, and DOCA+EWH. The results are expressed (mean + SEM) as the percentage
of relaxation responses in norepinephrine or phenylephrine precontracted rings. The number of rats is
indicated in parentheses. Two-way ANOVA followed by Bonferroni post-test: p < 0.05 * vs. E+.



Antioxidants 2022, 11,1713

79

9 of 21

% Relaxation

% Relaxation

SHAM SHAM+EWH
0 0
g 2 . 20 c3
2 % 40 B
w40 R _
3 3 X
&’ 60 &’ 60 "L‘T
* 80 ® 80 o o
e E+(11) o E+(5) yw
1004 © SOD(11) 100 SOD (5) o
I T 1 L) ) 1 I ) 1 ] 1 1
-12 -10 -8 -6 4 -2 -12 -10 -8 -6 -4 -2
ACh (log M) ACh (log M)
DOCA DOCA+EWH
5 20 = . 204 B
T 404 =y 2 40+
s 5
& 601 & 60+
S ®
1. E+ (10) 8010 E+(10)
1004 = SOD (10) 100d 0 SOD (10)
T T T T T 1 r T T T T 1
42 0 8 6 4 2 42 40 -8 6 -4 2
ACh (log M) ACh (log M)
SHAM SHAM+EWH
0- . 0 o
20+ c 204
O
40 § 40-
60— S 60-
B
- so_
809e E+(11) o E®
1001 e SOD(7) 100d © SOD (4)
) T 1 T T 1 I T T T T 1
42 0 -8 % 4 2 42 40 8 % 4 2
ACh (log M) ACh (log M)
DOCA DOCA+EWH
0 0 :ibbs
20 o 204 =
2
40+ E 40—
60 S 60-
B
807w E+(10) 8010 E+(10)
100 ® SOD (8) 10047 SOD (8)
I ) 1 T 1 1 I ) 1 ) 1 1
42 10 -8 % 4 2 42 10 8 -6 -4 2
ACh (log M) ACh (log M)

Figure 5. The role of EWH in ROS-mediated ACh-induced relaxation in MRA and aorta of DOCA-salt

rats. Concentration-response curves to ACh

were obtained in MRA (Upper graphics) and aorta

(Bottom graphics) segments from rats from SHAM, SHAM+EWH, DOCA, and DOCA+EWH groups
before (E+) and after incubation with scavenger reactive oxygen species, the superoxide dismutase

(SOD, 750/mL). The results are expressed (mea
norepinephrine or phenylephrine precontract

n = SEM) as the percentage of relaxation responses in
ed rings. The number of animals in each group is in

parentheses. Two-way ANOVA followed by Bonferroni post-test: p < 0.05 * vs. E+.
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Figure 6. The role of EWH on mitochondrial ROS-mediated, ACh-induced relaxation in MRA and
aorta of DOCA-salt rats. Concentration-response curves to ACh were obtained in MRA (Upper
graphics) and aorta (Bottom graphics) segments from rats from SHAM, SHAM+EWH, DOCA, and
DOCA+EWH groups before (E+) and after incubation with specific scavenger of mitochondrial
superoxide, Mito-TEMPO (0.5 pmol/L). The results are expressed (mean = SEM) as the percentage of
relaxation responses in norepinephrine or phenylephrine precontracted rings. The number of animals
in each group is in parentheses. Two-way ANOVA followed by Bonferroni post-test: p < 0.05 * vs. E+.
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Figure 7. The role of EWH on O, production in MRA and aorta section of DOCA-salt rats. Typical
images of sensitive fluorescent dye Dihydroethidium (DHE) in the absence or presence of Mito-
TEMPO (0.5 pmol/L—third line panel A) or MnTMPyP (25 pM—third line panel B) in MRA and
aorta sections of SHAM, SHAM+EWH, DOCA, or DOCA+EWH rats. The basal images are the
negative control pictures without DHE. The histogram (a—MRA and b—Aorta) shows in white
bars the DHE fluorescence and in black bars the DHE fluorescence after Mito-TEMPO or MnTMPyP
incubation. The results are expressed as representative fluorescence intensity in arbitrary units. The
results are expressed as mean + SEM (n = 6). Two-way ANOVA followed by Bonferroni post-test:
p <0.05* vs. SHAM; # vs. DOCA.
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Figure 8. The role of EWH on NOXI expression in MRA and aorta section of DOCA-salt rats.
Representative photomicrographs (x40 magnification) and histogram of NOX1 immunofluorescence
in MRA and aortic sections of SHAM, SHAM+EWH, DOCA, and DOCA+EWH arteries. Data are
expressed as mean + SEM, n = 8. The images correspond to the merge of the marking of the colors
by the DAPI in blue and the NOX-1 in green. Two-way ANOVA followed by Bonferroni post-test:
p <0.05* vs. SHAM; # vs. DOCA.
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Vascular inflammatory mechanisms play an essential role in the development of
hypertension and oxidative stress [5]; thus, we investigated the expression of NF-kB and
TNFa in MRA and aorta segments. Higher NF-kB and TNF« protein levels were observed
in MRA and aorta of DOCA than in the SHAM group (Figure 9), and a significant reduction
was observed in arteries of DOCA co-treated with EWH (Figure 9). In addition, NF-kB
inhibitor BAY 117,082 enhances ACh-induced relaxation in MRA of DOCA group compared
to SHAM, but not in the SHAM, SHAM +EWH, and DOCA+EWH groups (Supplemental
Figure S1), suggesting a greater activation of NF-kB in MRA segments from DOCA-salt
animals that was restored by EWH co-treatment.
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Figure 9. The role of EWH on NF-kB and TNFa expression in MRA and aorta section of DOCA-
salt rats. Representative photomicrographs (x40 magnification) and histogram of NF-kB (left) and
TNF« (right) immunofluorescence of MRA and aorta sections of SHAM, SHAM+EWH, DOCA, and
DOCA+EWH arteries. Data are expressed as mean + SEM, n = 8. The images correspond to the
merge of the marking of the colors by the DAPI in blue and the NF-kB and TNF« in green. Two-way
ANOVA followed by Bonferroni post-test: p < 0.05 * vs. SHAM; # vs. DOCA.

Lipid peroxidation and ROS levels were increased in both plasma and arteries of
the DOCA group compared to SHAM, and the co-treatment with EWH restored those
parameters (Figure 10). However, DOCA-salt treatment or EWH co-treatment did not
change the antioxidant capacity in plasma or arteries (Figure 10). These results suggest a
redox imbalance in the DOCA group that was restored after EWH co-treatment.
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Figure 10. Effects of EWH on the oxidative stress (ROS and TBARS) and antioxidant (FRAP) capacity
in plasma, MRA, and aorta of DOCA-salt rats. ROS, TBARS, and FRAP values were assessed in
plasma, MRA, and aorta of SHAM, SHAM+EWH, DOCA, and DOCA+EWH rats. The results are
expressed as mean + SEM, and the number of animals is indicated as dots in the bars. Two-way
ANOVA followed by Bonferroni post-test: p < 0.05 * vs. SHAM; # vs. DOCA.

Additionally, the involvement of the NO pathway was also investigated. In aorta
segments, a reduced relaxation response to ACh was observed in all groups after the
non-selective NOS inhibition with L-NAME (Supplemental Figure S2). However, in the
DOCA group, the magnitude of the reduction was smaller compared to SHAM, and EWH
co-treatment improved it (Supplemental Figure S2). To corroborate these findings, we
observed a significant reduction in ACh-induced NO levels in aortic sections of the DOCA
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group as compared to SHAM and its recovery in the aortic section of EWH co-treated rats
(Supplemental Figure S3). In addition, the eNOS expression was lower in MRA and aorta of
the DOCA group than in SHAM; once again, EWH co-treatment restored eNOS expression
to SHAM levels (Figure 11).

eNOS - MRA eNOS - AORTA

SHAM

SHAM+EWH

DOCA

DOCA+EWH

o
-
o

Fluorescence Intensity (AU)
e o 9
T o F
H

2 08

4 @

2

Fluorescence Intensity (AU)

m

SHAM SHAM+EWH DOCA DOCA+EWH SHAM SHAM+EWH DOCA DOCA+EWH

0

-
°

Figure 11. The role of EWH on endothelial NO synthase (eNOS) expression in MRA and aorta section
of DOCA-salt rats. Representative photomicrographs (x40 magnification) and histogram of eNOS
immunofluorescence of MRA (left panels) and aortic (right panels) sections of SHAM, SHAM+EWH,
DOCA, and DOCA+EWH arteries. Data are expressed as mean + SEM, n = 8. The images correspond
to the merge of the marking of the colors by the DAPI in blue and the eNOS in green. Two-way
ANOVA followed by Bonferroni post-test: p < 0.05 * vs. SHAM,; # vs. DOCA.
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4. Discussion

Previously our group demonstrated that EWH has antihypertensive, vasorelaxant,
antioxidant, and anti-inflammatory properties, observed in a genetic model of hypertension
SHR and metals-induced hypertension [15,21-24]. In this work, for the first time, we
show a significant antihypertensive effect of EWH in a model of severe hypertension
induced by DOCA-salt treatment in uninephrectomized rats. The beneficial effects of EWH
supplementation are associated with local (mitochondrial) and systemic antioxidant effects
and anti-inflammatory action, through NF-kB and TNF« inhibition, which improves NO
bioavailability and endothelium-dependent relaxation in MRA and aorta.

The relationship between hypertension and redox imbalance has been demonstrated
in experimental rodent models and human hypertension [7,10,33,34]. Diets with high
antioxidant content may reduce blood pressure and cardiovascular complications. In
contrast, some randomized clinical and population studies have shown disappointing
results, in part associated with several specific points in the trial design or dosing regimens.
However, the potential pro-oxidant activity of antioxidants is a phenomenon that should
not be ignored [35]. Since antioxidant food compounds have different mechanisms of
action, such as activation of antioxidant enzymes, chelation of metals, blocking of lipid
peroxidation, or elimination of O, ~, therapeutic alternatives derived from them may be an
additional tool for controlling severe hypertension [4,12]. In this sense, bioactive peptides
released during food processing or after the digestion of food proteins, such as EWH,
can exert different powerful biological activities [16,36]. Specifically, it is well known
that peptides with antioxidant properties play a beneficial multifunctional role in the
cardiovascular system and blood pressure control [4,37].

The DOCA-salt model is recognized for inducing hypertension to malignant levels
and promoting vascular dysfunction, as observed in the animals in this study. Further-
more, this response was associated with an impaired synthesis or NO bioavailability and
increased myogenic tone, endothelin-1 activation, ROS production by NADPH oxidase,
cyclooxygenase-2, proinflammatory cytokines, NF-kB activation, and macrophage infil-
tration [7,10,38,39]. In addition, our study found increased ROS at systemic, cellular, and
mitochondrial levels, and NF-kB and TNF«x pro-inflammatory activation and reduced
eNOS expression in MRA and aorta. Altogether, these results strengthen the pivotal role
of vascular dysfunction in malignant hypertension and the end-organ damage observed
in DOCA-salt rats. In addition, the results reinforced this model as an important model
with which to study non-controlled and severe hypertension and revealed potential tools
to reverse this condition.

Daily doses of EWH after the onset of DOCA-salt hypertension prevented the increase
in SBP by 36% in this experimental model, as shown in Figure 2. The antihypertensive effect
of EWH was previously demonstrated. EWH supplementation reduced and prevented
the development of hypertension in SHR rats [14,15]. In addition, in animals exposed to
toxic metals such as mercury and aluminum, EWH can reduce blood pressure to control
levels. However, in this metal’s exposure models, the blood pressure levels were within
normal limits [21,23] or in stage 1 of hypertension [2,22]. Moreover, in rats exposed to
high concentrations of cadmium, which showed hypertension at high levels, EWH also
reversed high blood pressure levels towards those of the control animals [24]. An essential
point on which those results differ from those observed in the present study is that in
animals exposed to toxic metals, the treatment was performed as a preventive tool, during
the development of hypertension. By contrast, in the present study, the treatment was
performed as a therapeutic tool, when hypertension was established.

As we described above, hypertension in the DOCA-salt model impairs vasodilator
responses [7,10,40-42], and these vascular effects are strongly related to systemic and locally
promoted oxidative stress and inflammation [7,10,43]. However, until now, there have
been no studies in this model evaluating the effect of dietary EWH supplementation on
vascular damage. The direct vasorelaxant effect of EWH and its isolated bioactive peptides
were previously described in conductance and resistance arteries [15,16,19,21-24]. Fujita
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et al. (1995) isolated ovokinin peptide, whose amino acid sequence (Phe-Arg-Ala-Asp-His-
Pro-Phe-Leu) was also identified in this EWH. Ovokinin showed a significant vasorelaxant
response in the MRA of SHR rats [44]. Furthermore, other isolated peptide sequences
(RADHPFL, RADHP, YRGGLEPINF, RDILNQ) of EWH also showed vasodilator properties
in MRA, associated with increased NO synthesis, probably due to its amino acid composition
and mainly due to the N-terminal position of Arg or Tyr [19]. In the present study, the
improvement in ACh-induced endothelium-dependent relaxation in MRA and aorta of the
DOCA-salt rats supplemented with EWH was due to the increase in endothelial function,
as NO donor did not change its response among groups. The present results agree with
previous results using models of exposure to different metals, in which the protective effect
of EWH on the endothelium was observed in resistance and conductance vessels [21-24].

The bioavailability of NO is an important modulating factor of vascular vasodilator
responses [7,45]. The present results demonstrated that the lower eNOS expression ob-
served in MRA and aorta was restored towards the SHAM levels. In addition, using aorta
segments as a model that represents the pivotal role of NO for endothelium-dependent
relaxation, the present results also demonstrated that EWH supplementation in DOCA-salt
rats recovered the NO-dependent participation in the ACh-induced relaxation, suggesting
that EWH supplementation could improve NO bioavailability. Likewise, EWH restored
the decreased NO levels in the arteries of rats exposed to mercury [23], and this effect was
related to its capacity to increase NO release by enhancing eNOS activity [37]. Furthermore,
the relaxation promoted by the RADHPFL, a peptide included in EWH, was endothelium-
dependent and mediated by NO production via bradykinin B1 receptor activation [17]. In
SHR rats treated with ovotransferrin-derived peptide, one of the main proteins present in
raw egg white, NO levels were preserved in MRA [46].

NO bioavailability is the balance between NO synthesis and degradation. Thus, the
restored endothelial function induced by EWH supplementation in MRA and aorta of
DOCA-salt rats may be related to the antioxidant profile of EWH. This mechanism was
confirmed in the present study by the reduction of oxidative stress (MDA and ROS) pa-
rameters in plasma and arteries, and by functional and immunohistochemical data. The
antioxidant capacity of EWH and its bioactive peptides has been also previously described in
models of genetic obesity [47] and metabolic syndrome [48]. In those studies, the antioxidant
properties of EWH are related to some peptides, particularly by the Tyr-Ala-Glu-Glu-Arg-
Tyr-Pro-Ile-Leu (YAEERYPIL) sequence, which has high radical scavenging activity.

An important source of O, at the vascular level is the activation of the NADPH
oxidase enzyme, related to the increase of NOX1 expression and activation [7,49-51]. In
the present study, we observed that EWH was able to restore NOX-1 expression and O,
production in MRA and aorta of the DOCA-salt group. In line with these results, previously
we reported that EWH also prevents the increase in ROS arising from the activation of
NADPH oxidase and activation of NOX-1 and /or NOX-4 in animal exposure to heavy met-
als [21,22]. In the last two decades, the vital role of mitochondria in maintaining vascular
homeostasis and ROS production has been highlighted [52,53]. In addition, mitochondrial
O, generation promoted vascular dysfunction in resistance and conductance arteries of
the DOCA-salt model was described [8]. In part, that endothelial dysfunction is related
to depletion of Sirt3 (a protein essential for mitochondrial health) and mitochondrial ROS
generation [45]. In our study, MRA O, ™ generation was derived from two distinct sources,
NADPH oxidase and mitochondria, and Mito-Tempo incubation and EWH supplementa-
tion restored the in situ and ex vivo mitochondrial ROS production observed in DOCA-Salt
rats. Previously, EWH has described increasing mitochondrial DNA gene expression in
brown fat tissue in a metabolic syndrome model [54]. However, the present study is the
first that demonstrated EWH scavenging action on mitochondrial O, ™ generation in MRA;
by this mechanism, EWH contributes to the restoration of endothelial function.

Another important mechanism related to excessive ROS production in the DOCA-salt
model is the activation of transcription factors, which seems to be related to an inflamma-
tory response and endothelial dysfunction [4,15,49]. Moreover, TNF«x deficiency improved
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endothelial function and cardiovascular injury in hypertension [55]. Our study also demon-
strated that in MRA and aorta of DOCA-salt hypertensive rats, increased NF-kB and
TNFx expression by immunofluorescence and EWH supplementation restored the pro-
inflammatory markers towards SHAM levels. In addition, we also observed the restoration
of endothelial dysfunction in MRA of DOCA-salt rats by the blockage of NF-kB activation
and no additional effect in MRA of DOCA-salt rats supplemented with EWH. In vessels
exposed to metals, the anti-inflammatory role of EWH was previously described and re-
lated to cyclooxygenase-2 inhibition [21-24]. In addition, EWH was effective in reducing
the systemic plasma levels of TNFa in obese rats [20]. Thus, the present results also show
that by its anti-inflammatory effect and inhibition of NF-kB and TNFax expression, EWH
may improve endothelial dysfunction in arteries of DOCA-salt rats.

5. Conclusions

The EWH supplementation in DOCA-salt rats, when the hypertension was stabilized,
restored the mitochondrial and cellular ROS production, NF-kB activation, and TNF«x
pro-inflammatory levels, improving the eNOS expression and endothelial function in MRA
and aorta and reducing blood pressure levels. EWH could be used as a natural functional
food ingredient or as an adjuvant supplement in the treatment of vascular dysfunction
related to malignant hypertension.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/antiox11091713/s1, Figure S1: The role of EWH in NF-«kB-induced
impairment on acetylcholine (ACh) relaxation in MRA of DOCA-salt rats; Figure S2: The role of EWH
in NO-mediated acetylcholine (ACh)-induced relaxation in the aorta of DOCA-salt rats; Figure S3:
NO production is recovered by EWH treatment in aortic sections of DOCA-salt rats.
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Figure S1. The role of EWH in NF-kB-induced impairment on
acetylcholine (ACh) relaxation in MRA of DOCA-salt rats.
Concentration-response curves to ACh were obtained in MRA from rats
from SHAM, SHAM+EWH, DOCA, and DOCA+EWH groups before (E+)
and after incubation with NF-kB inhibitor (BAY 117082. 5 uM). The results
are expressed (mean + SEM) as the percentage of relaxation responses to
norepinephrine precontracted rings. The number of animals in each group
is in parentheses. Two-way ANOVA followed by Bonferroni post-test: p <
0.05 *vs. E+.
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Figure S2. The role of EWH in NO-mediated acetylcholine (ACh)-
induced relaxation in the aorta of DOCA-salt rats. Concentration-
response curves to ACh were obtained in the aorta of rats from SHAM,
SHAM+EWH, DOCA, and DOCA+EWH groups before (E+) and after
incubation with a non-selective inhibitor of NOS (L-NAME, 100 uM). The
results are expressed (mean + SEM) as the percentage of relaxation
responses to phenylephrine precontracted rings. The number of animals in
each group is in parentheses. Two-way ANOVA followed by Bonferroni
post-test: p < 0.05 *vs. E+.
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Figure S3: NO production is recovered by EWH treatment in aortic
sections of DOCA-salt rats. Representative fluorographs of transverse
sections of aorta loaded with DAF-2 in the absence (Basal, left panel) and
presence of ACh (100 umol/L, right panel) in SHAM, SHAM+EWH,
DOCA, and DOCA+EWH groups. Bar graphs show the quantified NO
production measured as DAF-2 fluorescence in sections of the aorta in
basal condition (white bar) and after ACh stimulation (black bar). The
values are presented as the mean + SEM. N=4. Significance was assessed
with a two-way ANOVA: p <0.05 *vs. basal condition, # vs. SHAM.
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Abstract

Background and Purpose. Perivascular adipose tissue (PVAT) regulates vascular tonus
with an anticontractile effect, which may be dysfunctional in hypertension. Our group
demonstrated that Egg White Hydrolysate (EWH), a therapeutic food, restores
endothelium dysfunction and reduces blood pressure levels in malignant hypertension.
We aimed to evaluate whether dietary supplementation with EWH interferes with the
PVAT function in the mesenteric resistance arteries (MRA) of DOCA-salt hypertensive
animals and the mechanisms involved. Experimental Approach. Male rats were divided
into 4 groups and treated for 8 weeks. For four weeks, DOCA-salt or vehicle-treated rats
(SHAM) were induced, and after that, the rats were co-treated with DOCA -salt or vehicle
plus EWH (1g/kg/day) for 4 weeks more. MRA and/or their PVAT (mPVAT) were used
for functional, molecular, and biochemical analysis. Results. The anticontractile effect of
mPVAT in response to norepinephrine (NE) was observed in MRA rings with PVAT as
compared to without PVAT of the SHAM group, while this effect was abolished in
DOCA-salt rings. The EWH treatment did not change the anticontractile effect of mPVAT
in SHAM and partially restored it in DOCA-salt rats. Acute aliskiren (I pmol/L)
incubation reduced NE-induced contraction only in MRA with PVAT of DOCA-salt rats.
EWH prevents overactivation of the renin levels and ACE activity in mPVAT of DOCA-
salt rats, while does not change AT1R and increases AT2R expression. In mPVAT, EWH
blocked the highest MDA, ROS (by NADPH oxidase), and pro-inflammatory cytokines
observed by DOCA-salt rats. Conclusion and Implications. EWH improved PVAT
dysfunction in MRA of severe hypertension. This effect is mediated by an ameliorated

redox balance, inflammatory state, and RAS axis.

Keywords: egg white hydrolysate, deoxycorticosterone acetate (DOCA)-salt;
perivascular adipose tissue; renin-angiotensin system.



101

Bullet point summary:

o DOCA-salt hypertension promotes loss of the anticontractile effect of mPVAT in
resistance arteries,

® Bioactive peptides derived from dietary proteins modulate the mPVAT renin-
angiotensin system;

o [unctional foods prevent the mPVAT damage caused by DOCA-salt hypertension.
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1 Introduction

Egg White Hydrolysate (EWH) dietary supplementation has a beneficial effect
linked to mitigating the detrimental endothelial and vascular injuries observed in obesity
(Garcés-Rimon et al., 2016; 2019), exposure to heavy metals (Rizzetti et al., 2017;
Martinez et al., 2019; Escobar et al., 2020; Moraes et al., 2022; Piagette et al., 2023) and
hypertension (Miguel et al., 2005; 2006; 2007a; Moraes et al., 2022; Abreu et al., 2022).
It is well known that EWH obtained by pepsin has antioxidant, anti-inflammatory,
vasorelaxant, and angiotensin-converting enzyme (ACE) inhibitory activities (Davalos et
al., 2004; Miguel et al., 2004; 2007a,b; Garcia-Redondo et al., 2010). However, there is
no data about the effect of EWH supplementation on the perivascular adipose tissue
(PVAT) anticontractile function.

In the past years, the pivotal role of the PVAT, the 4™ layer of the vessel, in the
control of the vascular tonus was described (Soltis and Cassis, 1991; Lohn et al. 2002).
Physiologically PVAT reduces smooth muscle cell contractility by the release of
vasoactive factors, such as adiponectin, leptin, hydrogen peroxide, hydrogen sulfide,
nitric oxide (NO), palmitic acid methyl ester, angiotensin 1-7, in conductance and
resistance arteries in rodent models as well as humans (Lohn et al. 2002;
Aghamohammadzadeh et al., 2013; Victorio et al., 2016; Araujo et al., 2015; Nobrega et
al., 2019; Saxton et al., 2022; Ahmed et al., 2023). In addition, it is also possible to
observe changes in noradrenaline uptake by PVAT, inducing a lower contractile response
in smooth muscle cells (Soltis and Cassis, 1991; Ayala-Lopez and Watts, 2017; Saxton
etal., 2019). Moreover, the reduction of anticontractile activity or the procontractile effect
of PVAT was described in cardiometabolic diseases (Aghamohammadzadeh et al., 2013;
Fontes et al., 2020; Victorio and Davel, 2020; Saxton et al., 2021; dos Reis et al., 2021;
2022; Ahmed et al. 2023).

In 2008, Galvez-Pietro et al. demonstrated for the first time a reduction in visceral
periadventitial fat mass and function in mesenteric resistance arteries of SHR, which
could be a causal factor for the development of hypertension. After this study, the
literature describes a lot of PVAT adjustments in hypertension, such as local
proinflammatory and prooxidant states, and reduced relaxing factors derived from
adipocytes, such as leptin, hydrogen sulfide, and palmitic acid methyl ester (Lee et al.,
2011; Galvez-Prieto et al., 2012; Zou et al., 2016; Liu et al., 2020; Golas et al., 2022). In

addition, changes in the function and phenotype of PVAT were also observed in
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angiotensin II-induced hypertension and in the malignant deoxycorticosterone salt
(DOCA-salt) hypertension model (Ruan et al., 2015; 2017; Pearson et al., 2023).

Although diagnosis and control of hypertension are complex, several drugs have
been developed to treat this disease, but side effects are frequently associated with
antihypertensive drug therapy (Pagliaro et al., 2016). For this reason, recent efforts have
focused on functional dietary supplements as alternative therapies. In this sense, using
functional foods as an adjuvant therapy could be helpful as a therapeutic strategy to
minimize PVAT dysfunction associated with hypertension.

Therefore, regarding the role of PVAT on vascular tonus control and its
dysfunction in hypertension, and the beneficial endothelial and blood pressure effects
induced by EWH supplementation in cardiovascular disease, the purpose of this study
was to investigate whether EWH dietary supplementation ameliorates the anticontractile

effect of PVAT on resistance arteries of DOCA-salt hypertensive rats.

2 Methods
2.1 Egg White Hydrolysate Preparation

EWH was prepared from pasteurized egg white by enzymatic hydrolysis with pepsin
for 8 h, as described by Garcés-Rimon et al. (2016). Briefly, the commercial pasteurized
egg white was hydrolyzed for 8 hours with B.C. Pepsin BC 1:3000 (E.C. 3.4.23.1; from
pork stomach, E:S: 2:100 w-w, pH 2.0, 38 °C), purchased from Biocatalysts (Cardiff,
United Kingdom). After, hydrolysis, enzyme inactivation was achieved by increasing the
pH to 7.0 with NaOH (5 N), the product was centrifuged at 2500% g for 15 min, and the
supernatant was frozen and lyophilized until used. Then, for treatment, the product was
resuspended in water and administered by gavage. The peptide profile and some of
bioactive sequences previously identified in EWH (FRADHPFL, RADHPFL,
YAEERYPIL, YRGGLEPINF, ESIINF, RDILNQ, IVF, YQIGL, SALAM) were
checked in hydrolysates by reverse-phase liquid chromatography-mass spectrometry

(RP-HPLC-MS/MS) (Miguel et al., 2004).

2.2 Animal and Experimental Design
Male Wistar rats (7 weeks old, 180-220 g) were obtained from the Central Animal
Laboratory of the Federal University of Pelotas (Rio Grande do Sul, Brazil). Animals

were housed under standard conditions (constant room temperature, humidity, and 12:12
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h light-dark) with water and food ad libitum in the Federal University of Pampa vivarium.
The experimental protocol followed the National Council of Ethics with Animals
(CONCEA) and the National Institute of Health Guide for the Care and Use of Laboratory
Animals (NIH, 1996). This work was approved by the local Institution Animal Care and
Use Committee (protocol number 003/2020).

DOCA-salt hypertension model (DOCA) and sham-operated rats (SHAM) were
induced as previously described (Wenceslau and Rossoni, 2014). In the last four weeks
of the experimental period, the groups were divided into two subgroups treated or not
with EWH, the animals SHAM/EWH and DOCA/EWH received EWH (1 g/kg/day, by
gavage) and the control groups (SHAM and DOCA) received water by gavage (Abreu et
al., 2022).

Systolic blood pressure (SBP) was measured weekly using a standard non-invasive
tail-cuff plethysmography method (Pneumatic transducer, AD Instruments Pty Ltd., Bella
Vista, NSW, Australia) in conscious, restrained rats (Abreu et al., 2022).

After 8 weeks, animals were anesthetized with a mixture of ketamine and xylazine
(87 mg/kg and 13 mg/kg, i.p.) and euthanized. The mesentery was carefully removed and
immediately placed in ice Krebs-Henseleit Buffer (KHB - 115 NaCl, 25 NaHCOs, 11.1
glucose, 4.7 KCl, 2.5 CaCl,, 1.2 MgS04-7H20, 1.2 KH2POy4, and 0.01 Na;EDTA, pH
7.4). The third-order segment of the mesenteric resistance arteries (MRA) was dissected
with PVAT preserved (PVAT+) or cleaned (PVAT-). Both samples were placed in an
organ bath for vascular reactivity analysis or inserted in a freezing medium (OCT) and
frozen at —80 °C for immunohistochemical analysis. In addition, the MRA PVAT

(mPVAT) was dissected and frozen at —80 °C for biochemistry analysis.

2.3 Vascular Reactivity Experiments

PVAT+ and PVAT- MRA rings (artery length - 2 mm) were mounted in a wire
myograph (Model 610M, DMT A/S, Aarhus NA, Denmark), equilibrated for 30 min
(KHB, pH 7.4 at 37 °C) and normalized to passive force. To assess the viability, the rings
were contracted with a high-potassium solution (KPSS-120 mmol/L). The maximum
tension developed by KPSS, and the internal diameter of the vascular rings did not differ
among groups regardless of PVAT (Supplementary Table 1).

After a period of rest (30 min), the cumulative concentration-response curve to NE
(10 nmol/L—1 mmol/L) was performed to evaluate the anticontractile effect of PVAT. In

some rings, the renin inhibitor aliskiren hemifumarate (1 umol/L - Cat. n® SML 2077,
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Sigma Aldrich) was added to the bath 30 min before to perform NE-induced
concentration-response curve. The contraction response induced by NE was expressed as

mN/mm.

2.4 Analysis of Oxidative Stress Biomarkers

To evaluate the oxidative stress biomarkers in mPVAT, the tissue was homogenized
in Tris-HCI (50 mmol/L, pH 7.4), centrifuged at 2500x g for 10 min at 4°C, and the
supernatant fraction was used.

Lipid Peroxidation was determined as malondialdehyde levels (MDA) using the
colorimetric method (Ohkawa et al., 1979). The fluorescent complex generated was
measured against blanks at 532 nm (SpectraMax M5 Molecular Devices, San Jose, CA,
USA). The results were expressed as nmol MDA/g tissue.

The levels of reactive oxygen species (ROS) were determined using the
spectrofluorometric method (Loetchutinat et al., 2005). The levels of ROS are based on
fluorescent 2°7’°- dichlorofluorescein (DCF) formed by the hydrolysis of 2/, 7'-
dichlorofluorescein diacetate (DCFH-DA) added to the medium measured at 520 nm
emission with 480 nm excitation (SpectraMax M5 Molecular Devices, San Jose, CA,
USA). The A value at 45 minutes was used. ROS levels were expressed as arbitrary
fluorescent units (FU).

The total antioxidant capacity (FRAP) was measured by assay according to Benzie
& Strain (1996). The total antioxidant capacity is based on ferric chloride reduction,
whose absorbance was read at 593 nm (SpectraMax M5 Molecular Devices, San Jose,

CA, USA). Data were expressed in mM Trolox equivalents.

2.5 Immunohistochemistry Analysis

Immunohistochemistry (IHC) was investigated in the slices of MRA plus PVAT using
the following antibodies: CD163 (1:750, Cat. n® MCA 342GA, Bio RAD), AT2R (1:300),
ATIR (1:100), TNF-alfa (1:150), Renin (1:200) and NOX-1 (1:500): [Cat. n® A3654;
Cat. n° A19650; Cat. n® A11534; Cat. n° A1585 and Cat. n° A11966, ABclonal,
respectively]. IHC analyses were performed using 5 pm sections of formaldehyde-fixed,
paraffin-embedded tissue blocks. Antigen retrieval was done by heating the slides in 10
mmol/L citrate buffer for 30 min at 95 °C. Thereafter, sections were incubated for 10 min
in 3% (vol/vol) in hydrogen peroxide to inhibit endogenous peroxidase activity and

blocked with normal horse serum (Vector Laboratories Inc., Burlingame, Burlingame,
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CA, USA for 20 min. After endogenous peroxidase-blocking were permeabilized with
PBS phosphate-buffered saline (PBS) with 0.05% Tween 20 (Calbiochem, Darmstadt,
Germany) for 30 minutes at room temperature. Primary antibodies were diluted in PBS
plus Tween 20 and were incubated at 4°C overnight. The peroxidase kit InmPRESS®
HRP Universal (Vector Laboratories Inc., Burlingame, Burlingame, CA, USA; horse
anti-rabbit IgG plus polymer kit or horse anti-mouse [gG PLUS polymer kit) was used as
a secondary antibody. The HRP colorimetric substrate TMB (Vector Laboratories Inc.,
Burlingame, Burlingame, CA, USA) was used for visualization. Sections were
counterstained with hematoxylin, dehydrated, and mounted. IHC-stained slides were
visualized and scanned on a Leica (Germany) DFC 7000 T microscope at 20 X

magnification. The quantified was made using Image J Fiji software version 2.1.0/1.53c.

2.6 Interleukin-6 and 1-f levels

The levels of interleukins IL-6 and IL-1 f in MRA plus PVAT were measured using
the kit to analyze IL-6 (Cat. n° RAB 0312, Sigma-Aldrich, Sdo Paulo, Brazil) and IL-1f
(Cat n° RAB 0278, Sigma-Aldrich, Sao Paulo, Brazil) according to the manufacturer's

instructions. The results were expressed in pg/mL.

2.7 Angiotensin I Converting Enzyme (ACE) Activity

The ACE activity was measured in mPVAT by the fluorometric method using an
assay kit (Cat. n°® CS0002, Sigma-Aldrich, Sao Paulo, Brazil). The assay is based on the
cleavage of a synthetic fluorogenic peptide at 37 °C. The measured fluorescence is
directly proportional to the ACE activity with 320 nm excitation and 405 nm emission.

The results were expressed in nmol/min per g tissue.

2.8 Statistical Analysis

Data are expressed as mean + standard error of the mean (S.E.M.). We applied the
ROUT method to identify and remove outliers, followed by a Shapiro-Wilk test to check
the normality of the population data. After that, results were analyzed using three- or two-
way ANOVA followed by a post hoc Bonferroni test (GraphPad Prism 8 software, San
Diego, CA, USA). We considered p < 0.05 as statistically significant.

3 Results
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As previously published by our group (Wenceslau and Rossoni, 2014; Abreu et al.,
2022), since the first week of DOCA-salt treatment, the animals showed a significant
increase in SBP compared to SHAM, and after the 4™ week of treatment, the elevated
SBP levels stabilized in this group (Supplementary Figure 1). In addition, as demonstrated
by Abreu et al. (2022), the SBP levels were reduced in DOCA-salt rats supplemented
with EWH (DOCA/EWH group), but not normalized to SHAM levels (Supplementary
Figure).

3.1 Effect of EWH on the anticontractile action of PVAT in MRA of DOCA-salt rats

The contraction induced by NE was lower in the PVAT+ MRA rings of SHAM and
SHAM/EWH groups compared to their PVAT- MRA rings (Figure 1A, C). These results
reinforce the anticontractile effect of mPVAT of the SHAM group and show that EWH
dietary supplementation does not change this effect. Nevertheless, in MRA rings of
DOCA-salt rats, the anticontractile effect of mPVAT was abolished (Figure 1B, C).
Notably, in MRA rings of the DOCA/EWH group, the anticontractile capacity of mPVAT
was observed (Figure 1B, C). These results suggest that EWH was able to ameliorate the
impaired anticontractile effect of mPVAT in MRA of DOCA-salt hypertensive rats.

In MRA rings without or with PVAT, we observed an increase in the maximal
response to NE in the DOCA compared to the SHAM group (Figure 1C), without changes
in the sensitivity to NE (Figure 1D).

To analyze the involvement of RAS in the impaired anticontractile effect of mPVAT
in DOCA-salt rats and the beneficial effect of EWH dietary supplementation, PVAT+
MRA were pre-incubated, for 30 min, with aliskiren. In PVAT+ MRA, aliskiren
significantly reduced NE-induced contraction only in rings of the DOCA group (Figure
2C). Indicating the participation of renin/prorenin receptor in the impaired anticontractile
effect of mPVAT in DOCA-salt rats. In addition, there are no changes in NE response in
the presence of aliskiren in PVAT+ MRA of SHAM (Figure 2A), SHAM/EWH (Figure
2B), or DOCA/EWH (Figure 2D) groups.

3.2 Immunohistochemical evaluation of RAS components in PVAT of MRA.

Renin levels (Figure 3A) and ACE activity (Figure 3D) were higher in the mPVAT
of DOCA-salt than in the SHAM rats, while EWH supplementation restored both
parameters towards the SHAM levels. Neither hypertension nor EWH changed AT1R
expression in mPVAT (Figure 3B). However, AT2R expression was higher in the



108

mPVAT of the DOCA group as compared to SHAM, and the DOCA/EWH promoted an
additional enhancement in the expression (Figure 3C). EWH dietary supplementation did

not change these parameters in the SHAM group (Figure 3).

3.3 Immunohistochemical evaluation of the pro-oxidant and pro-inflammatory factors
in mPVAT

The higher NOX-1, CD163, TNF-a, IL-6, and IL-1p levels observed in mPVAT of
the DOCA-salt rats were reduced by the EWH supplementation (Figure 4). EWH dietary
supplementation did not change these levels in the SHAM group (Figure 4).

3.4  Parameters of oxidative stress in mPVAT

mPVAT of the DOCA group presented an increment in MDA and ROS levels
compared to the SHAM, and DOCA/EWH significantly reduced these levels (Figure 5A,
B). Moreover, the total antioxidant capacity (FRAP) was increased in the mPVAT of the
DOCA group when compared to SHAM, and DOCA/EWH restored the antioxidant
capacity to SHAM levels (Figure 5C).

4 Discussion

Recently, our group demonstrated that EWH supplementation significantly
reduced blood pressure in DOCA-salt hypertensive rats, as reinforced in the present study,
as well as improved endothelium-dependent vasodilation through its antioxidant and anti-
inflammatory action in conductance and resistance arteries (Abreu et al., 2022). The
present results add a new piece to this scenario, demonstrating for the first time that EWH
dietary supplementation in resistance arteries of DOCA-salt rats was able to ameliorate
the impaired anticontractile effect of mPVAT. This effect was associated with an
inhibition of local RAS, associated with an anti-inflammatory and antioxidative effect of
EWH.

As described in the introduction section, the phenotype and anticontractile
function of PVAT are reduced or reverted to procontractile function in cardiometabolic
diseases, such as hypertension (Aghamohammadzadeh et al., 2013; Saxton et al., 2021;
Fontes et al., 2020; Victorio and Davel, 2020; dos Reis et al., 2021; 2022; Ahmed et al.
2023). In the present study, for the first time, we demonstrated an abolishment of the

anticontractile effect of mPVAT in response to noradrenaline in MRA of DOCA -salt rats.
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In the DOCA-salt hypertension model, the PVAT is less studied and there is no data about
the role of PVAT in response to agonist-induced contraction. However, the present results
agree with the literature, where PVAT was described as dysfunctional in response to
several agonists-induced contractions in other hypertensive models (Galvez-Prieto et al.,
2008; 2012; Lee et al., 2011; Liu et al., 2020; Golas et al., 2022; Pearson et al., 2023).

Interestingly, the EWH dietary supplementation was able to ameliorate the
anticontractile function of mPVAT in MRA of DOCA-salt rats but did not restore this
response to SHAM levels. In addition, the mPVAT anticontractile response was not
modified by EWH supplementation in SHAM animals. This point is very interesting,
because, like other studies, EWH did not interfere with the vessel reactivity in healthy
animals but ameliorated the vascular and endothelial dysfunction in pathological
conditions (Rizzetti et al., 2017; Martinez et al., 2019a; Escobar et al., 2020; Moraes et
al., 2022; Piagette et al., 2023). To our knowledge, the present work is the first one to
study the beneficial effect of EWH on PVAT function.

Previously, our group demonstrated that EWH in vitro has ACE inhibitory activity
(Miguel et al., 2004). At physiological conditions, RAS components are expressed in the
PVAT of the aorta and MRA (Cassis et al., 1988; Galvez-Pietro et al., 2008; Cassis et al.,
2008; Fontes et al., 2020); and angiotensin 1-7 is considered one putative vasodilator
factor that is released from PVAT (Nobrega et al., 2019; Barp et al., 2021). Reinforce
these results, in the present manuscript, using immunohistochemistry assay, we detect
renin, ATIR, and AT2R expression in mPVAT of Wistar rats. Our results also
demonstrated ACE activity in mPVAT at the physiological level. Furthermore,
angiotensin I and angiotensin II levels were detected in mPVAT (Galvez-Pietro et al.,
2008). On the other hand, PVAT dysfunction involves changes in the release of
vasodilator factors, as well as alterations in RAS signaling, with an increment in
angiotensin II action (Cassis et al., 2008; Sakaue et al., 2017; Fontes et al., 2020; Victorio
and Davel, 2020; Barp et al., 2021; dos Reis et al., 2021; 2022). However, the specific
role of the RAS in mPVAT of DOCA-salt rats remains to be elucidated.

Our results demonstrate a higher expression of renin and AT2R in mPVAT of
DOCA-salt hypertensive than normotensive rats, while no changes in AT1R levels were
detected. In addition, an increment in ACE activity was observed in the mPVAT of this
hypertensive model. The blockade of (pro) renin receptor with aliskiren reduced
noradrenaline-induced contraction only in PVAT+ MRA of DOCA-salt rats, suggesting
that the activation of this pathway in mPVAT of DOCA-salt rats is involved in PVAT
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dysfunction. However, we do not perform experiments analyzing whether ATIR or
AT2R are also involved in the reduced anticontractile effect of PVAT in DOCA -salt rats.
It is well known that alterations in angiotensin II/AT1R or AT2R signaling are involved
in PVAT dysfunction in cardiometabolic diseases (Cassis et al., 2008; Sakaue et al., 2017;
Fontes et al., 2020; Barp et al., 2021; dos Reis et al., 2021; 2022). In addition, we cannot
define the angiotensin II/AT2R axis as a protective pathway in PVAT of cardiovascular
diseases. In heart failure, for example, the activation of AT2R induces a procontractile
function in aortic rings with PVAT, in the same way as the ATIR activation (Fontes et
al., 2020). Thus, with our results, it is impossible to conclude if the enhancement in AT2R
in mPVAT of DOCA-salt animals is an adjustment to reduce the PVAT dysfunction or
an additional mechanism to induce it. This is a limitation of our study and further studies
need to be performed to answer this point.

In the present study, we also analyzed whether EWH dietary supplementation
could improve the anticontractile effect of mPVAT through its RAS inhibitory activity.
It is well known that ACE activity was inhibited in the aorta and kidney of SHR
supplemented with EWH (Miguel et al., 2007). In addition, systemic and local ACE
inhibition was also found in the aorta and MRA of metal-exposure animals (Rizzetti et
al., 2017; Moraes et al., 2022). In line with those results, EWH was able to restore the
higher renin expression and ACE activity in mPVAT of DOCA-salt rats to SHAM levels;
and aliskiren did not modify noradrenaline-induced contraction in PVAT+ MRA of
DOCA-salt/ EWH group. Remarkably, an additional increment in AT2R levels in
mPVAT of DOCA-salt supplemented with EWH was observed. Taken together, these
results reinforce the role of EWH as a RAS inhibitor in mPVAT of DOCA-salt
hypertensive animals.

EWH, curcumin, and other food protein-derived peptides showed a beneficial
effect on endothelial function mediated by increased NO bioavailability, reduced
oxidative stress, and anti-inflammatory activity in human and rodent models (Majumder
et al., 2013; Garcia-Tejedor et al., 2017; Santos-Parker et al., 2017; Abreu et al., 2022).
In line with those results on endothelial cells, in the mPVAT of DOCA-salt hypertensive
rats, EWH restores oxidative stress, NOX-1 levels, and pro-inflammatory status.
Interestingly, in the present study, we demonstrated that antioxidant capacity is enhanced
in mPVAT of DOCA-salt rats. In addition, EWH supplementation restores the mPVAT
antioxidant capacity towards SHAM levels, as well as oxidative stress. Altogether these

results suggest a counterregulatory mechanism against oxidative stress in mPVAT of
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DOCA-salt rats, which was restored by EWH supplementation through its antioxidant
activity. The present data agrees with our previous results showing that EWH
supplementation in heavy metals exposure rats prevented the activation of NADPH
oxidase and improved the activity of the antioxidant enzymes, such as superoxide
dismutase (SOD) and glutathione peroxidase (GPx), restoring the oxidative status
(Rizzetti et al., 2017; Martinez et al., 2019; Moraes et al., 2022).

The progression of hypertension is also related to immune responses in adipose
tissue and is correlated with inflammation (De Marco et al., 2014; Nosalski and Guzik,
2017; Nosalski et al., 2020). In addition, it has been demonstrated that complement-
mediated macrophage polarization in mPVAT of DOCA-salt mice, shifts macrophage
polarization to M1 (pro-inflammatory) and is associated with vascular and adventitial
remodeling (Ruan et al., 2015). Those authors observed an interplay between
macrophages and adipocytes in PVAT facilitated by complement-mediated macrophage
activation and inflammatory factor secretion to induce lower adiponectin mRNA and
expression by stimulating macrophage-derived TNF-a (Ruan et al., 2017). In our study,
expression of CD163+ cells, TNF-a, and levels of interleukins IL-6 and IL-1p in mPVAT
was increased in DOCA-salt rats, and significantly reduced EWH by treatment,
evidencing the anti-inflammatory capacity of this functional food. In line with the present
results obtained in mPVAT, it is important to highlight an important anti-inflammatory
capability of EWH at the systemic and local levels (Garcés-Rimon et al., 2016).

In conclusion, our results suggest that EWH dietary supplementation blocked the
RAS activation in the mPVAT and ameliorated its anticontractile function in the MRA of
DOCA-salt rats. EWH also suppressed TNF-a and interleukin levels, as well as oxidative
stress in mPVAT of DOCA-salt rats, acting as an antioxidant and anti-inflammatory
dietary food. Our results suggest that targeting these signaling pathways EWH may
protect mPVAT against hypertension-related vascular disease and could be an adjuvant

food to mitigate cardiovascular risk in the malignant hypertensive.
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Figure 1 - Concentration-response curves to norepinephrine (NE) in mesenteric resistance
artery (MRA) ring in the presence (PVAT+) and absence (PVAT-) of perivascular
adipose tissue from animals SHAM and SHAM/EWH (A) and DOCA and DOCA/EWH
(B). The bar graph in C represents the comparison of the maximal response of the curves
(Emax) of all groups in the absence (PVAT —) and presence (PVAT+) of PVAT. The
sensibility of the concentration-response curve of NE (Log EC50) is represented in graph
D in the same conditions. Data are presented as mean = SEM. The number of animals per
group is indicated in parentheses in the figure. The statistical analysis was assessed by
three-way ANOVA; #p<0.05 vs. PVAT-; & p < 0.05 vs. DOCA; *p<0.05 vs. SHAM.



119

Figure 2
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Figure 2 - Effect of Aliskiren (1 pmol/L) on concentration-response curves to
norepinephrine (NE) in mesenteric resistance artery (MRA) ring with functional
endothelium in the presence of perivascular adipose tissue (PVAT+) from animals SHAM
(A), SHAM/EWH (B), DOCA (C) and DOCA/EWH (D). Data are presented as mean =+
SEM. The number of animals per group is indicated in parentheses in the figure. The
statistical analysis was assessed by two-way ANOVA; @ p<0.05 vs. without ALISQ.
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Figure 3 - Effects of treatment with Egg Hydrolysate White (EWH) on components of the
renin-angiotensin system (RAS) in SHAM, SHAM/EWH, DOCA, and DOCA/EWH
mPVAT. The presence of renin (A), ATRI (B), and ATR2 (C) was indicated in
photomicrographs positively are indicated with arrows on the panels. Digital images were
captured using the 20x objective. The scale bar represents S0 um. The bar graph in figure
D represents the angiotensin 1 converting enzyme (ACE) activity in the mPVAT in all
experimental groups. Data are presented as mean = SEM. The number of animals per
group is indicated in the symbol of the figure. The statistical analysis was assessed by
two-way ANOVA; *p<0.05 vs. SHAM; #p<0.05 vs. DOCA.
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Figure 4
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Figure 4 - Effects of treatment with Egg Hydrolysate White (EWH) on the NADPH
oxidase enzyme complex (NOX-1), the number of macrophages (CD163+ cells), TNF-a
production, and IL-6 and IL-1f levels in mPVAT. The presence of NOX-1, CD163, and
TNF-o was assessed using an immunohistochemical assay represented by
photomicrographs positive are indicated with arrows on the panels A, B and C,
respectively. Digital images were captured using the 20x objective. The scale bar
represents 50 um. The bar graph in figures (D) and (E) represents IL-6 and IL-1P levels
in the PVATm. Data are presented as mean £ SEM. The number of animals per group is
indicated in symbols of the figure. The statistical analysis was assessed by two-way
ANOVA; *p<0.05 vs. SHAM; #p<0.05 vs. DOCA.
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Figure S - Effects of treatment with Egg Hydrolysate White (EWH) at MDA (A), ROS
(B), Total Antioxidant Capacity (C) levels on mPVAT of SHAM, SHAM/EWH, DOCA,
and DOCA/EWH groups. Data are presented as mean + SEM. The number of rats is
indicated in the bars. The statistical analysis was assessed by two-way ANOVA; *p<0.05
vs. SHAM; #p<0.05 vs. DOCA.
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Supplementary Figure 1
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Supplementary Figure 1 - Systolic blood pressure (SBP) values in SHAM,
SHAM/EWH, DOCA, and DOCA/EWH rats. SBP before nephrectomy (-1 week),
baseline after nephrectomy and DOCA-salt treatment (0 week), and egg hydrolysate
white (EWH) dietary supplementation started in dot line (4" week of DOCA-salt
treatment). The number of animals per group is indicated in the figure. The statistical
analysis was assessed by three-way ANOVA " p<0.05 vs. SHAM; # p<0.05 vs. DOCA.
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Table 1 — supplementary

Table 1 — Contractile response to high-potassium solution (KPSS) and the internal
diameter of the mesenteric resistance arteries with (PVAT+) or without (PVAT-)
perivascular adipose tissue (PVAT) of the SHAM, SHAM/EWH, DOCA, and
DOCA/EWH rats.

KPSS-induced contraction

SHAM SHAM+EWH DOCA DOCA+EWH
PVAT - 443+03 (14) 4.40+0.2 (14) 4784023 (15) 438+0.4 (15)
PVAT + 424+02(12) 47203 (11) 4.16+0.3 (14) 4.44+0.2(14)

Internal diameter

PVAT - 283.53 +11.8 (14) 27420 £ 13.7 (14) 262.88 +10.6 (15) 273.91+10.8 (15)

PVAT + 270.59 £ 6.73 (12) 276.52 £15.3 (11) 260.28 + 11.2 (14) 267.12+£72 (14)

Data are mean = SEM. The number of animals per group is indicated in parentheses. The statistical analysis
was assessed by two-way ANOVA; *p<0.05 vs. SHAM; # p<0.05 vs. DOCA.
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4 CONCLUSOES

Os resultados apresentados nesta tese demonstram que o uso dietético com o HCO
promoveu reducdo dos niveis pressoricos diante da hipertensdo secundaria induzida pelo
modelo DOCA-sal. Este tratamento apresentou melhora vascular, nos vasos de
condutancia e de resisténcia pelo aumento da resposta vasodilatadora dependente do
endotélio. Somados a preservacao do efeito anti-contratil e reducéo da disfuncdo do tecido
adiposo perivascular mesentérico (mPVAT) induzidas pela HT.

Os resultados do primeiro estudo demonstram que o HCO é uma estratégia ndo
farmacoldgica efetiva para atenuar os prejuizos da HT estabelecida e prevenir os danos
nas artérias de conduténcia e de resisténcia com aumento da resposta vasodilatadora
mediada pelo endotélio. Este efeito foi atribuido a capacidade do HCO em prevenir a
ativacdo da NADPH oxidase, reduzir os niveis de ROS, especialmente anion superoxido
de origem celular e mitocondrial, restaurando assim a biodisponibilidade de NO, além de
evitar o processo redox e inflamatorio vascular.

Ademais, os resultados do segundo estudo demonstram que o HCO recupera o
efeito anticontratil do PVAT e melhora os danos nesse tecido relacionado a reducao dos
niveis de renina tecidual e a inibicdo de ACE, associada a maior expressdo de AT2R em
mPVAT.

Por fim, em conjunto, os resultados fornecem evidéncias valiosas sobre o efeito
deste HCO nas alteracBes vasculares promovidas pela hipertensdo secundaria.
Creditando-o como uma alternativa terapéutica dietética que pode ser utilizada como
adjuvante no tratamento da HT severa. Além disso, nossos achados até o presente
momento demonstram o papel protetor do HCO no envolvimento do SRA local no tecido
adiposo perivascular com consequente participacdo do AT2R na resposta modulatoria do

PVAT do leito mesentérico e restauracdo do efeito anticontratil desse tecido.
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5 PERSPECTIVAS

Embora tenhamos investigado duas importantes vias de producdo de ROS
vascular (NAD(P)H oxidase e mitocondrias, outros estudos devem ser conduzidos para
abordar a via da xantina oxidase, também fonte de producdo de ROS nos vasos
sanguineos. Além disso, o sistema endotelina, alterado no modelo DOCA-sal, também
merece atencdo e afim de investigar se 0 HCO possui acdo dobre este sistema.

Mostramos pela primeira vez a acdo do HCO sobre o eixo “protetor” do SRA
local, no entanto, novos estudos devem ser conduzidos para esclarecer melhor os
mecanismos de agdo envolvidos nos efeitos observados no PVAT, por exemplo, o
envolvimento do receptor prorenina (P)PR, da angiotensina 1-7 e angiotensina 1-9. Quais
peptideos estdo presente nesse hidrolisado de 8 horas e a relacdo dos mesmos com o efeito
hipotensor mediado pela ativagdo do SRA local e a modulacdo do tecido adiposo
perivascular.

Sabendo que o modelo DOCA-sal altera a microbiota intestinal e por sua vez a
digestdo proteica é diretamente afetada poderia ser investigada qual a relagdo do modelo
nas respostas vasculares apresentadas pelo HCO e quais peptideos resultam apds

administracao in vivo.
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