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RESUMO

Probidtico kefir diminui a pressao arterial e promove melhoria geral na funcao
cardiovascular em animais hipertensos. A hipertensdo envolve diversos
mecanismos e esta associada a disbiose do intestino, pocessos inflamatérios e
a desregulacao do eixo do intestino-cérebro.Trabalhos anteriores mostraram que
os tratamentos probidticos exercem efeitos cardiovasculares benéficos em
humanos e modelos animais de hipertensdo. Com base nisso, levantamos a
hipétese de que ambos os mecanismos mediados perifericamente e
centralmente podem fundamentar os efeitos anti-hipertensivos do kefir.N6s
avaliamos o efeito do tratamento a longo prazo com kefir na anatomia e fisiologia
intestinal, na inflamacgao e controle simpatico central, bem como na hipertrofia e
melhora da funcgéo cardiaca (contratilidade cardiaca e proteinas de manuseio de
calcio) em ratos espontaneamente hipertensos (SHR).

Ratos normotensos machos (WKYs) e SHRs foram separados em trés grupos:
SHRs tratados com leite fermentado pelos gréaos de kefir (5%; SHR-Kefir;
gavagem oral, 0,3mL / 100g / 9 semanas) e WKYs e SHRs tratados com leite.
No final do tratamento, a pressao arterial média (PAM) e a frequéncia cardiaca
(FC) foram medidas. Analises hitoldgicas da parede intestinal do jejuno foram
realizadas (células de Paneth/cripta e espessura da tunica muscular) bem como
niveis séricos de lipopolissacarideos (LPS) foram medidos a fim de
identificarmos a saude da barreira intestinal. A ativagdo da microglia e atividade
simpatica central (avaliada por meio da expressao da enzima tirosina hidroxilase
(TH) foram analisadas por imunohistoquimica, no nucleo paraventricular do
hipotalamo (PVN) e medula ventrolateral rostral (RVLM). Além disso, avaliamos
fisiopatologias do coragdo envolvendo hipertrofia cardiaca (razdo peso do
VE/peso corporal) e parametros hemodinamicos (pressao sistolica do ventriculo
esquerdo (PSVE), constante de tempo de relaxamento isovolumétrico do
ventriculo esquerdo (Tau), decaimento maximo € minimo da pressao (+/- dP/dt)
por meio de implantacdo do cateter ventricular esquerdo. Por fim, a expressao
de proteinas envolvidas no manuseio do Ca?*(PLB, e fosforilada (p) -PBL) e
reticulo sarcoplasmatico de Ca?*-ATPase (SERCA2a) foram determinados por
Western blot.

Nove semanas de tratamento com kefir reduziu a PAM e FC nos animais
hipertensos. No intestino o kefir normalizou o niumero de células de Paneth e a
espessura da tunica muscular intestinal. O kefir também normalizou niveis
séricos de LPS. No cérebro, a ativagao de microglia e expressao de TH, no PVN
e RVLM, foram normalizadas enquanto que no corag¢ao o tratamento com kefir
reduziu a hipertrofia cardiaca, melhorando a fungdo cardiaca por meio da
melhoria da contratilidade cardiaca e proteinas de manuseio de calcio.
Juntamente, nossos dados mostram que o tratamento em longo prazo com kefir
reduziu a pressdo sanguinea por mecanismos que envolvem a melhora da
integridade estrutural e funcional da parede intestinal, possivel melhora da



ruptura da barreira intestinal, protecdo contra neuroinflamacao e reducédo da
hiperatividade simpatica em nucleos cardiovasculares do cérebro, bem como a
reducao da hipertrofia cardiaca e melhora da fungao cardiaca.

Palavras chave: Probidticos, Hipertensdo, Doenga intestinal, Atividade
simpatica, Microglia, Neuroinflamacao, Hipertrofia cardiaca, Contratilidade
cardiaca.
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ABSTRACT

Probiotic kefir diminishes blood pressure and promotes overall improvement in
cardiovascular function in hypertensive animals. Hypertension involves several
mechanisms and is associated with gut dysbiosis, inflammation and
dysregulation of the gut-brain axis. Previous work has shown that probiotic
treatments exert beneficial cardiovascular effects in humans and animal models
of hypertension. Based on this, we hypothesized that both peripherally and
centrally mediated mechanisms may support the antihypertensive effects of kefir.
We evaluated the effect of long-term treatment with kefir on intestinal anatomy
and physiology, neuroinflammation and central sympathetic control, as well as
hypertrophy and cardiac function (cardiac contractility and calcium-handling
proteins) in spontaneously hypertensive rats (SHR).Male normotensive rats
(WKYs) and SHRs were separated into three groups: Male normotensive rats
(WKYs) and SHRs were divided into three groups: WKYs and SHRs treated with
vehicle, and SHRs treated with milk fermented by the grains of kefir (5%; SHR-
Kefir; oral gavage,0.3mL/100g daily/9 weeks). At the end of treatment, blood
pressure (MAP) and heart rate (HR) were measured. Histological analyzes of the
intestinal wall of the jejunum were performed (Paneth/crypt cells and muscle
tunica thickness) as well as serum levels of lipopolysaccharides (LPS) were
measured to identify the health of the intestinal barrier. Microglia activation and
central sympathetic activity (assessed by expression of the enzyme tyrosine
hydroxylase (HT) were analyzed by immunohistochemistry in the paraventricular
nucleus of the hypothalamus (PVN) and rostral ventrolateral medulla (RVLM).In
addition, we evaluated heart pathophysiologies involving cardiac hypertrophy (LV
weight / body weight ratio) and hemodynamic parameters (left ventricular systolic
pressure (PSVE), left ventricular isovolumetric relaxation time (Tau), maximum
and minimum. Finally, the expression of calcium-handling proteins (PLB, and
phosphorylated (p) -PBL) and Ca?*-ATPase sarcoplasmic reticulum (SERCA2a)
were determined by Western blotting.

Nine weeks of kefir treatment reduced MAP and HR in hypertensive animals. In
the intestine, kefir normalized the number of Paneth cells and the thickness of
the intestinal muscular tunica. Kefir also normalized serum levels of LPS. In the
brain, microglia activation and TH expression in PVN and RVLM were normalized
while in the heart kefir treatment reduced cardiac hypertrophy by ameliorate
cardiac function by improving cardiac contractility and calcium-handling proteins.
Taken together, our data show that long-term kefir treatment has reduced blood
pressure by mechanisms involving improved structural and functional integrity of
the intestinal wall, possible improvement of intestinal barrier rupture,
neuroinflammation protection, and sympathetic hyperactivity reduction in
cardiovascular nuclei of the brain as well as reducing cardiac hypertrophy and
improving cardiac function.



Keywords: Probiotics, Hypertension, Gut disease, Microglia, Sympathetic activity,
Neuroinflammation, Cardiac hypertrophy, Cardiac contractility.
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1. REVISAO BIBLIOGRAFICA
1.1.  Hipertensdo: um problema de saude publica

As doencas cardiovasculares sdo consideradas a principal causa de morbidade e
mortalidade de individuos em todo o mundo, representando aproximadamente 31%
de todas as mortes no mundo, sendo que mais de 75% dessas mortes ocorrem em
paises subdesenvolvidos [1]. A hipertensdo arterial sistémica (HAS) é o principal fator
de risco para desenvolvimento de doengas cardiovasculares, e é considerada uma

das principais causas de morte prematura em todo o mundo [2].

Em 2011, a Organizagcado Mundial da Saude (OMS) estimou que cerca de 600 milhdes
de pessoas tinham HAS e que 7,1 milhdes de mortes anuais ocorriam em funcio da
hipertensao. Além disso, estimaram um crescimento mundial de 60% dos casos de

hipertensao para o ano de 2025 [3].

No Brasil, ndo se sabe ao certo como os fatores socioecondmicos, raciais e
demograficos influenciam o controle da HAS. Um estudo com 15.103 funcionarios do
governo de seis capitais brasileiras relataram uma frequéncia de HAS maior entre os
homens que entre as mulheres (40,1% vs. 32,2%) e essa frequéncia aumenta
consideravelmente com a idade. Além disso, a HAS variou fortemente e de forma
inversa com o nivel de escolaridade, de 44% entre os participantes que nao
concluiram o ensino médio para 28,4% entre aqueles com pds-graduacgao. Os indices
de HAS nesse estudo, também se mantiveram inversamente proporcionais em
relagdo a renda familiar per capita, sendo que os declarados negros apresentaram

maior frequéncia da doenga (49,3%) [4].

Diante desses dados epidemiolégicos envolvendo a hipertensdo, a busca pelo
controle da PA bem como a reducdo dos indices de morte por doencas

cardiovasculares é visto como um desafio importante em saude publica.

1.2.  Hipertenso: causas, consequéncias e tratamento

A HAS ¢é uma condi¢ao clinica multifatorial caracterizada por uma elevagao
sustentada dos niveis de pressao arterial (PA) (PA sistdlica = 140mmHg; PA diastdlica
= 90mmHg) [5].
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A HAS ¢ classificada como primaria/essencial ou secundaria, de acordo com o
reconhecimento de causas especificas para o desenvolvimento da mesma. A
hipertensdo secundaria € identificada em menos de 10% dos casos, e inclui, entre
outras causas, disturbios renais ou enddcrinos (como disfungao tireoidiana e
suprarrenal), que levam ao desenvolvimento da hipertens&o. No entanto, em mais de
90% dos casos, a etiologia da hipertensdo ndo é encontrada, caracterizando a
hipertensao primaria ou essencial. Apesar de nao ter causa conhecida, sabe-se que
a hipertensdo primaria € consequéncia de uma interacdo complexa entre
predisposicdo genética e varios fatores relacionados ao estilo de vida, incluindo
consumo excessivo de sédio, ingestao insuficiente de potassio na dieta, ingestdo de

alcool, sedentarismo, sobrepeso e obesidade [6-11].

A hipertensao € uma doenca assintomatica e silenciosa e, em funcao disso, de dificil
controle, uma vez que muitos sujeitos ou ndo sabem que possuem a doenga, ou,
mesmo sabendo, nao entendem a necessidade de manter os niveis pressoricos
adequadamente controlados. Dessa forma, a hipertensao representa importante fator
de risco para eventos cardiovasculares maiores como acidente vascular cerebral,

aneurisma arterial, infarto agudo do miocardio e insuficiéncia renal e cardiaca [12].

Outro aspecto relevante no contexto da hipertensao é o aumento de sua prevaléncia
com a idade e, levando-se em consideracao o crescente aumento da expectativa de
vida da populagao [13, 14], torna-se cada vez mais importante a preveng¢ao da doencga
e abordagens nao farmacoldgicas para o seu tratamento que envolvam a mudanca
de estilo de vida, incluindo modificacdo nos habitos alimentares, sedentarismo,

estresse e obesidade [6, 12].

Nos ultimos anos tem-se discutido intensamente as intervengdes ndo farmacolégicas
para o tratamento e prevencao da hipertensdo. Nesse contexto, corrigir as
anormalidades dietéticas, o consumo excessivo de alcool, bem como a inatividade
fisica que contribuem para a elevacao da PA é uma abordagem fundamentalmente
importante para a prevengao e o controle da hipertensao, seja de forma isolada ou

em combinagao com a terapia farmacoldgica.

1.3.  Mecanismos envolvidos no controle da presséo arterial: breve revisdo
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O controle da pressao arterial € complexo e € o resultado da agao integrada dos
sistemas neural, cardiovascular, renal e endocrino. O nivel médio da PA é
determinado pelo produto do débito cardiaco e resisténcia vascular periférica total
[15]. O débito cardiaco depende principalmente da taxa e volume de ejegcado do
coragao, enquanto a resisténcia da vascular sistémica € influenciada por multiplos

mecanismos vasoativos sob controle neural, humoral e paracrino [16, 17].

O controle fisiolégico envolvendo o fluxo sanguineo e a resisténcia vascular &
desenvolvido por mecanismos de feedback e controle reflexo, que envolvem
sistemas rapidos, intermediarios e de acgao tardia [18] que irdo manter, ou pelo menos

tentar manter, a PA arterial dentro dos valores de normalidade.

Controle neural da funcao cardiovascular

A regulacao neural das fungdes cardiovasculares ocorre por meio dos mecanismos
rapidos de controle da PA e também podem ser chamado de regulagdo neuro-
humoral uma vez que envolvem receptores, neurdnios aferentes, o centro de

integragao, os neurdnios eferentes e efetores e os hormdnios de alga.

Os centros integradores e as atividades coordenadas entre redes neuronais sao
localizadas particularmente no hipotalamo e no bulbo. No bulbo situam-se areas
importantes no controle cardiovascular como o nucleo do trato solitario (NTS), areas
rostroventrolateral (RVLM) e caudoventrolateral (CVLM), o nucleo ambiguo e o nucleo
motor dorsal do vago [19-21]. Essas areas trabalham por meio de um arco reflexo de
forma que flutuacbes instantdneas na PA sao percebidas perifericamente por
barorreceptores que sinalizam o NTS (primeira area do SNC a receber informacdes
de alteragbes na PA) [22]. No NTS, neurdnios glutamatérgicos excitam o nucleo motor
dorsal vago, nucleo ambiguos (onde se localizam os corpos celulares dos neurdnios
pré-ganglionares do parassimpatico que se projetam para o coragéo) e o CVLM que
contém neurdnios gabaérgicos que se projetam ao RVLM. Esses neurdnios pré-
ganglionares simpaticos se projetam para os neurdnios pds-ganglionares na coluna
intermédio laterial que se projetam por inervagbes simpaticas aos vasos e coragao.
Assim, esses nucleos neurais respondem em conjunto a um aumento ou queda na
PA.
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Nas elevagbes momenténeas da PA ocorrem a ativagao do nucleo ambiguo e nucleo
drsal motor do vago (aumentando o ténus vagal ao coragdo) e ativagdo do CVLM,
que por sua vez, inibe o RVLM e o ténus simpatico aos vasos e ao coragao,
determinando respostas como bradicardia, redu¢do do inotropismo, aumento da
capacitancia venosa e vasodilatagdo de forma a contribuir para restauragdo normal
da PA. Em contrapardida, nas quedas momenténeas de pressao, o nucleo ambiguo,

o nucleo motor dorsal vago e o CVLM nao sao ativados, resultando assim no aumento
A BC D

do tébnus simpatico e redugao do ténus
vagal, contribuindo dessa maneira, para
taquicardia, aumento do inotropismo,
reducdo da capacitancia venosa e
vasocontricdo e aumento da presséo a

niveis basais.

Projecdes do NTS e CVLM também levam
) informacgdes periféricas a estruturas
‘-.Spinal Cord diencefdlicas importantes de fungéo

l cardiovascular como o nucleo pré-otico
To heart, arterioles and kidneye — hadiano,  nucleo  paraventricular  do

{control of cardiovascular fu nct:‘?gn)

. . o hipotalamo (PVN) e nucleo supradtico.
Figura 1: Representagdo esquematica

de algumas regides do cérebro
envolvidas no funcionamento
cardiovascular. Nucleo paraventricular de aferentes periféricos, envia projegoes
hipotalamico (PVN), nucleo do trato
solitario (NTS) e a medula ventrolateral
rostral (RVLM) e suas integragbes. coOnexao NTS-PVN (figura 1).
Figura do repositéorio do Anatomy,
Physiology and Pharmacology dept,
Auburn University, USA e elaborada por NTS e CVLM seguem por neurdnios
Dra. Vinicia Biancardi.

O NTS, primeira estagao sinaptica vinda

ascendentes ao PVN formando uma

Informagdes aferentes que chegam ao

catecolaminérgicos até neurdnios
magnocelulares presentes no PVN e nucleo supraédtico, que sintetizam e liberam
vasopressina e ocitocina no plasma via neurohipofise, em contrapartida, fibras
catecolaminérgicas que também se projetam do PVN ao NTS formando o circuito de
modulacao autonénica NTS-PVN-NTS para ajustar a PA.

O PVN, por meio de proje¢cdes ao RVLM, ao NTS, e diretamente na coluna intermédio

lateral (figura 1) tem uma fung&o chave importante no funcionamento cardiovascular,
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pois medeia efeitos simpatoexcitatorio, neurosecretério e de modulagdo do
barorreflexo [23-27].

Controle humoral da funcéo cardiovascular

As respostas de acao intermediaria que ocorrem em minutos e horas sdo mediadas
pelo sistema humoral que envolvem, entre outros, o sistema renina-angiotensina-
aldosterona (SRAA) o sistema peptideo natriurético e o horménio antidiurético. Os
principais componentes do SRAA sdo a renina, o angiotensinogénio, a enzima
conversora de angiotensina (ECA), a ECA2, as angiotensinas e os receptores que
fazem a mediagao das ag¢des das angiotensinas. A Angiotensina Il (Angll) é o principal
peptideo efetor do sistema renina angiotensina (SRA) e exerce suas agdes via
receptores AT1 e AT2. Numa queda na PA, o SRA sistémico é estimulado a liberar
renina, e aumentar a atividade dos nervos simpaticos renais. A renina liberada atua
convertendo o angiotensinogénio (sintetizado no figado e também produzido
localmente) em angiotensina | (Angl) que por sua por sua vez € convertida em angll
pela ECA. Dentre as a¢des da angll pode-se destacar a potente vasoconstricdo, a

estimulag&o da liberagdo adrenal Angiotensina |

da aldosterona, que leva a E‘CA/ ECA 2

~ . ~ ECA 2
retengao de sddio e expansao de Angll = = = = = = = = + Ang.(1-7)
volume sanguineo que juntos
vao colaborar para 0 aumento da  Receptor Receptor
PA [28-31]. tipo 1 Ang.lI MAS
Além da Angll, existe ainda a v v

Aumenta Reduz presséo

Angiotensina 1-7 (Ang1-7)  pressao

formada a partir da angl ou da Figura 2: Mecanismo de controle da pressao
arterial pelo Sistema Renina Angiotensina.

angll, por acdo da ECA2. Ao |
(Fonte:Giesta, 2010).

contrario da ECA, a ECA2 leva a

formacgao da Ang1-7, que atua em receptores especificos (receptor Mas) exercendo
uma agao cardioprotectora e vasodilatadora contribuindo para a redugéo da PA (figura
2).

O sistema peptidico natriurético, constituido pelos peptideo natriurético atrial (ANP) e
o peptideo natriurético tipo B (BNP) e peptideo natriurético tipo C (CNP), atuam de

forma oposta ao SRAA no controle da pressao arterial renal, regulando indiretamente
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a presséo sanguinea via controle do volume extracelular. Os peptideos natriuréticos
induzem a natriurese e diurese, possuem efeito vasorelaxante e também suprimem
os niveis plasmaticos de renina, contribuindo assim para a redugao da pressao arterial
[32, 33]. A inibigdo da liberagdo de renina pode ocorrer diretamente nas células
justaglomerulares produtoras de renina e pode envolver a regulagdo indireta do
sistema renina através dos efeitos tubulares ou enddcrinos dos peptideos

natriuréticos [34].

A atividade do horménio antidiurético (ADH) ou vasopressina e a filtragdo capilar s&o
dois outros mecanismos de acao intermediaria para a regulacéo da PA. A secrecgao
de ADH pode ser estimulada em casos de diminuigdo aguda da PA ou por um
aumento da pressao osmaotica. Em casos de aumento da osmolaridade ou diminui¢cao
do volume sanguineo, o hipotalamo (nucleo supradtico e paraventricular) estimula a
neurohipdfise a secretar ADH deixando os rins mais permeaveis a absorg¢ao de agua.
Da mesma forma, a redugao da osmolaridade pode levar ao aumento da inibicao da

atividade dos neurdnios hipotalamicos e redugao da liberagao da ADH [35, 36].

Por fim, os mecanismos de acao tardia, que trabalham por dias a semanas e sao
muito importantes devido a sua eficiéncia de longo prazo na regulacdo da PA,
compreendem a pressao de natriurese, exercida pelo sal, e a diurese, exercida pela
agua, e atuam como mecanismos-chave no controle da presséo a longo prazo [37-
39].

1.4. Mecanismos cardiacos envolvidos na hipertrofia cardiaca: a importancia do
calcio na manutengéo da fungéo cardiaca

Varios autores tém reportado hiperatividade do SNS na hipertensao essencial [40-
43]. As consequéncias da estimulacdo do SNS envolvem a vasoconstricao periférica,
aumento da frequéncia cardiaca, liberacdo de norepinefrina das glandulas supra-
renais e resultando em um aumento na PA sistémica. No entanto, o resultado da
hiperatividade simpatica tem sido relacionado a danos no coragao, incluindo
hipertrofia do ventriculo esquerdo (VE), disfungao do VE [44-46], bem como prejuizos
na contratilidade cardiaca [47] e rigidez vascular. Durante a hipertenséo, ratos
espontaneamente hipertensos (SHR) apresentam depresséo da fung¢ao cardiaca sob

aumento da resisténcia vascular sistémica [15]. Nesse modelo de animais hipertensos
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(SHR), a hipertrofia cardiaca surge como um mecanismo compensatorio para
restaurar a fungao cardiaca e tem sido acompanhada de alteragcdes na contratilidade
cardiaca [48-50]. A contratilidade ventricular esquerda, avaliada pela taxa maxima de
aumento da pressado ventricular (+dP/dtmax) em animais SHR, demonstrou-se
elevada, indicando uma contratiidade aumentada do VE [15, 51] como um

mecanismo compensatorio da hipertensao.

A derivada de contratilidade (+dP/dt max) e relaxamento ventricular (-dP/dt min), bem
como o tempo de relaxamento do VE (Tau) tém sido avaliados como parametros
hemodinamicos para avaliar o desempenho cardiaco. A quantificacdo da taxa de
relaxamento do ventriculo esquerdo em condi¢des normais e patologicas é importante
para a avaliacdo da funcdo da bomba cardiaca [52] e disturbio do relaxamento
miocardico tem demonstrado ser um forte indicador do inicio da insuficiéncia cardiaca
[63-55].

O Célcio (Ca®*) esta diretamente envolvido na fungdo cardiaca e é um fator
indispensavel no processo de contracao e relaxamento cardiaco [56-58]. O principal

mecanismo de [ca?] [ca®]

recaptagdo de Ca?* no

ca? Dominio de nucleotideo

reticulo

Y

Ca®

— Dominio ativador

SERCA2a I
U
=
W

~—’

sarcoplasmatico (RS) é
a Ca?-ATPase do

reticulo
Citosol

sarco/endoplasmatico
(SERCA), sendo a
isoforma 2a (SERCA-

2a) a principal isoforma

Cavidade de
ligagdo de Ca**

2
Lamen doRs Ca”’ At

cardiaca 59, 60]. _, . "
[ ] Figura 3: Estrutura da bomba do reticulo sarcoplasmatico

Modelos experimentais ATPase 2 (SERCA-2a) em diferentes concentracdes de

utilizando manipulacdo calcio (Ca?*) citosdlico. Fonte: Tese Nascimento, 2017.

genética da expressdo SERCA-2a demonstram alteragbes na fungédo contratil
cardiaca [61, 62]. Em concentragbes baixas de Ca?* citosolico, a SERCA-2a
apresenta-se com atividade reduzida, devido a ligagdo com a fosfolambam (PLB),
enquanto que em concentracdes elevadas de Ca?* ocorre a fosforilagdo da PLB,

resultando em maior atividade da SERCA-2a, tendo como efeito a recaptacao
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aumentada de Ca?* no RS [63]. Assim, a fosforilagdo ou n&o da proteina PLB contribui
diretamente para contragdo do musculo cardiaco (figura 3). A hipertrofia observada
na hipertensao esta associada a deficiéncia dos processos de contracdo muscular
[43], nesse contexto, o Ca?* aparece como um mediador chave no processo de
contragcdo cardiaca atuando como um regulador de sinal elétrico que determina
acoplamento excitatério da frequéncia cardiaca e contracdo. Reducéo nos niveis de
Ca?* e o comprometimento da atividade da bomba de Ca?* geram alteragdes

encontradas na insuficiéncia cardiaca humana [15, 64-66].

1.5. Interag&o intestino cérebro durante a hipertensgo: a disbiose desenvolve um

papel chave na permeabilidade intestinal e a comunicag&o cerebral

Recentemente, muito se tem discutido sobre as alteracbes da microbiota e na
estrutura intestinais (disbiose) na hipertensao [67-70]. Stevens et al, 2018 [71]
demostrou que essa disbiose possui uma relagédo direta com prejuizos na barreira
intestinal durante a hipertensdo. Adicionalmente, alteragcbes em biomarcadores
plasmaticos da integridade da barreira epitelial intestinal, como o lipopolissacarideo
(LPS) e zonulina, tém sido observadas em pacientes hipertensos [67]. Assim,
doencas intestinais com diminuigdo das "tight junctions”, associada ao aumento da
permeabilidade intestinal, tem sido correlacionadas a modificagcbes na comunidade

microbiana [72] e processos inflamatoérios [73, 74].

O aumento da concentracdo plasmatica de LPS, endotoxina resultante da
degradagao de bactérias gram-negativas [67], devido a um possivel rompimento da
barreira e maior permeabilidade intestinal, ativa receptores “Toll-like” (TLR) do tipo 2
(TLR2) e TLR4 e fator de transcricao nuclear kB (NF-kB). O NF-kB inicia processos
pré-inflamatérios e induz a produgao de citocinas IL-1, IL-6 e TNF-a [75]. O LPS
quando administrado por via sistémica determina aumento de citocinas pro-
inflamatoérias como IL-1B, IL-6, TNFa, bem como ativagdo de microglia no cérebro
[76]. Assim, a desestruturagao da barreira intestinal, em funcao da disbiose, permite
a absorgcdo de endotoxinas e parece ser um importante ponto de ligagéo entre o
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[77]. Além disso, anormalidades — -’ < Dysbiosis

nas células de Paneth (células Figura 4: Mecanismos de interagao intestino-

especializadas no epitélio do cérebro. A figura demonstra que a combinacéo
do aumento da atividade do SNS para o
intestino juntamente com a redug¢do vagal do
humanos tém sido associadas a sistema nervoso parassimpatico (SNP) dirigido
do intestino para as regides cardioreguladoras
do cérebro, como o nucleo do trato solitario
Células de Paneth funcionam em (NTS), contribui para hipertensdo. NE indica
norepinefrina (neurotransmissor simpatico);
SCFAs, acido graxo de cadeia curta; e PVN,
lisoenzimas, do conteudo granular, nucleo paraventricular do hipotalamo. Fonte:
Zubcevic et al, 2019

intestino delgado) em individuos

disbiose da mucosa intestinal [78].

parte pela secrecao de

contendo peptideos
antimicrobianos e outras proteinas que alteram o ambiente intestinal [79]. Nesse
contexto, Singh and Lin 2017 [80] relata que o LPS pode atuar inibinado ou
estimulando a producdo de lisoenzima em macréfagos e células de paneth
dependendo da sua concentracédo e do tempo de exposi¢cdo. Tém sido crescentes as
discussbes sobre uma possivel interacdo entre o eixo intestino cérebro durante a
hipertensdo [68, 72, 81]. Essa comunicagéo intestino-cérebro foi recentemente
demonstrada durante uma aplicagdo da proteina fluorescente verde (PRV-GFP) no
célon proximal e no intestino delgado e essa, por sua vez, mostrou uma marcagao
fluorescente significativa em neurbnios do PVN do hipotdlamo em animais

hipertensos. Em seguida, um aumento da imunorreatividade da tirosina hidroxilase
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(TH) — enzima chave na produg&o de norepinefrina — também foi observada no

intestino delgado dos ratos SHR em comparagao com os ratos WKY, confirmando,

entdo, que existe uma conectividade aumentada PVN-intestino em animais

hipertensos [72].

De fato, a importadncia da microbiota na saude humana e sua alteragdo no

desenvolvimento de doencgas, tém sido reportadas na literatura. O National Intitutes

of Health (NIH) dos Estados Unidos liberou um report indicando o estudo da

microbiota intestinal como sendo uma area de extrema relevancia para o

entendimento da patogénese da hipertensdo e, da mesma forma, como area mais

promissora para o desenvolvimento de novas terapias para o controle dessa doencga.

O assunto é tao relevante que os membros do grupo de trabalho sugerem a revisao

do icénico mosaico da teoria da Hipertensédo idealizado pelo Dr. Irvin Page ha mais

de 60 anos, incluindo a microbiota como fator relevante para o desenvolvimento de

hipertensao (Figura 5).

Dessa forma, uma
nova abordagem
terapéutica para a
hipertensao
envolvendo a
microbiota intestinal
abre espaco para a
investigacao de
intervencgdes
farmacolégicas ou nédo
gue sejam capazes de
interferir
positivamente  sobre
esse ambiente

intestinal, com
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Figura 5. Mosaico da teoria da hipertensdo revisado,
demonstrando a influéncia da microbiota no controle da
pressao artéria e hipertensao. (Fonte: Raizada et al., 2017).

repercussdes benéficas sobre a pressao arterial, dentre as quais se destacam os

probidticos.
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1.6. Probidtico

Segundo a OMS, os probidticos sdo definidos como “microrganismos vivos que,
guando consumidos em quantidades suficientes, tém um impacto benéfico na saude
do individuo” [82].

Ha um numero cada vez maior de produtos probidticos disponibilizados aos
consumidores, tais como o iogurte, leites fermentados e suplementos dietéticos [83].
A preparagdo desses alimentos probioticos normalmente envolve um ou mais
microorganismos, em especial as bactérias acido lacticas de quatro espécies gerais:
Lactobacilos sp., Bifidobacterium sp., Enterococcus sp. e Streptococcus sp., [84] com

grande variagdo na composigao bacteriana nos diversos produtos.

Evidéncias de estudos in vitro e in vivo tém demonstrado que o uso de probidticos
pode trazer beneficios a saude humana e, por isso, vem apoiando a importancia das
modificagdes no padrdo alimentar visando na prevengao e manejo de doengas cada

vez mais comum, como a hipertenséo, a obesidade e a sindrome metabdlica [84-86].

Diversos estudos ja demonstraram o papel positivo dos probidticos envolvendo
doencas inflamatérias e que envolvem alteracgdes intestinais [72, 87-89]. Lactobacillus
fermentum foi capaz de modular diferencialmente a resposta imune de células
epiteliais intestinais desencadeada pela ativagdo do receptor Toll-like 4 (TLR4)
exercendo um efeito imunomodulador na mucosa intestinal. Além disso,
camundongos alimentados com Lactobacillus fermentum tiveram aumento
significativo na producdo de interferon gama (IFN-y) intestinal, estimulo dos
macrofagos intestinais e peritoneais e aumento do numero de células TCD4* e
citocina IL-6 intestinal [90]. Frabrega et al, 2017 [91], por sua vez, identificaram que o
probidtico Escherichia coli Nissle pode participar da regulagéo positiva de citocinas
inflamatérias (IL-6, IL-8 e IL-1) por meio da interacdo com macréfagos, células

epiteliais e células dendriticas.

Bactérias do género Bifidobacterium também demonstraram inibir o crescimento de
microorganismos prejudiciais a saude, melhorar a fungéo da barreira gastrintestinal,
suprimir citocinas pro-inflamatorias, protegendo a barreira mucosa contra a adesao e
invasado por comensais patogénicos e, também, restaurar o epitélio danificado pela
modulagao das proteinas “tight junction” e “zonula occludens” [92], que sao proteinas

que impedem a passagem de produtos de uma face epitelial intestinal a outra.
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Entre os varios possiveis mecanismos de acgado, acredita-se que os probidticos
exercem seus efeitos pela producio de substancias antimicrobianas, que atuam pela
competicdo com patégenos por nutrientes e por sitios de adesao, pelo aumento da
integridade da barreira mucosa e pela modulagéo do Sl [93, 94]. Assim, as atividades
benéficas dos probidticos sédo atribuiveis a diversos beneficios como apoiar uma

microbiota intestinal, um sistema digestério e um sistema imunoldgico saudaveis [92].

Com base no exposto e considerando que o intestino e o sistema imune estdo
intimamente ligados a alteragdes cerebrais durante a hipertensao, alguns autores vém
sugerindo que a ingestao de probidticos pode desempenhar um papel importante na

interacao intestino-sistema imune-cérebro no controle da PA [67, 95, 96].

Dentre os diversos beneficios que os probidticos fermentados apresentam, o kefir se
destaca por ser formado por diferentes microorganismos, que podem agir de forma

sinérgica na determinagao de seus beneficios a saude [97].

1.7. Kefir

Nos ultimos anos tem crescido o interesse pelo beneficio da utilizacao do Kefir, bebida
lactea fermentada semelhante ao iogurte, formado por uma complexa mistura de
bactérias e leveduras encapsuladas em uma matriz de polissacarideo [97, 98], como

produto que pode auxiliar na regulagao da PA [99-102].

Evidéncias iconograficas e escritas de 3000 e 2000 aC indicaram que gregos,
romanos, hindus e egipcios ja usavam produtos lacteos fermentados, embora
acredita-se que suas origens provavelmente estejam antes desse periodo. Na
verdade, os produtos lacteos ja haviam sido mencionados na Biblia Sagrada e
também nos primeiros livros sagrados do hinduismo [103]. Na Biblia, uma das
primeiras referéncias € encontrada em Génesis (18: 1-8), onde se diz que Abrado

ofereceu ao Senhor “vitela, pao e leite azedo”.

Segundo a lenda, o profeta Maomé deu como presente os primeiros graos de kefir
aos ancestrais dos alpinistas do Caucaso [103]. Tradicionalmente antes de 2000 anos
aC os graos ja estavam sendo passados de geragdo em geragao entre as tribos do

Caucaso, sendo consideradas uma fonte de riqueza familiar [104].
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Graos de kefir ttm uma forma semelhante a couve-flor. Os grdos sao irregulares,
elasticos, gelatinosos, de cor branca ou marfim, e tamanho variavel, de 0 a 3,5 cm de
didmetro [105]. Em geral, o grao de kefir consiste em 45,7% mucopolissacarideo,
34,3% de proteina total (27% insoluvel, 1 - 6% soluveis e 5 - 6% de aminoacidos
livres) 12,1% de cinza, 4,4% de gordura, vitaminas B e K, triptofano, Mg, Ca, e P [97,
106].

O numero de diferentes espécies microbianas no probiotico kefir € estimado em mais
de 300. A composi¢cado microbiana do kefir também varia de acordo com a origem dos
graos de kefir com diferentes técnicas empregadas durante o processamento, as
diferentes temperaturas ambiente de cultivo, o tipo e composicao do leite utilizado no

processamento e as condigdes de armazenamento do kefir e dos gréaos [97].

O Kefir utilizado no presente trabalho teve sua composi¢ao bacteriana avaliada, assim
como microestrutura. Dentre as varias bactérias benéficas encontradas no kefir
incluiram-se: (Acetobacter sp., Acetobacter aceti, Lactobacillus delbrueckii
delbrueckii, Lactobacillus fructivorans, Lactobacillus fermentum, Enterococcus
faecium, Leuconostoc spp.), bl
bem como Lactobacillus
kefiranofaciens e leveduras
(Candida famata, Candida
krusei) [101]. Como pode
ser observado na Figura 6,
a superficie externa dos

graos de kefir mostra uma

prevaléncia de bacilos e o .

uma associagdo intima com Figura 6: Fotomicrografia dos gréosde Kefir (a) e
. _ o micrografia eletrdbnica da superficie externa (b-d) e
a matriz  polissacaidica interna (e-f) dos graos de Kefir (Fonte: Friques et al.,

(chamada kefirano) (c e d). 2015)
A superficie interna mostra bacilos em forma de bastonetes crecendo em associagao

com fungos (e-f) [101].

Diversos efeitos benéficos do probidtico kefir na saude animal e humana ja tem sido
descritos. Recentemente o kefir tem demostrando prevenir a hiperlipidemia e
obesidade em ratos obesos por mecanismos que envolvem a modulacdo do
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metabolismo lipidico [107], reduzir obesidade e esteatose hepatica em ratos pela
modulagdo do microbioma intestinal [100] e reduzir a deposicéo lipidica vascular,
modificando o perfil de citocinas circulantes [108]. O kefir também ja demostrou
efeitos positivos contra doengas cardiovasculares cronicas relacionadas a doengas
metabdlicas. Estudos recentes mostram que os mecanismos de agao do kefir nas
doencas cardiometabdlicas incluem melhora do equilibrio do sistema nervoso
vagal/simpatico [102], diminuicdo da geragao excessiva de espécies reativas de
oxigénio [101], inibicdo da enzima conversora de angiotensina [109, 110],
recrutamento de células progenitoras endoteliais [101], melhora do perfil de citocinas
anti-inflamatérias [108, 111] e alteragdo da microbiota intestinal e resposta imune
[112-114].

Carasi et al, 2015 [112] demostrou que cepas isoladas de kefir estimularam a
producdo de diferentes proporgdes de citocinas pro/anti-inflamatorias in vitro e
também gerou impacto positivo na microbiota, regulando a homeostase intestinal. Da
mesma forma, tratamentos crénicos com probidticos ja demostraram induzir
mudancas significativas na microbiota para reverter a disbiose intestinal e reduzir a
PA elevada em ratos hipertensos [115]. Além disso, lactobacilos presentes em
alimentos probidticos podem influenciar na translocagdo bacteriana intestinal,
aumentando a imunidade inata e adaptativa em ratos [112, 116]. Por fim, em ratos
modelos de sepsis, tratados profilaticamente com lactobacilos reduziram as bactérias
intestinais patogénicas, o extravasamento através da barreira intestinal, as respostas

inflamatdrias e melhoraram a sobrevida desses animais [117].

Em relacado a hipertensédo arterial, trabalhos do nosso laboratério demonstraram que
o tratamento crénico com kefir foi capaz de reduzir a pressao arterial, com melhoria
da sensibilidade do barorreflexo e da fungao vascular [101, 102]. Além disso, o
tratamento de animais SHR com a fragao soluvel e ndo bacteriana do Kefir também
foi capaz de determinar reducdo da pressao arterial, via inibicdo da enzima
conversora de angiotensina [110], indicando a participagdo de compostos bioativos
formados durante o processo de fermentacao nos efeitos anti-hipertensivos do kefir.
De fato, recentemente, Amorim et al. identificaram 35 peptidios com potencial anti-
hipertensivo devido a capacidade inibidora da ECA presentes no Kefir [109].

Entretanto, o papel do tratamento de animais hipertensos com Kefir sobre a
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integridade da mucosa intestinal, a neuroinflamacdo de nucleos centrais

cardiovasculares e a contratilidade cardiaca, ainda nao foram avaliados.

1.8. Hipotese

Diante do exposto, a hipétese do presente estudo € que o tratamento crénico com
Kefir pode induzir a restauragdo da saude da barreira intestinal, diminuindo o LPS
circulante e consequentemente a neuroinflamacdo em centros de controle
cardiovascular; reduzindo a atividade central de controle simpatico e a hipertrofia e
contratilidade cardiacas e, dessa forma, contribuir para o seu ja demonstrado efeito

sobre a pressao arterial.
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2. OBJETIVOS
2.1 Objetivo geral

Avaliar o efeito periférico do tratamento com kefir na contratilidade do ventriculo
esquerdo e na morfofisiologia da barreira intestinal, bem com o seu efeito na atividade

simpatica central e neuroinflamagao em animais SHR.

2.2 Objetivos especificos

Confirmar que o tratamento com kefir pode reduzir a PAM a FC e hipertrofia cardiaca

em animais SHR,;
Avaliar se o kefir pode melhorar a “funcéo cardiaca” em animais hipertensos;

Avaliar se o kefir € capaz de modificar a expressao de proteinas cardiacas envolvidas

na dindmica do calcio;

Avaliar se o kefir pode melhorar ou reverter alteragbes morfopatofisioldgicas da

barreira epitelial intestinal,
Avaliar se o tratamento com kefir reduz niveis soroldgicos de endotoxinas (LPS);

Avaliar se o kefir pode reduzir atividade simpatica em regides do cérebro envolvidas

no controle cardiovascular (PVN e RVLM);

Avaliar se o kefir reduz neuroinflamagéo em regides do cérebro envolvidas no controle

simpatico cardiovascular (PVN e RVLM);
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Capitulo 1

Artigo 1: Long-term treatment with kefir probiotics ameliorates
cardiac function in spontaneously hypertensive rats.
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ABSTRACT

This work evaluated the effects of long-term kefir treatment in cardiac function (cardiac
contractility and calcium-handling proteins) and the central nervous system (CNS)
control of the sympathetic signaling in spontaneously hypertensive rats (SHR). Male
normotensive rats (WKYs) and SHRs were divided into three groups: WKYs and SHRs
treated with vehicle, and SHRs treated with milk fermented by the grains of kefir (5%;
SHR-Kefir; oral gavage,0.3mL/100g daily/9 weeks). At the end of treatment, mean
arterial pressure (MAP) and heart rate (HR) were measured by direct arterial
catheterization. Hemodynamic parameters (left ventricular systolic pressure, left
ventricular isovolumetric relaxation time constant, maximal and minimal pressure
decay) were acquired through a left ventricular catheter implantation. Left ventricle
protein expressions of phospholamban (PLB), its phosphorylated form (p-PLB) and
sarcoplasmic reticulum Ca?*-ATPase (SERCA2a) were determined by Western blot.
Tyrosine hydroxylase (TH) protein expression was evaluated via immunofluorescence
within the paraventricular nucleus (PVN) of the hypothalamus and the rostral
ventrolateral medulla (RVLM). SHR-Kefir group presented lower MAP and HR
compared to SHRs. Kefir treatment ameliorated cardiac hypertrophy and promoted
reduced expression of PLB, p-PLB, and SERCA2a contractile proteins. Within the
PVN and RVML, TH protein overexpression observed in SHRs was reduced by
probiotic treatment. In addition, kefir improved cardiac hemodynamic parameters in
SHR-treated animals. Altogether, the data show that long-term kefir treatment reduced
blood pressure by mechanisms involving reduction of cardiac hypertrophy,
improvement of cardiac contractility and calcium-handling proteins, and reduction in
the CNS regulation of the sympathetic activity.

Keywords: Probiotics, Hypertension, Cardiac hypertrophy, Sympathetic activity,
Cardiac contractility.
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Highlights

« Kefir treatment improves cardiac contractility in hypertensive animals;

« This effect is accompanied by normalization of cardiac-handling proteins
expression;

« Sympathetic activity evaluated by TH expression within PVN and RVLM is
improved;

« These results should account for the benefic effects of Kefir in hypertension.
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1. Introduction

Hypertension is associated with increased cardiovascular morbidity and mortality
worldwide [1]. Long-term hypertension ultimately leads to left ventricular hypertrophy
and subsequent heart failure [2, 3]. Heart failure is characterized by the hyperactivity
of neurohumoral pathways, particularly an increase in the sympathetic drive, which is
initially a compensatory mechanism to maintain cardiac performance and stimulate
contractility [4]. However, over the long term, sympathoexcitation is closely associated
with end-organ damage. In this context, the reduction of sympathetic activity, as well
as the regression of cardiovascular hypertrophy and improvement of cardiac
contractility, is currently regarded as important therapeutic targets in reducing

complications of hypertension [2, 5-7].

Guidelines for the management of high blood pressure propose lifestyle modifications,
including changes in dietary approaches, to lower blood pressure, to control other risk
factors and to reduce the number of doses of antihypertensive drugs [8]. Hence, the
interest of functional foods and their mechanisms of action to prevent and alleviate

diseases related to

cardiometabolic disorders have increased in the last few years [9-11]. The potential of
probiotic foods in alleviating chronic diseases, including hypertension, has been
discussed [9, 11, 12]. However, the specific underlying mechanisms by which this

dietary approach contributes to health promotion are not fully understood.

Several complex mechanisms are involved in hypertension. Recently, our group has
shown that kefir, a probiotic beverage, has substantial cardiovascular effects, such as
being able to prevent atherosclerosis in hypercholesteremic mice [13] and reduce
blood pressure in spontaneously hypertensive rats (SHRs) [14-16]. Potential
mechanisms involved in the benefits of kefir during hypertension include improvement
of endothelial dysfunction and enhancement of baroreflex sensitivity as well as cardiac
autonomic control of heart rate (HR) [14, 15]. In addition, our group has shown that
hypertensive animals treated with the nonbacterial fraction of kefir have an
improvement in baroreflex sensitivity and a decrease in angiotensin-converting

enzyme activity [16].
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In addition to the mechanisms mentioned above, elevated sympathetic activity is
implicated in the development of target organ damage, such as cardiac hypertrophy
and heart failure [7, 17]. The effects of probiotic kefir on cardiac contractility and central

nervous system regulation of sympathetic activity are not known.

Within the central nervous system, the paraventricular nucleus (PVN) of the
hypothalamus and the rostral ventrolateral medulla (RVLM) are critical areas of a

neural network that regulates and controls sympathetic outflow and

cardiovascular function [18].

Therefore, in this work, it has been investigated whether kefir promotes cardiovascular
health by reducing the activity of the cardioregulatory central nervous system nucleus
(PVN and RVLM) of the sympathetic nervous system and ameliorating cardiac
hypertrophy, cardiac contractility, and the participation of calcium-handling proteins in

SHR animals.

2. Methods
2.1. Experimental groups

Eight-week-old male normotensive Wistar Kyoto rats (WKYs) and Spontaneously
Hypertensive Rats (SHRs) were obtained from the breeding unit at University Vila
Velha (UVV), Brazil. The rats were housed in rooms controlled for temperature (20 +
1°C), humidity (50 £ 5%) and lighting (12 h day/12 h night), and standard rat chow
(Purina Labina, SP-Brazil) and water were freely available at all times. All animal
protocols were approved by the Institutional Committee on Animal Care (CEUA-UVV,
Protocol #2016-405), and all experimental procedures were performed in accordance
with the guidelines for the care and use of laboratory animals as recommended by the
National Institutes of Health (NIH) [19].

The animals were separated into three groups (n = 10 animals each): WKY control
group treated with vehicle (whole milk); SHR group treated with vehicle; SHR-Kefir
group treated with milk fermented by kefir grains. The animals were treated daily by
oral gavage for a period of nine weeks at a dose of 0.3 mL / 100 g body weight as

previously described [15]. The dose and period of treatment is based in previous work
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showing that 8 weeks of kefir treatment promotes decrease in blood pressure in SHRs
[14]. The experimental group used for tyrosine hydroxylase (TH) studies was
performed at Auburn University, AL, USA, and all animal guidelines were likewise

followed.

2.2. Kefir preparation.

The kefir grains (kindly donated by Dr. Célia Lucia de Luces Fortes Ferreira from the
Federal University of Vigosa, Minas Gerais, Brazil) were added to pasteurized whole
milk in a ratio of 5% (w/v) and kept at room temperature (23°C). After 24 h, this mixture
was strained through a plastic sieve, and the filtered product was refrigerated (4°C) to
permit yeast growth for 24 h [15]. After completion of this process, the kefir was fully
prepared for administration. Kefir beverages were prepared daily.

As previously described, the dominant microflora of the kefir used in this work includes
various beneficial bacteria (Acetobacter sp., Acetobacter aceti, Lactobacillus
delbrueckiidelbrueckii, Lactobacillus  fructivorans, Lactobacillus fermentum,
Enterococcus faecium, Leuconostoc spp.), as well as Lactobacillus kefiranofaciens,

and yeasts (Candida famata, Candida krusei) [15].

2.3. Blood pressure and heart rate measurements.

To randomly divide the animals into the experimental groups, the basal blood pressure
levels in all groups were indirectly acquired before starting the treatment utilizing a tail-
cuff manometer (IITC Life Science Inc., Woodland Hills, CA, USA). The animals were
placed inside a warming chamber (approximately 34°C) for 30 min before MAP
measurement acquisitions. A minimum of three measurements per animal was

acquired to ensure consistent basal MAP levels.

After the treatment, MAP and HR were determined by direct arterial pressure
measurement in each group. For these measurements, a catheter filled with saline
(PE-50) was inserted into the right carotid artery under anesthesia (ketamine 100
mg/Kg i.p., Syntec do BrasilLtda.; xylazine 10 mg/Kg, i.p., Konig laboratories, S.A.).
The MAP and HR were recorded using a pressure transducer coupled to an MP-100
System Guide (model MP100-CE; Biopac Systems, Santa Barbara, CA, USA).
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2.4. Hemodynamic parameters

The left ventricle systolic pressure (LVSP) and left ventricular (LV) function of the rats
were assessed as previously described [20, 21]. After MAP and HR measurements,
the catheter was advanced to the left ventricle. After an additional 15 min of basal level
measurements, functional parameters were measured as LV +dP/dtmax, which is the
maximum rate of ventricular pressure increase, or the positive peak value of the first
derivative of the left ventricular pressure, as well as the rate of pressure decay
(—dP/dtmin) and the time constant of isovolumetric relaxation of LV (Tau). The signal
was expressed in mmHg/s. Following this procedure, the catheter was withdrawn from
the LV, and the MAP was measured again to determine whether damage to the aortic
valve had occurred. Animals with a decrease in diastolic blood pressure higher than
10 mmHg would suggest damage to the aortic valve. No animals suffered damage to
the aortic valve in our studies. The data were analyzed using LabChart software,

version 7 (AD Instruments, Castle Hill, Australia).

2.5. Cardiac hypertrophy

Hearts were removed after hemodynamic measurements, cleaned with saline and
weighed. The left ventricle, including the interventricular septum, was separated. The
weight of the left ventricle was obtained. The ratio of the left ventricle weight (LVW) to

the body weight (BW) was used as an index of cardiac hypertrophy [22].

2.6. Western blot analysis

Western blots were performed to determine phospholamban (PLB), phosphothreonine
17-phospholamban (p-PLB) and sarcoplasmic reticulum Ca?*-ATPase (SERCA2a)
proteins, as previously described [20]. Briefly, total proteins contained in the left
ventricle tissue were isolated and measured by the Bradford method. The proteins
were separated by electrophoresis using SDSPAGE and transferred to nitrocellulose
membranes (Millipore, MA, USA). After incubation with blocking solution, the
membranes were incubated with specific primary antibodies as follows: anti-PLB
(1:1000, Abcam, Cambridge, MA, USA), anti-p-PLB (1:1000, Santa Cruz
Biotechnology, CA, USA), and anti-SERCAZ2a (1:2500, Abcam, Cambridge, MA, USA).
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The anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (1:3000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA) primary antibody was used as an endogenous
control. Binding of the primary antibody was detected with the use of horseradish
peroxidaseconjugated (HRP) secondary antibodies [1:15,000]: anti-goat IgG
(Millipore, Bedford, USA), anti-rabbit IgG (Millipore, Bedford, USA) and anti-mouse
IgG (Sigma Aldrich, St. Louis, MO, USA). Immunoreactive bands were detected with
a chemiluminescence reaction (Luminata HRP Substrate-Millipore) followed by
densitometric analysis using Imaged software, version 1.48 (National Institutes of
Health, Bethesda, MD, USA). GAPDH expression levels were used to normalize

protein expression.

2.7. Brain immunofluorescence analysis

Another group of rats was transcardially perfused with 0.01 mol/L PBS (150 mL) and
4% PFA (350 mL). Brains were postfixed for 3 h in 4% PFA followed by cryoprotection
in PBS containing 30% sucrose for three days at 4°C. Sections of 30 ym containing
the PVN, and 40 um containing the RVLM were collected. The slices were subjected
to immunohistochemistry as previously described [23]. Briefly, slices containing the
PVN and the RVLM were preincubated in 10% donkey blocking serum for 1 h, followed
by overnight incubation of slices in tyrosine hydroxylase primary antibody (TH
monoclonal anti-mouse antibody, 1:250, Santa Cruz Biotechnology, CA, USA). Within
the PVN, a vasopressin marker (VP polyclonal anti-guinea pig antibody, 1:10.000,
Peninsula Laboratories International, CA, USA) was added to the cocktail and used
as an anatomical marker. Immunofluorescence was achieved by the use of a
secondary reaction with anti-mouse Alexa Fluor 488 and anti-guinea pig Alexa Fluor
647, respectively (all secondary antibodies used were diluted 1:250, Jackson
ImmunoResearch, PA, USA). TH density in the PVN and RVLM was evaluated as an
indicator of sympathetic activity. The absorption control of primary antibodies was

used to indicate specific antibody binding sites.

2.8. Confocal imaging

Immunofluorescence was examined with a Nikon Eclipse TE2000-E inverted

microscope coupled to a Nikon A1 confocal laser microscope as previously described
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[23, 24]. Briefly, images from consecutive optical focal planes were taken (PVN 30 ym
sections: 20-30 images, 1 uym intervals; RVLM 40 uym sections: 30-40 images, 1 um
intervals), and a projection image of the sections was then generated. Each channel
was acquired sequentially to minimize crossover artifacts among the channels. TH

density was measured using ImagedJ software.

2.9. Statistical analysis

The values are expressed as the mean * standard error of mean (SEM). The
D’Agostino-Pearson omnibus and the Kolmogorov-Smirnov normality tests were used
to verify whether variables had a normal (Gaussian) distribution. Statistical
comparisons between the parametric means of different groups were performed by
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test. A value of
P<0.05 was considered significant. Statistical analyses were performed using

GraphPad Prism® software version 6.7.

3. Results
3.1. Long-term treatment of kefir decreased blood pressure and normalized heart rate in
SHR animals

Direct arterial pressure measurement was used to evaluate whether kefir treatment
altered MAP and HR in hypertensive animals (Fig. 1). After 9 weeks of treatment, a
higher MAP and HR values in SHRs were found when compared to WKYs (P<0.01).
SHRs treated with kefir presented lower MAP and HR values (P<0.01) compared to
untreated SHRs. Kefir treatment normalized the HR levels in SHRs, but the MAP levels
remained higher compared with WKY's (P<0.01) (Fig.1A-B).
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Fig. 1. Effects of long-term administration of kefir on the (A) mean arterial pressure (MAP) and
(B) heart rate (HR) in SHR animals. Kefir treatment ameliorates the MAP (A), whereas the HR
is normalized (B) in SHR-treated animals. Data are expressed as the mean £ SEM. n =5 in
each group. **P<0.01 vs. WKY; **P<0.01 vs. SHR. One-way ANOVA followed by Tukey’s post
hoc test.

3.2.Kefir ameliorates the left ventricle-to-body weight ratio index (LVW/BW) in hypertensive
animals

The results for the LVW/BW index for all groups are shown in Fig. 2. The SHRs
showed an increase in the LVW/BW ratio (P<0.01) compared to the WKYs.

Kefir treatment reduced the LVW/BW ratio in the SHR-Kefir (P<0.05) compared to the
untreated SHRs. The ratio was still higher in the SHR-Kefir group compared with the
WKYs (P<0.05).
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Fig. 2.Kefir treatment reduces the cardiac hypertrophy in the SHRs. Summary data showing
improvement of the LVW/BW index in the SHR-Kefir group compared to the SHRs. Data are
expressed as the mean + SEM. n = 5 in each group. *P<0.05 vs. WKY;**P<0.01 vs. WKY;
"P<0.05 vs. SHR. One-way ANOVA followed by Tukey’s post hoc test.
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3.3.Kefir improved cardiac function in hypertensive animals

Hemodynamic variables in the left ventricle were analyzed to investigate whether kefir
treatment ameliorated cardiac functions in hypertension (Fig. 3). An increase in the
LVSP in SHRs were found when compared to WKYs (P<0.01). Kefir-treated SHRs
presented lower LVSP values (P<0.01) compared to SHRs (Fig. 3A). The SHR group
had a lower Tau (P<0.01) compared to the WKY group, and kefir treatment increased
time relaxation (P<0.05) (Fig. 3B). LV catheterization showed differences in both the
maximum rate of pressure rise (+dP/dt) and the maximum LV relaxation rate (-dP/dt)
during hypertension. The SHR group had an increase in +dP/dt (P<0.01) compared to
the WKY group. Kefir treatment in SHRs decreased +dP/dt (P<0.01) compared to
SHRs (Fig. 3C). The SHR group had a lower -dP/dt (P<0.05) compared to the WKY
group, and kefir treatment increased the -dP/dt (P<0.01) compared to the SHRs (Fig.
3D). Note that while kefir ameliorated all hemodynamic variables studied, it did not

normalize to normotensive levels (P<0.01), except for the —dP/dt values.
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Fig. 3. Effects of the long-term administration of kefir on the left ventricle systolic pressure
(LVSP) (A), the time constant of isovolumetric relaxation (Tau) (B), the positive first derivatives
dP/dt maximum left ventricle (C), and the negative positive first derivatives dP/dt minimum (D).
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The data are expressed as the mean £ SEM. n =5 in each group. **P<0.01 and *P<0.05 vs.
WKY; **P<0.01 vs. SHR. One-way ANOVA followed by Tukey’s post hoc test.

3.4. Kefir treatment normalized the calcium-handling proteins in hypertensive animals

To investigate whether kefir treatment ameliorates cardiac contractility,
calciumhandling proteins in the LV of the animals were analyzed (Fig. 4). The total
PLB protein and the phosphorylated PLB fraction (p-PLB) in the SHR group (P<0.05)
were increased compared to the WKY group (P<0.05). Normalized levels of PLB and
p-PLB were observed in the SHR group treated with kefir compared to the WKY group
(Fig. 4A-B).

The SHR group also showed a significant increase in the phosphorylated PLB/PLB
total ratio (P<0.05) compared with the WKY (P<0.05) an effect that was prevented by
kefir in the SHR-Kefir group (Fig. 4C). The SERCA2a protein also increased in the
SHR group (P<0.05) and normalized by kefir treatment (P<0.01) compared to the WKY
group (Fig. 4D).
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Fig. 4. Effects of the long-term administration of kefir on the calcium-handling proteins in the
left ventricle. (A) PLB: phospholamban. (B) p-PLB: p-Thr17-PLB. (C) p-PLB/PLB ratio and (D)
SERCA2a: SR Ca?*-ATPase. The signal from each protein was normalized by the
endogenous control (GAPDH). Note that PLB, pPLB, and SERCAZ2a are increased in the SHR
group. The kefir treatment in the SHR-Kefir group normalized all three contractile cardiac
proteins, as well as the p-PLB/PLB ratio. Data are expressed as the mean £+ SEM. n=5in
each group. *P<0.05 vs. WKY; *P<0.05 vs. SHR and ** P<0.01 vs. SHR. One-way ANOVA
followed by Tukey’s post hoc test.

3.5. Probiotics normalized sympathetic signaling within the PVN of SHRs

To evaluate whether kefir treatment altered the increased sympathetic signaling within
the PVN and RVLM during hypertension, TH density measurements were used as an
indicator of sympathetic activity (Fig. 5). Within the PVN, TH density values were
higher in the SHRs (P<0.01) compared to the WKYs. Likewise, higher
immunofluorescence density of TH was observed within the RVLM of the SHRs
(P<0.05) compared to the WKYs. Kefir treatment normalized TH levels in both nuclei,
suggesting its action in diminishing sympathetic activity (PVN: P<0.01 and RVLM:
P<0.05, arbitrary units [AU]; compared to the SHR group, respectively).
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Fig. 5. Long-term treatment with kefir normalizes levels of tyrosine hydroxylase (TH) within
the paraventricular nucleus of rostral ventrolateral medulla (C, D) in hypertensive animals.
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Densitometry the hypothalamus (A, B) and the analysis was used to quantify TH levels within
the PVN (B) and RVLM (D) in all three animal groups as an indicator of sympathetic activity.
Summary data show increased TH density in SHR untreated within the PVN (B) and the RVLM
(D), which was normalized with kefir treatment. Data are expressed as the mean + SEM. n =
5 in each group. *P<0.05 vs. WKY; *P<0.05 vs. SHR and **P<0.01 vs. SHR. One-way ANOVA
followed by Tukey’s post hoc test.

4. Discussion

This study was designed to investigate the long-term effects of kefir treatment on
cardiac function in SHRs, and their potential effects on calcium-handling proteins. This
study also investigates the effects of kefir on sympathetic signaling within the central
cardiovascular nuclei of the animals. The main findings of this study are summarized
as follows: (i) long-term kefir treatment improved hemodynamic parameters (LVSP,
+dP/dT, -dP/dT and Tau) on the left ventricle of SHRs; (ii) kefir-treated SHRs
presented normalized cardiac protein expression of PLB, p-PLB, and SERCAZ2a
compared to untreated hypertensive animals; and (iii) long-term kefir treatment
normalized TH within the PVN and RVLM of SHRs.

Hypertension is a significant risk factor for the development of cardiac hypertrophy
with consequent heart failure disease [3]. Studies by Lin et al. have shown that
probiotic-fermented purple sweet potato may mediate an antihypertrophic effect in
SHRs [5]. Likewise, studies have also shown that probiotic supplementation
attenuates cardiac hypertrophy in a heart failure model [25]. Moreover, it has been
shown that fermented milk contains bioactive peptides with blood pressure-lowering
effect in hypertensive subjects [26]. In that sense, a meta-analysis suggested that
probiotic fermented milk has BP-lowering effects in pre-hypertensive and hypertensive
subjects [27]. Previous work from our group demonstrated that kefir treatment of
hypertensive animals for sixty days has shown a significant attenuation of the basal
MAP, HR, and cardiac hypertrophy [14]. However, the specific underlying mechanisms
by which kefir reduces cardiac hypertrophy, such as its effects on LV hemodynamic

and calcium-handling proteins in SHRs, were not known.

The effects of a probiotic can be explained by production and action of bioactive
peptides or the direct action of bacteria on gut microbiota. Jeong et al. [28] showed
modulation of gut microbiota and increase in fecal water content in mice receiving

Lactobacillus kefiranofaciens. Additionally, bioactive peptides from Cow milk kefir [29]
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and from Caprine kefir [30] were reported to have Angiotensin Converting Enzyme
(ACE)-inhibitory activity. This ACE-inhibitory peptides should account to the
antihypertensive effect of kefir. Recently, our group has reported that the non-bacterial
fraction of kefir also reduces hypertension, indicating the participation of bioactive

compounds in this effect [16].

Previous studies have shown that hypertrophied hearts display alterations in
myocardial contractility [2, 25, 31]. Heart contractility and relaxation were evaluated
using the first derivative (+dP/dTmax and -dP/dTmin) and the active isovolumetric
relaxation of the left ventricle in diastole using Tau (time constant of isovolumetric
relaxation) [20, 32]. The results from this work shows that kefir probiotics ameliorate

cardiac contractility.

Likewise, previous results have shown that probiotics reduce the amplitude of
spontaneous heart contractions by mechanisms that involve a negative inotropic
effect, suggesting that the negative inotropic effect is possibly connected with the
activation of protein kinase C, which possesses an inhibiting activity on myocardial

contractility [33].

Alterations in intracellular Ca?* homeostasis have been implicated as underlying
mechanisms of contractile dysfunction in failing hearts. The contraction in cardiac
muscle is due to a balance between sarcolemmal (SL) and sarcoplasmic reticulum
(SR) Ca?* transport [34]. Ca?*-regulating proteins (PLB, SERCA2a) have direct effects
on myocardial contractility [6, 31, 35].

Phosphorylation of PLB is responsible for its inactivation, resulting in the activation of
SERCA2a and, consequently, in the increase of calcium uptake by the SR, thus
contributing to the contractility [36, 37]. Beta-adrenergic signaling also regulates
contractility by regulating the excitation-contraction coupling by higher retention of
Ca?* (via PLB phosphorylation and increased Ca?* uptake by SERCA) [38].

Here, it is shown that hypertension increased the left ventricular expression of PLB, p-
PLB, SERCA and the p-PLB/PLB total ratio.

Previous data report controversial data on cardiac contractility protein levels. While it
has been shown that hypertension did not affect the left ventricle expression of PLB,

p-PLB, SERCAZ2a [39], another group found decreased expression of PLB and
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increased expression of SERCA2a in SHRs [6]. In our hands, as above-mentioned,
an increase in PLB and SERCAZ2a expression in SHR was found, suggesting a
dysregulation of calcium homeostasis. The phosphorylation of PLB favors the
activation of SERCAZ2a, increasing cardiac contractility [31, 32]. Such dysregulation is
normalized by kefir treatment (PLB, p-PLB, and SERCAZ2a protein expression), a

possible mechanism by which kefir contributes to ameliorating cardiac contractility.

Within the central nervous system, the PVN and the RVLM play a crucial role in central
cardiovascular regulation and sympathetic nerve activity [18]. The PVN is an
integrative site within the brain that influences sympathetic vasomotor tone directly via
the collateral PVN-intermediolateral cell column of the thoracolumbar spinal cord (IML)
projections, indirectly, or via the PVN-RVLM connections or both mechanisms via PVN
neurons that branched axons targeting the IML and RVLM [40]. The RVLM is a nucleus
that phenotypically contains adrenergic neurons (characterized by tyrosine
hydroxylase [TH]containing neurons, which are critical for maintaining blood pressure
and vasomotor tone via projections to the sympathetic preganglionic neurons within

the IML [41-43]. Most barosensitive RVLM neurons are TH immunoreactive[43].

Given that TH is a rate-limiting enzyme in the biosynthesis of the catecholamines,
dopamine, adrenaline, and noradrenaline [22], it has been previously used as an

indicator of sympathetic activity [7, 44, 45].

An increase in TH protein levels within the PVN and RVLM of untreated SHRs were
find. Likewise, previous work has reported increased protein levels of TH, associated
with sympathoexcitation within the PVN [46], and upregulation of TH gene expression
positively correlated with an increase in systolic blood pressure within the RVLM of
SHRs [47]. Treatment of SHRs with kefir normalized the TH density in both the PVN
and RVLM. An increase in the sympathetic drive from the PVN and RVLM has been
linked with left ventricle hypertrophy in hypertensive experimental models and humans
[7, 48-50]. Hence, these results suggest that kefir may contribute to the reduction of
cardiac hypertrophy in this model of hypertension, via a decrease in sympathetic
activity. The adrenergic synapses in the PVN are involved in cardiac function. The
injection of alpha-adrenergic agonist into the PVN increased HR, pressure peak and
dP/dt peak data in the left ventricle, suggesting that PVN participates in the control of
cardiac contractile function [51].

63



Studies involving measurement of the renal sympathetic nerve activity, which is
increased in SHRs, are warranted, considering the limitation of TH density
interpretation as an indicative but not a functional measurement of sympathetic

activity.

In summary, there are studies that show that components of the catecholaminergic
and angiotensin |l systems are closely related in areas of the brain associated with
blood pressure control [52, 53] and may interact with one another in this process.
Moreover, B-adrenergic stimulation may increase Ca?*influx by phosphorylation of
PLB and therefore by stimulating SERCA, increasing Ca?* content in SR favoring

cardiac contractility [54].

In conclusion, our findings show that long-term kefir treatment reduced blood
pressure, at least in part, by the reduction of cardiac hypertrophy, ameliorated
cardiac function by improvement of cardiac contractility and of calcium-handling
proteins and by the reduction of the sympathetic activity. These findings suggest that
kefir has beneficial effects on hypertension and might be used as a coadjutant to

alleviate hypertension.
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72



Kefir ameliorates hypertension via gut-brain mechanism in
spontaneously hypertensive rats

Mirian Almeida Silva-Cutini®?, Francesca Elisabeth Mowry?, Sarah Christine
Peaden?, Tadeu Uggere Andrade®’, Vinicia Campana Biancardi®¢

a — Anatomy, Physiology, & Pharmacology, College of Veterinary Medicine, Auburn
University. 217 Greene Hall, Auburn, AL, USA. 36849

b — Department of Pharmacy, Universidade Vila Velha. Avenida Comissario Jose
Dantas de Melo, 21, Boa Vista, Vila Velha, ES, BRA. 29107-372

c — Center for Neurosciences Research Initiative, Auburn University, Auburn, AL,
USA. 36849

*Corresponding authors:
Vinicia C. Biancardi, PhD
217 Greene Hall,
Auburn, AL 36849
Phone: 334 844 5304
Fax: (+1) 334 844 5388

vbiancardi@auburn.edu

Tadeu Uggere Andrade

Avenida Comissario Jose Dantas de Melo, 21,
Boa Vista, Vila Velha, ES, BRA, 29107-372
Phone: (+55) 27 3421-2091

Fax: (+55) 27 3421 2087

tadeu.andrade@uvv.br

73


mailto:vbiancardi@auburn.edu
mailto:tadeu.andrade@uvv.br

ABSTRACT

Hypertension is associated with gut dysbiosis and dysregulation of the gut-brain axis,
and previous work has shown that probiotic treatments exert beneficial cardiovascular
effects in humans and animal models of hypertension. Coupled with the evidence of
elevated sympathetic outflow and chronic inflammation in hypertension, we
hypothesized that both peripherally- and centrally-mediated mechanisms underlie the
anti-hypertensive effects of kefir, a probiotic obtained from the fermentation of milk by
kefir grains, in spontaneously hypertensive rats (SHR). Eight-week-old SHRs were
treated by oral gavage with either a vehicle or kefir (0.3mL/100g/day for nine weeks)
and age-matched with Wistar Kyoto (WKY) rats receiving vehicle. Compared to WKY,
SHRs exhibited alterations in the wall of the jejunum (reduced number of Paneth
cells/crypt and increased tunica muscularis thickness). SHR serum lipopolysaccharide
(LPS) levels were increased compared to WKY, suggesting possible disruption of the
gut-blood barrier. In addition, microglial activation was enhanced in the paraventricular
nucleus of the hypothalamus (PVN) and rostral ventrolateral medulla (RVLM) of SHRs.
Nine weeks of treatment with kefir normalized all of these parameters in SHRs and
attenuated blood pressure elevations. Taken together, our findings indicate that the
anti-hypertensive effects of long-term kefir treatment occur, at least in part, through
improvement in the structural and functional integrity of the intestinal wall, possible
amelioration of gut-blood barrier disruption, and protection against neuroinflammation
within cardiovascular nuclei.

Keywords: Hypertension, probiotics, gut pathology, microglia, neuroinflammation

74



Highlights

«  Kefir probiotic improves small intestine functionality in hypertensive rats;
« Kefir normalizes the tunica muscularis thickness and Paneth cell counts;
« Kefir also restores circulating serum endotoxin levels during hypertension;
«  Kefir diminishes microglial activation within central cardioregulatory nuclei;

« Anti-hypertensive effects of kefir are both peripherally and centrally mediated
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1. Introduction

Hypertension is a multifactorial disease associated with an increased risk of major
cardiovascular events such as heart failure, stroke, and coronary heart disease
(Benjamin, Virani et al. 2018). While the etiology of hypertension is complex, recent
research has shown an association between hypertension, altered composition of the
gut microbiome, gastrointestinal dysfunction, and dysregulated signaling along the
gut-brain axis (Mell, Jala et al. 2015, Yang, Santisteban et al. 2015, Yang, Aquino et
al. 2019). The possibility for a causative or contributory role of gut dysbiosis to
hypertension suggests that non-pharmacological interventions capable of modulating
the microbiome may be a potential strategy for improving outcomes in hypertensive
individuals. The use of functional foods, including naturally occurring probiotics, have
indeed been associated with cardiovascular benefits. Of note, human clinical trials
have shown that the use of probiotics moderately decreases systolic blood pressure

(BP) in hypertensive patients (reviewed in (Khalesi, Sun et al. 2014)).

Kefir is a safe, nutraceutical dairy product produced via fermentation of the lactic acid
bacteria and yeast naturally present in kefir grains (Ahmed, Wang et al. 2013). Friques
and collaborators were the first to demonstrate improvements in cardiovascular
function with kefir treatment in spontaneously hypertensive rats (SHRs), an
experimental model of essential hypertension (Friques, Arpini et al. 2015). Daily kefir
treatment decreased BP, attenuated endothelial dysfunction, restored intravascular
reactive oxygen species (ROS)/nitric oxide (NO) dysregulation, and increased
recruitment of endothelial progenitor cells. Of note, these effects were time-dependent,
occurring at a significant level following eight weeks of treatment (Friques, Arpini et al.
2015). Long-term treatment with kefirin SHRs has also been shown to improve cardiac
hypertrophy and enhance cardiac autonomy of baroreflex sensitivity and heart rate in
this model (Klippel, Duemke et al. 2016). Despite the evidence that kefir diminishes
BP and promotes improvement in overall cardiovascular function during hypertension,
the underlying mechanisms, in particular in the gut wall pathology, and central
mechanisms for such beneficial effects, are not fully elucidated.

Previous studies have shown that gut dysbiosis, combined with peripheral and central

inflammation, leads to the development, establishment, and maintenance of high BP
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(Yang, Santisteban et al. 2015, Santisteban, Qi et al. 2017, Yang, Aquino et al. 2019).
Aberrant control of central cardioregulatory regions, such as the hypothalamic
paraventricular nucleus (PVN) and the rostral ventrolateral medulla (RVLM), is directly
involved in the pathogenesis of hypertension (Allen 2002, Guyenet, Stornetta et al.
2018). Within those regions, microglial activation has been associated with the release
of pro-inflammatory cytokines and chemokines, leading to neuroinflammation during
hypertension (Shi, Diez-Freire et al. 2010, Santisteban, Ahmari et al. 2015). Recently,
Raizada’s group (Sharma, Yang et al. 2019) has demonstrated that the inhibition of
microglial activation within the PVN is associated with alterations in gut microbial

communities and strong attenuation of gut pathology during hypertension.

Therefore, we hypothesized that the cardiovascular improvements observed in SHRs
following long-term kefir treatment result from a combination of peripherally- and
centrally-mediated mechanisms, namely, restoration of the intestinal structure,
reduction of circulating endotoxins, and decreasing microglial activation within

cardioregulatory nuclei of the Central Nervous System.

2. Materials and methods

2.1. Animals and experimental groups

Eight-week-old male Wistar Kyoto (WKY) and SHR rats (Charles River Laboratories,
Wilmington, MA, USA) were maintained in the animal care facility at Auburn University
in Auburn, AL, USA. The rats were housed in temperature (20-26°C), humidity (30-
70%), and light (12 h day/12 h night) controlled rooms with standard rat chow and
water freely available at all times. The Auburn University Institutional Animal Care and
Use Committee approved all animal protocols and experimental procedures (2017-
3055). Animals were randomly divided into three experimental groups (n = 9/group):
1) control WKY treated with vehicle (whole milk; 3.25% milk fat), 2) control SHR treated
with vehicle, and 3) SHR-Kefir treated with kefir beverage.

2.2. Kefir Fermentation

The kefir beverage was prepared daily throughout the nine-week treatment period, as
previously described (Brasil, Silva-Cutini et al. 2018). Briefly, kefir grains were added

to pasteurized whole milk in a ratio of 5% (w/v) and kept at room temperature (23°C).
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After 24 h, a plastic sieve was used to strain the mixture, and the filtered product was
refrigerated (4°C) for 24 h to permit yeast growth. The resultant kefir was administered
by oral gavage (0.3 mL/100g BW) (Friques, Arpini et al. 2015). Kefir grains were kindly

donated by Dr. Ferreira from the Federal University of Vicosa, Minas Gerais, Brazil.

2.3. BP measurements

Non-invasive BP measurements were performed with a volume pressure recording
tail-cuff system for rats, per the manufacturer's protocol (CODA-6; Kent Scientific
Corporation, CT, USA). Animals were acclimated to the holder and cuffs for three
consecutive days before baseline BP measurements. During the treatment period, BP
measurements were taken weekly and consisted of five acclimation cycles, followed
by twenty consecutive BP measurements. An average of the consecutive BP

measurements for each group was used for statistical analysis.

2.4. Lipopolysaccharide (LPS) assay

At the conclusion of the nine-week treatment, a subgroup of animals was deeply
anesthetized (isoflurane 5%) and sacrificed by rapid decapitation. Trunk blood was
immediately collected into sterile, pyrogen-free tubes and incubated for 30 min at 4°C.
Blood was centrifuged at 7000 g for 10 min at 23°C. Serum was collected and stored
at -20°C until use. Serum concentrations of LPS were analyzed by a colorimetric
detection method (microplate reader, Spectrophotometer) using the Pierce™Limulus
Amebocyte Lysate (LAL) Chromogenic Endotoxin Quantitation Kit (CAT: 88282;

Thermo Scientific, Rockford, IL), according to the manufacturer's instructions.

2.5. Histological analysis

Histological samples from the small intestine were prepared as previously described
(Giblot Ducray, Globa et al. 2016). Briefly, samples were fixed in Bouin’s solution
(Electron Microscopy Sciences, Hatfield, PA, USA) for 48h at room temperature.
Samples were washed in 70% alcohol to remove excess fixative, embedded in
paraffin, and sectioned at 6 ym with a microtome (Reichert-Jung 2040 Autocut, Leica
Biosystems Nusslock GmbH, Heidelberger Stralle 17-19, 69226 Nussloch, Germany).

Tissue sections were mounted with Eukitt Mounting Medium (Electron Microscopy
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Sciences, Hatfield, PA), and examined by light microscopy using a digital camera

(QImagingRetiga 2000R) coupled to an optical microscope (Nikon Eclipse E800).

2.5.1. Goblet cells staining and morphology assessment

Sections were stained with Alcian blue/Periodic Acid-Schiff (PAS), counter-stained
with hematoxylin, and differentiated with acid alcohol prior to dehydration, clearance,
and mounting (Gill, Frost et al. 1974). 20x magnification of each histological section at
areas where the villi were not bent or overlapping was obtained to quantify goblet cells.
The number of goblet cells/villus, villus length, and tunica muscularis thickness were

measured using ImagedJ software (NIH; https://imagej.nih.gov/ij/index.html).

2.5.2. Paneth cells

Sections were stained with phloxine-tartrazine, as previously described (Di Sabatino,
Miceli et al. 2008). Briefly, sections were rehydrated with xylene and ethanol, treated
with hematoxylin followed by a 0.5% phloxine-0.5% aqueous calcium chloride solution,
and blotted dry. The final steps included differentiation with a saturated solution of
tartrazine in Cello solvent, followed by a brief rinse with absolute ethanol and
dehydration with xylene (Di Sabatino, Miceli et al. 2008). The number of Paneth
cells/crypt was counted in each histological section, working at 60x magnification
(Cazorla, Maldonado-Galdeano et al. 2018). Quantifications were conducted in a

blinded manner by a single researcher.

2.6. Immunohistochemistry

Animals were transcardially perfused with 0.01 mol/L phosphate-buffered saline (PBS;
150 ml) followed by 4% formaldehyde (PFA; 350 ml). Brains were post-fixed for 3 h in
4% PFA and cryoprotected in PBS containing 30% sucrose for 3 days at 4°C. Slices
of 30 um and 40 um containing the PVN and RVLM, respectively, were collected by
cryostat sectioning (Microm cryostat HM 525). Samples were stored at -20°C in
cryoprotectant solution [450 mL dH20, 300 mL ethylene glycol (Aldrich, USA), 200 mL
glycerol (RNase-Free; Sigma, USA), 75 mL 0.3M PBS] until used.

Slices were pre-incubated in PBST (0.01M PBS, 0.04% NaNs, 0.1% Triton) containing
10% normal donkey serum (Jackson ImmunoResearch, USA) for 1 h. Primary
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antibodies included anti-rabbit ionized calcium binding adaptor molecule 1 (IBA1;
1:2000; Wako Chemicals, USA), anti-guinea pig vasopressin (VP; 1:10000; Peninsula
Laboratories International, USA), and anti-mouse tyrosine hydroxylase (TH; 1:250;
Santa Cruz Biotechnology, USA). Samples were incubated for 48h (IBA1) or 24h (VP
and TH) with primary antibodies in PBST, washed with PBS, and incubated with
secondary antibodies for 4 hrs [Alexa Fluor® AffiniPure Donkey IgG (H+L) anti-mouse
488 (1:250),anti-rabbit 594 (1:250), and anti-guinea pig (1:50); Jackson
ImmunoResearch, USA]. Samples were washed and mounted onto slides with
Vectashield Antifade Mounting Medium (Vector Laboratories, USA).

Immunofluorescence was examined with a Nikon Eclipse TE2000-E inverted
microscope coupled to a Nikon A1 confocal laser microscope. Full-thickness z-stack
images were taken at 60x magnification. VP and TH stains were used as anatomic
markers for the PVN and RVLM, respectively. Maximum projection images of IBA1
staining were used to assess microglial morphology, as previously described
(Morrison and Filosa 2013). Briefly, a series of digital transformations were performed
using ImagedJ Software (NIH) to generate a skeletonized image. Total branch length
and endpoints were calculated for each image using the AnalyzeSkeleton plugin, and

a relative reduction in these values was indicative of increased microglial activation.

2.7. Statistical analysis

The values are expressed as mean + Standard Error of the Mean (SEM). Statistical
comparisons were performed by one-way analysis of variance (ANOVA) followed by
Tukey post hoc test. A value of p<0.05 was considered statistically significant.

Statistical analyses were performed using GraphPad Prism® 7 Software.

3. Results

3.1. Long-term treatment of kefir diminishes BP in SHRs

To evaluate whether kefir treatment altered BP in hypertensive animals, BP was
measured before the onset of treatment, and weekly during the kefir treatment period.
After nine weeks of treatment, SHR MAP was significantly greater in SHRs
(178.5+£3.32 mmHg) as compared to SHR-Kefir (149.3+3.21mmHg), as well as WKY

80



(122.7£2.72 mmHg), indicating that long-term kefir treatment mitigated further MAP

elevations in these animals (Fig. 1).
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Fig. 1. Kefir treatment prevents increase in mean arterial pressure (MAP) in
hypertensive animals. MAP of normotensive WKY (n=9) spontaneously hypertensive rats
(SHR; n=9), and hypertensive rats treated with kefir (SHR-Kefir; n=9). Results were compared
by one way ANOVA and Tukey post-hoc test. Values are expressed as mean + SEM,;
"’P<0.0001 vs. WKY; *** P<0.0001 vs. SHR

3.2. Pathophysiological alterations in gut epithelial barrier during hypertension are partially

rescued by Kefir treatment

Paneth cell (Fig.2A-C) and goblet cell (Fig.2D-F) populations were used as indices of
epithelial barrier integrity in the small intestine. In SHRs, both the number of Paneth
cells/crypt (1.66+0.16 cells) and the number of goblet cells/villus (12.23+0.77cells)
were decreased compared to WKY (Paneth cells/crypt: 2.44+0.17; goblet cells/villus:
16.69+1.23). The number of Paneth cells/crypt was normalized with kefir treatment
(2.23+0.31 cells/crypt) (Fig.2G). Conversely, the number of goblet cells/villus was
unaltered in SHR-Kefir animals (11.41+0.56 cells) compared to control SHR (Fig. 2H).
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Fig. 2. Kefir treatment rescues morphological and pathophysiological alterations as
seen within cross sections of the small intestine. Samples from each group (normotensive
WKY (n=6), spontaneously hypertensive rats (SHR; n=6), and hypertensive rats treated with
kefir (SHR-Kefir; n=4)) were stained with phloxine-tartrazine (A-C) and Alcian blue/Periodic
Acid-Schiff (PAS) and hematoxylin (D-F) to quantify Paneth and goblet cells, respectively. G-
H summarizes data of the number of Paneth cells/crypt (G), and the number of goblet
cells/villus (H). Results were compared by one way ANOVA and Tukey post-hoc test. Values
are expressed as mean + SEM; "P<0.01 vs. WKY; "P<0.001 vs. WKY; * P<0.01 vs. SHR.
Boxes in A-C indicate digitally enlarged Paneth cells at a higher magnification. Boxes within
D-F indicate the enumerated goblet cells within each villus. Scale 250 [Om.

3.3. Morphological changes in gut epithelial barrier during hypertension are rescued by kefir

treatment

The effects of kefir treatment on tunica muscularis thickness (Fig. 3A-C) and average
villus length (Fig. 3D-F) were analyzed within the small intestine. The thickness of the
tunica muscularis was increased in SHRs (58.72+2.34 um) compared to WKY

(43.924+1.53 pym), and this alteration was reversed by kefir treatment (48,75+0.85 um).
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No differences were observed in villus length between groups (WKY: 231.7£16.15um;
SHR: 212.6+13.52 ym; SHR-Kefir group: 240.0+15.16 um).
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Fig. 3.Kefir treatment rescues morphological changes in the Tunica Muscularis of
hypertensive animals. Cross sections of the small intestine of normotensive WKY (n=6),
Spontaneously Hypertensive rats (SHR; n=6), and hypertensive rats treated with kefir (SHR-
Kefir; n=4) were stained withAlcian blue/Periodic Acid-Schiff (PAS) and hematoxylinto analyze
Tunica Muscularis Thickness (A-C) and Villi Length (D-F). Graphs G-H summarize tunica
muscularis thickness data (G), and villi lengh (H). Results were compared by one way ANOVA
and Tukey post-hoc test. Values are expressed as mean = SEM; “P<0.0001 vs. WKY; *
P<0.01 vs. SHR. Arrows in A-C indicate the measured thickness of the Tunica Muscularis.
Arrows in D-F specify the length of each villus.

3.4. Elevated serum endotoxin levels in SHRs are reversed by kefir treatment

Blood serum LPS concentrations were increased in SHRs (0.71+0.04 EU/mL) as
compared to WKY (0.541£0.07 EU/mL). Normalized LPS levels were found in the SHR-
Kefir group (0.54+£0.02 EU/mL) (Fig. 4).
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Fig. 4. Elevated serum endotoxin levels in spontaneously hypertensive rats (SHR) are
reversed by kefir treatment. Concentration of LPS in serum of normotensive WKY (n=3),
SHR (n=4), and hypertensive animals treated with kefir (SHR-Kefir; n=3). The endotoxin level
was normalized with kefir treatment. Results were compared by one way ANOVA and Tukey
post-hoc test. Values are expressed as mean + SEM; "P<0.01 vs. WKY; * P<0.01 vs. SHR.

3.5. Neuroinflammation present in SHR is prevented by the use of probiotics

Alterations in microglial morphology were used to assess activation, such that reduced
branching complexity, relative to that observed in WKY's, was indicative of microglial
de-ramification towards an activated phenotype (Fig. 5A-C). Compared to WKY's, SHR
microglia morphology presented decreased branch length (PVN: -45.6+3.5%; RVLM:
-39+4.2%), and total endpoints (PVN: -44.5+3.2%; RVLM: -42.61£2.9%). Kefir
treatment normalized microglia morphology in the PVN (branch length: -18.6£7.4%;
end-points: -6.6+7.2%) and RVLM (branch length: -2.9+6.9%; end-points: 13.2+6.2%)
of SHRs (Fig. 5D-G), suggesting a potential role for kefir in diminishing

neuroinflammation during hypertension.
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Fig. 5. Kefir prevents microglia activation within the paraventricular nucleus of the
hypothalamus (PVN) and rostral ventrolateral medulla (RVLM) in spontaneously
hypertensive rats (SHR). A-C confocal images of microglia (IBA1) in normotensive WKY
(n=5), SHR (n=5), and hypertensive animals treated with kefir (SHR-Kefir; n=5). D-G summary
data showing a decrease of endpoints (D, F), and branch length (E, G) in the microglia within
the PVN and RVLM of SHR treated with kefir. Results were compared by one way ANOVA
and Tukey post hoc test. Values are expressed as mean + SEM “'P<0.0001 vs. WKY; ***
P<0.0001 vs. SHR. Scale bar: 25 pm.

4. Discussion

Our findings demonstrate that kefir treatment (1) improves small intestine functionality
via normalization of the Paneth cell population and tunica muscularis thickness, (2)
restores circulating serum endotoxin levels, and (3) reduces microglial activation in the
PVN and RVLM. These results suggest that the anti-hypertensive effects of kefir are

both peripherally- and centrally-mediated.

85



Kefir is representative of multiple strains of probiotics containing a complex, symbiotic
mixture of more than 50 species of microorganism (Kim, Kim et al. 2017). Several
studies, including our own, have demonstrated that the kefir probiotic decreases BP
in SHR animals (Friques, Arpini et al. 2015, Klippel, Duemke et al. 2016, Brasil, Silva-
Cutini et al. 2018, Silva-Cutini, Almeida et al. 2019). However, the underlying

mechanisms of such effects have not been completely elucidated.

Evidence indicates a strong role for gut dysbiosis in the pathophysiology of
hypertension, both in animal models (Yang, Santisteban et al. 2015, Santisteban, Qi
et al. 2017) and in hypertensive patients (Kim, Goel et al. 2018). Additionally, an
association is shown between hypertension and increased inflammation within
cardioregulatory brain centers, driven by microglia cell activation (Shi, Diez-Freire et
al. 2010, Santisteban, Kim et al. 2016, Takesue, Kishi et al. 2017). Based on these
observations, we hypothesized that kefir treatment would ameliorate the deleterious
alterations in gastrointestinal morphology, diminish neuroinflammation, and,

ultimately, lower blood pressure in hypertensive animals.

Previous data have shown that pathophysiological alterations in the gut are age-
dependent in the SHR model (Santisteban, Qi et al. 2017). Consistent with previous
data, we found that SHRs with established levels of high blood pressure exhibited
thinning of the intestinal tunica muscularis (Santisteban, Qi et al. 2017), and a
reduction in small intestine goblet cell populations (Santisteban, Ahmari et al. 2015)
when compared to WKY. Furthermore, we found a diminished number of Paneth cells
in SHRs. Whereas kefir treatment did not improve the number of goblet cells in SHRs,
both the thickness of the tunica muscularis and the number of Paneth cells were
normalized in kefir-treated animals, reflecting improvements in morphological and

functional aspects of the intestinal barrier.

Located at the base of the crypts of Lieberkiihn, Paneth cells are specialized epithelial
cells of the small intestine responsible for the secretion of diverse antimicrobial
peptides that neutralize microbial products, such as LPS (Cazorla, Maldonado-
Galdeano et al. 2018). In agreement with our data, administration of oral probiotics is
shown to increase the number of Paneth cells with a consequent increase in ex vivo
microbicide activity in the small intestine of mice (Cazorla, Maldonado-Galdeano et al.
2018).
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In addition to a decreased number of Paneth cells, we found an increase in serum LPS
in SHR animals. LPS is an immunogenic product resulting from the degradation of
gram-negative bacterial membranes. LPS is used as a biomarker for gut epithelial
health (Kim, Goel et al. 2018), given that the whole bacteria are not able to surpass
intestinal cells (Galdeano and Perdigon 2004). Concurrent with the improvement of
the morphology of the epithelial barrier, and the number of Paneth cells, kefir probiotic
decreased circulating endotoxin in SHRs, suggesting an overall beneficial effect of

kefir in gut morphophysiology during hypertension.

Systemic LPS is also able to cause chronic neuroinflammation in mice by mechanisms
that involve tumor necrosis factor (TNF)-a receptors, microglia activation, and
increased expression of brain inflammatory factors (Qin, Wu et al. 2007). Within the
brain, the PVN and RVLM are key integrative centers for cardiovascular control (Gabor
and Leenen 2012, Koba, Hanai et al. 2018). During hypertension, an association
between Angiotensin Il (Angll), microglia activation, and concomitant increase in
sympathetic activity has been shown within the PVN of hypertensive animals (Shen,
Li et al. 2015). Moreover, long-term systemic LPS-induced inflammation activates
microglia and increases pro-inflammatory cytokines in the RVLM during neurogenic
hypertension (Wu, Chan et al. 2012). Indeed, microglia, the innate immune cells of the
brain, are among the primary mediators of neuroinflammation. Classically activated
(M1 state) microglia exhibit morphological alterations towards an amoeboid form
characterized by an enlarged cell soma and shortened processes (Kreutzberg 1996,
Morrison and Filosa 2013, Takesue, Kishi et al. 2017). Consistent with previous
reports, we found a decrease in microglial branch length and endpoints in the PVN
and RVLM of SHRs, reflecting enhanced microglia activation. Kefir treatment
normalized microglia morphology in both nuclei, suggesting that kefir diminished

neuroinflammation during hypertension.

Plausible explanations for the effects of kefir over microglia activation is kefir's ability
to improve gut pathology, with a consequent decrease in LPS, but also its ability to
modulate the renin-angiotensin system. Our group has demonstrated that the soluble
fraction of kefir, rich in active peptides, has inhibitory effects of the angiotensin-

converting enzyme (ACE) (Brasil, Silva-Cutini et al. 2018). Additionally, Amorim and
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collaborators have identified a list of thirty-five peptides from kefir with potential

antihypertensive activity due to ACE inhibition (Amorim, Coitinho et al. 2019).

As for the association of microglia activation and increase in sympathetic activity
during hypertension, we have previously shown that kefir diminishes tyrosine
hydroxylase (TH) protein levels (a marker of sympathetic activity) within the PVN and
RVLM (Silva-Cutini, Almeida et al. 2019) and that the soluble fraction of kefir improves

baroreflex sensitivity (Brasil, Silva-Cutini et al. 2018).

Together, our results suggest that mechanisms by which kefir reduces BP may involve
a decrease in neuroinflammation, via lowered circulating endotoxins, inhibition of Ang

Il activity, and an overall dampening of sympathetic activity.

In conclusion, our data indicate that long-term treatment with the probiotic kefir is
beneficial in the management of hypertension by mechanisms that involve
communication between the gut and brain, suggesting that kefir may help in the

adjunct treatment of hypertension
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5. CONSIDERAGOES GERAIS

No intestino o kefir foi capaz de normalizar células epiteliais de Paneth e a espessura
da tunica muscular do intestino delgado (jejuno). Acredita-se que a melhoria da
barreira intestinal durante o tratamento com kefir foi a responsavel pela reducao de

endotoxina (LPS) plasmatica desses animais.

No cérebro o kefir reduziu a ativagdo de microglia (células residentes do sistema
imunologico localizadas no cérebro) sugerindo uma redugédo da neuroinflamacgéo e
também a atividade simpatica em centros cardioregulatérios localizados no cérebro
(PVN e RVLM). Trabalhos anteriores ja demostraram que o LPS plasmatico
aumentado é capaz de ativar a microglia. Assim, a reducdo de LPS pode ter
colaborado para a reducédo da neuroinflamacgao observada. A neuroinflamacéao, por

sua vez, esta diretamente associada ao aumento da atividade simpatica.

No coracgao, a reducao da hiperatividade simpatica pode ter colaborado para reducao

da hipertrofia cardiaca e consequente melhora da funcao cardiaca.

Analisados em conjunto nossos resultados indicam que existe uma relacédo entre a
barreira intestinal, a ativagdo da microglia hipotaldamica (PVN) e bulbar (RVLM) e a
atividade da TH nesses nucleos; parametros esses que estdo alterados na
hipertensao. Os efeitos benéficos sobre esses locais induzidos pelo tratamento com
Kefir, ajudam a explicar provavel reducao da atividade simpatica periférica, com
melhoria da contratilidade cardiaca e proteinas relacionadas com a mobilizagao de
calcio no coragao. Essas ag¢des em conjunto contribuem para a redugéo da pressao

arterial nos animais hipertensos.

92



APENDICE

METODOLOGIA DETALHADA

Capitulo 1

1. Grupos experimentais

Ratos Wistar Kyoto (WKY's) normotensos, machos, de oito semanas de idade, e ratos
espontaneamente hipertensos (SHRs) foram obtidos da unidade de criagdo na
Universidade Vila Velha (UVV), Brasil. Os ratos foram alojados em salas com controle
de temperatura (20 £ 1 ° C), umidade (50 £ 5%) e iluminacdo (12 h dia/12h noite). A
ragcao padrao (Purina Labina, SP-Brasil) e a agua foram estiveram disponiveis em
todos os momentos. Todos os protocolos animais foram aprovados pelo Comité
Institucional de Cuidados com Animais (CEUA-UVV, Protocolo n° 2016-405), e todos
os procedimentos experimentais foram realizados de acordo com as diretrizes para o
cuidado e uso de animais de laboratério, conforme recomendado pelos Institutos
Nacionais de Saude (NIH) (National Research Council 2011).

Os animais foram separados em trés grupos (n = 10 animais cada): grupo controle
WKY tratado com veiculo (leite integral); Grupo SHR tratado com veiculo; Grupo SHR-
Kefir tratado com leite fermentado por graos de kefir. Os animais foram tratados
diariamente por gavagem oral durante um periodo de nove semanas a uma dose de
0,3 mL/100 g de peso corporal. A dose e o periodo de tratamento baseiam-se em
trabalhos anteriores, mostrando que 8 semanas de tratamento com kefir promovem a
diminuigdo da pressao arterial em SHRs (Klippel, Duemke et al. 2016). O grupo
experimental usado para estudos de tirosina hidroxilase (TH) foi realizado na
Universidade de Auburn, AL, EUA, e todas as diretrizes animais foram seguidas da

mesma forma.

2. Preparo do Kefir

Os graos de kefir (gentiimente cedidos pela Dra. Célia Lucia de Luces Fortes Ferreira

da Universidade Federal de Vigosa, Minas Gerais, Brasil) foram adicionados ao leite
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integral pasteurizado em uma proporgao de 5% (p/v) e mantidos a temperatura
ambiente (23 °C). ApOs 24h, esta mistura foi filtrada através de um peneira de plastico
e o produto filtrado foi refrigerado (4 °C) para permitir o crescimento de leveduras
durante 24hs (Friques, Arpini et al. 2015). Apds a conclusao deste processo, o kefir
estava totalmente preparado para administracdo. Bebidas de kefir foram preparadas

diariamente.

3. Medidas de pressao arterial e frequéncia cardiaca

Para dividir aleatoriamente os animais nos grupos experimentais, os niveis de
pressao arterial basal em todos os grupos foram adquiridos indiretamente antes do
inicio do tratamento utilizando um mandmetro de manguito de cauda (lITC Life
Science Inc., Woodland Hills, CA, EUA). Os animais foram colocados dentro de uma
camara de aquecimento (aproximadamente 34 °C) por 30 min antes das aquisigdes
da MAP. Um minimo de trés medi¢des por animal foi adquirido para garantir niveis

basais consistentes de PAM.

ApOs o tratamento dos animais, a fim de avaliar a presséao arterial média e frequéncia
cardiaca, foi realizada a cateterizacdo da artéria e veia femorais. Previamente, os
animais foram anestesiados com Quetamina e Xilasina (100/10 mg/kg; I.P.) e uma
incisdo na regiao inguinal foi realizada para o isolamento do plexo vasculo-nervoso,
possibilitando a cateterizacdo da artéria e veia femoral, respectivamente, utilizando
cateteres de polietileno (PE10 acoplado a PES0, Clay Adans, USA). Os cateteres
foram mantidos preenchidos com solugéo salina (NaCL 0,9%) e ocluidas com pinos
de aco inoxidavel. Em seguida, foi realizada uma perfusao com sal fisioldgico gasoso
(5% CO2 em 95% O2) aquecido (37 °C) seguida de uma solugdo composta por: NaCl
130 mM, KCI 4,7 mM, CaCl2.2H20 1,6 mM, MgS0O4.6H20 1,17 mM, NaHCO3 14,9 mM,
KH2PO4 1,18 mM, EDTA 0,026 mM e glicose 11,1 mM, pH 7,4. A perfusao foi mantida
a uma taxa constante de 4 mL/min com o auxilio de uma bomba de perfusdo. A
pressao de perfuséao foi registrada por meio de de um transdutor de pressao acoplado
a um MP-100 System Guide MP100-CE; Biopac Systems, Santa Barbara, CA, EUA

(Franquni, do Nascimento et al. 2013).
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4. Parametros hemodinamicos

A presséao sistolica do ventriculo esquerdo (PSVE) e a fungao do ventriculo esquerdo
(VE) dos ratos foram avaliadas apos as medidas de PAM e FC. Para isso, o cateter
foi avangado para o ventriculo esquerdo. Apos 15 min adicionais de medi¢des no nivel
basal, os parametros funcionais foram medidos como LV +dP/dtmax, que é a taxa
maxima de aumento da pressao ventricular, ou o valor de pico positivo da primeira
derivada da pressao ventricular esquerda, bem como o taxa de queda de pressao
(—dP/dtmin) e a constante de tempo de relaxamento isovolumétrico de LV (Tau). O
sinal foi expresso em mmHg/s. Apds esse procedimento, o cateter foi retirado do VE
e a PAM foi novamente medida para determinar se havia ocorrido dano na valvula
aortica. Animais com diminui¢cdo da pressao arterial diastolica maior que 10 mmHg
indicariam danos na valva adrtica. Nenhum animal sofreu danos na valva adrtica em
nossos estudos. Os dados foram analisados utilizando o software LabChart, verséo 7
(AD Instruments, Castle Hill, Australia)(Wang, Ren et al. 2003, Nascimento, Lima et
al. 2016).

5. Hipertrofia cardiaca

Os coragoes foram removidos apés medidas hemodinamicas, limpos com solugao
salina e pesados. O ventriculo esquerdo, incluindo o septo interventricular, foi
separado. O peso do ventriculo esquerdo foi obtido e a razdo do peso do ventriculo
esquerdo pelo o peso corporal foi usada como um indice de hipertrofia cardiaca
(Biancardi, Stranahan et al. 2016).

6. Analise de Western blot

Western blots foram realizados para determinar as proteinas fosfolambam (PLB),
fosfotreonina 17-fosfolambam (p-PLB) e reticulo sarcoplasmatico de Ca?*-ATPase
(SERCAZ2a) (Nascimento, Lima et al. 2016). Proteinas totais contidas no tecido do

ventriculo esquerdo foram isoladas e medidas pelo método de Bradford.

O método de bradford (bradford, 1976) é uma tecnica para a determinagdo de
proteinas totais que utiliza o corante de “ Coomassie brilhant blue” BG-250. Este

95



meéetodo € baseado na interacdo entre o corante BG-250 e macromoléculas de
proteinas que contém aminoacidos de cadeias laterais basicas ou aromaticas. No pH
de reacao, a interagdo entre a proteina de alto peso molecular e o corante BG-250
provoca o deslocamento do equilibrio do corante para a forma anidénica, que absorve
fortemente em 505 nm(Compton and Jones 1985). O homogenato para quantificagéo
de proteinas foi preparado a partir de 200mg de tecido do VE em 1mL de PBS. Apés
homogeneizagdo o mesmo foi centrifugado por 10 min a 3500rpm a 4°C. O
sobrenadante contendo as proteinas foi retirado e as amostras das proteinas do VE
foram diluidas 1:30 em PBS. Para realizagao da curva de calibragéo de proteinas 1mg
de albumina foi diluida em 1 mL de agua deionizada, albumina foi utilizada nas
concentragcdes 10%, 20%, 40%, 80% e 100%. As amostras, o branco bem como a
curva foi realizada em triplicata adicionando 5 pL de cada das amostras, branco (agua
deionizada) e proteinas nas diferentes concentragbes numa placa de 96 pogos, em
seguida 250 pL da solugdo de bradford (fotossensivel) foram adicionados aos pogos.
A leitura da placa foi realizada a 595 nm e a média das amostras foi utilizada. A curva

de calibragdo de proteinas foi conseidrada ideal quando r2=0,95.

Apos quantificagdo das proteinas, volume contendo 50 ug de proteinas foram
completados para 10 yL com tamp&o de homogeinizagdo e em seguida adicionados
10uL de Laemmli. As amostras foram separadas por eletroforese em SDSPAGE e
transferidas para membrana de nitrocelulose (Millipore, MA, EUA) usando corrente de
amperagem de 0,25 A. Apds incubacdo com solugédo de bloqueio, as membranas
foram incubadas com anticorpos primarios especificos como segue: anti-PLB (1:
1000, Abcam, Cambridge, MA, EUA), anti-p-PLB (1: 1000, Santa Cruz Biotechnology,
CA, USA) e anti-SERCA2a (1: 2500, Abcam, Cambridge, MA, EUA) por 16 hs. O
anticorpo primario anti-gliceraldeido 3-fosfato desidrogenase (GAPDH) (1: 3000,
Santa Cruz Biotecnologia, Santa Cruz, CA, EUA) foi utilizado como controle
endogeno. A ligagdo do anticorpo primario foi detectada com o uso de anticorpos
secundarios conjugados com peroxidase de rabano por 1hs (HRP) [1: 15.000]: IgG
anti-cabra (Millipore, Bedford, EUA), IgG anti-coelho (Millipore, Bedford, EUA) e anti -
mouse IgG (Sigma Aldrich, St. Louis, MO, EUA). As bandas imunorreativas foram
detectadas com uma reagdo de quimiluminescéncia (Luminata HRP Substrate-

Millipore) seguida de analise densitométrica usando o software Imaged, versao 1.48
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(National Institutes of Health, Bethesda, MD, EUA). Niveis de expressdo de GAPDH

foram usados para normalizar a expressao proteica.

7. Analise de imunofluorescéncia cerebral

Outro grupo de ratos foi perfundido transcardialmente com 0,01 mol/L de salina
tamponada com fosfato (PBS) (150 mL) e 4% de PFA (350 mL). Cérebros foram
postfixed por 3h em 4% paraformaldeido (PFA) seguido de crioprote¢cdo em PBS
contendo sacarose 30% por trés dias a 4 °C. Seg¢des de 30 um contendo o PVN e 40
pum contendo o RVLM foram obtidas utilizando criostato. As regides do cérebro foram
identificadas com ajuda de um atlas cerebral anatémico As fatias contendo o PVN e
o RVLM foram pré-incubadas em soro bloqueador de burro a 10% durante 1h, seguido
de incubagao durante a noite em anticorpo primario de tirosina hidroxilase (anticorpo
monoclonal anti-rato TH, 1:250, Santa Cruz Biotechnology, CA, EUA). Dentro do PVN,
um marcador de vasopressina (VP anti-anticorpo policlonal de cobaia, 1:10.000,
Peninsula Laboratories International, CA, EUA) foi adicionado ao coquetel e usado
como um marcador anatémico. A imunofluorescéncia foi conseguida pela utilizagao
de uma reacgdo secundaria com Alexa Fluor 488 anti-murganho e Alexa Fluor 647
anti-cobaia, respectivamente (todos os anticorpos secundarios utilizados foram
diluidos 1: 250, Jackson Immuno Research, PA, USA). A densidade de TH no PVN e
RVLM foi avaliada como um indicador da atividade simpatica. O controle de absorgao
de anticorpos primarios foi utilizado para indicar sitios de ligacdo de anticorpos

especificos.

Imagem confocal

A imunofluorescéncia foi examinada com um microscoépio invertido Nikon Eclipse
TE2000-E acoplado a um microscépio confocal a laser Nikon A1. Imagens de planos
focais Opticos consecutivos foram obtidas (segbes PVN 30 um: 20-30 imagens,
intervalos de 1 um; se¢ées RVLM 40 um: imagens 30-40, intervalos de 1 um), e uma
unica imagem de projecao das secgbes foi gerada . Cada canal foi adquirido
sequencialmente para minimizar os artefatos de cruzamento entre os canais. A

densidade de TH foi medida usando o software ImageJ.
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Analise estatistica

Os valores foram expressos como a média + erro padrdo da média (EPM). Os testes
de normalidade de D'Agostino-Pearson e Kolmogorov-Smirnov foram usados para
verificar se as variaveis tinham uma distribuicdo normal (Gaussiana). As comparagdes
estatisticas entre as médias paramétricas dos diferentes grupos foram realizadas por
analise de variancia unidirecional (ANOVA), seguida pelo teste post hoc de Tukey.
Um valor de P <0,05 foi considerado significativo. As analises estatisticas foram

realizadas utilizando o software GraphPad Prism® verséao 6.7.

Capitulo 2

1. Animais e grupos experimentais

Ratos Wistar Kyoto (WKY) machos com oito semanas de idade e ratos SHR (Charles
River Laboratories, Wilmington, MA, EUA) foram mantidos na unidade de cuidados
com animais da Universidade Auburn em Auburn, AL, EUA. Os ratos foram alojados
em temperatura (20-26 ° C), umidade (30-70%) e luz (12 h dia / 12 h noite) quartos
controlados com comida de rato padrao e agua livremente disponiveis em todos os
momentos. O Comité Institucional de Cuidados e Uso de Animais da Universidade de
Auburn aprovou todos os protocolos e procedimentos experimentais em animais
(2017-3055). Os animais foram divididos aleatoriamente em trés grupos
experimentais (n = 9/grupo): 1) controle WKY tratado com veiculo (leite integral;
3,25% de gordura do leite), 2) controle SHR tratado com veiculo e 3) SHR-Kefir

tratado com kefir bebida.

2. Fermentacgao do Kefir

A bebida de kefir foi preparada diariamente ao longo do periodo de tratamento de
nove semanas. Os graos de kefir foram adicionados ao leite integral pasteurizado em
uma proporc¢ao de 5% (w/v) e mantidos a temperatura ambiente (23 °C). Apds 24 hs,

utilizou-se uma peneira de plastico para filtrar a mistura e o produto filtrado foi
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refrigerado (4 °C) durante 24 hs para permitir o crescimento de levedura (Friques,
Arpini et al. 2015). O kefir resultante foi administrado por gavagem oral (0,3 mL/100g
de peso corporal). Os graos de kefir foram gentilmente doados pelo Dr. Ferreira da

Universidade Federal de Vigosa, Minas Gerais, Brasil.

3. Medida da pressao arterial

As medigdes nao invasivas da PA foram realizadas com um sistema de manguito de
cauda com registro de pressao de volume para ratos, de acordo com o protocolo do
fabricante (CODA-6; Kent Scientific Corporation, CT, EUA). Os animais foram
aclimatados ao suporte e aos punhos durante trés dias consecutivos antes das
medi¢cdes da PA basal. Durante o periodo de tratamento, as medidas da PA foram
realizadas semanalmente e consistiram em cinco ciclos de aclimatagao, seguidos de
vinte medidas consecutivas da PA. Uma média das medidas consecutivas da PA para

cada grupo foi usada para analise estatistica.

4. Ensaio de lipopolissacarideo (LPS)

O sangue dos animais foi imediatamente coletado em tubos estéreis, livres de
pirogénio e incubado por 30 min a 4 °C. Em seguida o sangue foi centrifugado a 7000
g durante 10 min a 23 °C. O soro foi coletado e armazenado a -20 ° C até o uso. As
concentracbes sericas de LPS foram analisadas por um modo de detecgcao
colorimétrica (leitor de microplacas, Espectrofotdbmetro) utilizando o Kit de
Quantificagdo de Endotoxina Cromogica de Lisado de Amebito (LAL) PierceTM
Limulus (CAT: 88282; Thermo Scientific, Rockford, IL), de acordo com as instrugbes
do fabricante.

Inicialmente as amostras de soro foram diluidas em quatro vezes em agua livre de

endotoxinas.

A solucao estoque do padrao de endotoxina contendo aproximadamente 15-40 EU
de endotoxina de E. Coli liofilizado foi diluida em 1 mL de agua livre de endotoxinas.

Misturar a solugao por 15 min antes do uso com ajuda de um voértex. Concentragdes
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finais de 1EU/mL, 0,5 EU/mL 0,25EU/mL e 0,1 EU/mL foram preparadas para

construgao da curva padrao de endotoxinas.

Solugdo lisado de amebodcito limulus (LAL) contendo o lisado liofilizado foi
reconstituido em 1,4 mL de agua livre de endotoxinas e protegido da luz e refrigerado
a 2-8°C.

Solugéo contendo substrato cromogénico contendo aproximadamente 7 mg de
substrato liofilizado foi reconstituido em 6,5 mL de agua livre de endotoxinas, obtendo-
se entdo uma solucdo de aproximadamente 2 mM. A solugdo preparada foi

armazenada a 2-8°C e protegida da luz.

Apos a diluigdo dos reagentes e antes do preparo da placa, a mesma foi aquecida a
37°C por 10 min. Para preparo da curva padrao de endotoxinas, 50uL das diluicbes
ja preparadas (1EU/mL, 0,5 EU/mL 0,25EU/mL e 0,1 EU/mL) foram adicionadas a
placa. Em seguida 50 yL das amostras de soro diluidas foram adicionadas a placa.
Para o branco, 50 pyL de agua livre de endotoxinas foi usada. A placa foi entao

tampada e armazenada a 37°C por 5 min.

Apos 5 min 50 uL da solugao LAL preparada foi adicionada em cada pogo. A placa foi
tampada e e homogeneizada gentilmente em um agitador de placa por 10 segundos.
Logo apods a placa foi mantida a 37° por 10 min. Depois dos 10 minutos, 100 pL da
solucdo de substrato foi adicionada em cada poco. A placa foi entdo tampada e
homogeneizada gentilmente em um agitador de placas por 10 segundos. A placa foi
encubada a 37°C por mais 6 minutos. Por fim, 50 yL de solucéo de parada da reacao
(25% de acido acético) foi adicionada em cada pogo e a palca foi gentilmente
homogeneizada em um agitador de placas por 10 segundos. A absorvancia foi lida

em um comprimento de onde de 405-410nm.

A média das absorbancias do branco e da curva padrao foram utilizadas. A curva foi
considerada otima quando r? 20,98. A equacdo da reta foi usada para calcular a

concentracido de cada amostra de soro.

5. Anadlises histolégicas
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ApOs a retirada do intestino delgado, amostras da regido do jejuno medindo 0,5 a 2
cm de comprimento foram imediatamente fixadas em solu¢cdo de Bouin (Electron
Microscopy Sciences, Hatfield, PA, EUA) por 10 a 15 min. Em seguida, as amostras
foram cortadas em tamanho menores (5 a 7 mm de comprimento) para garantir que
todo tecido estivesse submerso, para isso o agente fixador foi utilizado 20-30 vezes
o volume do tecido. Apds 48 hs de fixacdo a temperatura ambiente, o excesso de

fixador foi lavado com alcool 70% até a maior parte da cor amarela fosse removida.

As amostras lavadas com alcool foram entdo colocadas em cassetes (VWR, Radnor,
PA, EUA) e mantidas em alcool a 70% até o processamento no processador de
tecidos (Tissue-Tek VIP, Miles / Sakura, Torrance, CA, EUA). Apés o processamento,
as amostras foram embebidas em blocos de parafina (Tissue-Tek TEC, Sakura,
Torrance, CA, EUA). O tecido incorporado na parafina foi seccionado a 6 mm
utilizando o microtomo (Reichert-dung 2040 Autocut, Leica Biosystems
NusslochGmbH, Heidelberger Stral’e 17-19, 69226 Nussloch, Alemanha).

Em seguida, os cortes foram desparafinados sem alteragdes, para posterior
coloragao, usando Hemo-De por trés vezes (8 min, 5 min e 5 min), em ETOH 100%
por duas vezes por 2 min cada, e em seguida com ETOH 95% por duas vezes por 2

min cada e por fim com ETOH 80% por 2 minutos.

O numero de células caliciformes/vilosidades, o comprimento das vilosidades e a
espessura da tunica muscular foram medidos usando o software ImagedJ (NIH;

https://imagej.nih.gov/ij/index.html).

Coloragéo de células caliciformes (goblet) e avaliagdo morfolégica

As secgbes foram coradas com azul de Alcian/Acido Periédico de Schiff (PSA) (cora
em roxo o muco no interior das células caliciformes), contrastadas com hematoxilina
(seccdes previamente tratadas com hematoxilina (1 minuto), 0,5% phloxine em cloreto
de calcio aquoso a 0,5% (20 minutos)) e diferenciadas com alcool acidificado antes
da desidratagao, depuragdo e montagem (Gill, Frost et al. 1974) . Apds a coloragao,
os cortes foram colocados em ETOH 70% por 2min, ETOH 95% duas vezes por 2 min
cada, ETOH 100% duas vezes por 2 min cada, Hemo-De 2 vezes até clarear (5 min,

10 min ou mais). A montagem das amostras foi realizada utilizando Meio de
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Montagem Eukitt (ElectronMicroscopy Sciences, Hatfield, PA) e as imagens foram
realizadas em ampliagdo de 20x. A quantificagdo da células caliciformes de cada
seccao histologica foi realizada em areas onde as vilosidades nao foram dobradas ou

sobrepostas.
Células de Paneth

As secgdes foram tratadas com hematoxilina (1 minuto), 0,5% phloxine em cloreto de
calcio aquoso a 0,5% (20 minutos), e a diferenciagcédo de células de Paneth foi
realizada com uma solugdo saturada de phloxine-tartrazina em solugcdo Cello
(Biocompare, S&o Francisco, CA) seguida de uma breve lavagem com etanol absoluto
e desidratacdo com xileno (Di Sabatino, Miceli et al. 2008). Com esta técnica, os
granulos Paneth mancham vermelho brilhante. Para coloragdo com nitrito de p-
dimetilaminobenzaldeido (DMAB), foram colocados em solugéo a 5% DMAB (Sigma-
Aldrich, Poole, Inglaterra) por 1 minuto, transferido para solugdo de nitrito de sodio
1% por 1 minuto, e depois lavado com agua da torneira e alcool acido. O método
DMABNitrite da uma coloragédo azul intensa do citoplasma dependendo do alto teor
de triptofano nos granulos da célula de Paneth. O numero de células Paneth/cripta foi
contado em cada sec¢ao histoldgica, trabalhando com ampliagdo de 60x (Cazorla,
Maldonado-Galdeano et al. 2018). As quantificagbes foram realizadas de maneira

cega por um unico pesquisador.
6. Imunohistoquimica

Os animais foram transcardialmente perfundidos com solucéo salina tamponada com
fosfato 0,01 mol / L (PBS; 150 ml) seguido por paraformaldeido a 4% (PFA; 350 ml).
Cérebros foram poés-fixados por 3h em 4% PFA e crioprotegidos em PBS contendo
30% de sacarose por 3 dias a 4 °C. Fatias de 30 um e 40 ym contendo o PVN e o
RVLM, respectivamente, foram coletadas por seccionamento do criostato (Microm
criostato HM 525). As amostras foram armazenadas a -20 °C em solugao crioprotetora
[450 mL de dH20, 300 mL de etilenoglicol (Aldrich, EUA), 200 mL de glicerol (RNase-
Free; Sigma, EUA), 75 mL de 0,3 M de PBS] até o uso.

As fatias foram pré-incubadas em PBST (0,01M PBS, 0,04% NaN3, 0,1% Triton)
contendo 10% de soro de burro normal (Jackson ImmunoResearch, EUA) durante 1h.

Os anticorpos primarios incluiam a molécula adaptadora de ligagédo de calcio ionizado
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anti-coelho 1 (IBA1; 1: 2000; Wako Chemicals, EUA), vasopressina anti-cobaia (VP;
1: 10000; Peninsula Laboratories International, EUA) e tirosina hidroxilase anti-rato
(TH; 1: 250; Santa Cruz Biotechnology, EUA). As amostras foram incubadas por 48h
(IBA1) ou 24h (VP e TH) com anticorpos primarios em PBST, foram lavados com PBS
e incubadas com anticorpos secundarios por 4hs [Alexa Fluor® AffiniPure Donkey IgG
(H + L) anti-mouse 488 ( 1: 250), anti-coelho 594 (1: 250) e anti-cobaia (1:50); Jackson
ImmunoResearch, EUA]. As amostras foram lavadas e montadas em laminas com
Vectashield Antifade Mounting Medium (Vector Laboratories, EUA).

A imunofluorescéncia foi examinada com um microscépio invertido Nikon Eclipse
TE2000-E acoplado a um microscopio confocal a laser Nikon A1. Imagens de z-stack
de espessura total foram tiradas com ampliacdo de 60x. As cores VP e TH foram
utilizadas como marcadores anatdomicos para o PVN e RVLM, respectivamente.
Imagens de projecdo maxima de coloragdo IBA1 foram usadas para avaliar a
morfologia da microglia, como descrito. Resumidamente, uma série de
transformacdes digitais foram realizadas usando o ImageJ Software (NIH) para gerar
uma imagem esqueletizada. O comprimento total e os pontos finais dos ramos foram
calculados para cada imagem usando o plug-in AnalyzeSkeleton, e uma reducéo

relativa nesses valores foi indicativa de aumento da ativagao da microglia.

Analise estatistica

Os valores foram expressos como média + erro padrdo da média (EPM). As
comparacgdes estatisticas foram realizadas por analise de varidncia unidirecional
(ANOVA), seguida do teste post hoc de Tukey. Um valor de p <0,05 foi considerado
estatisticamente significativo. As analises estatisticas foram realizadas utilizando o
software GraphPad Prism® 7.
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