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RESUMO

A sindrome cardiorrenal (SCR) ¢ caracterizada por distirbios no coracao € nos rins em que a
disfun¢do aguda ou cronica em um 6rgdo pode induzir uma disfun¢@o aguda ou cronica no
outro. Quando a insuficiéncia renal aguda gera uma disfun¢ao cardiaca aguda, esta sindrome ¢
classificada como SCR do tipo 3 (SCR3). O sistema vascular também ¢ afetado pela SCR,
porém estudos sobre possiveis alteragdes vasculares decorrentes da SCR distantes do sitio da
isquemia renal, como na aorta por exemplo, sdo escassos. A sinalizagdo purinérgica, mediada
por purinas (ATP, ADP, adenosina) impacta de maneira importante o sistema vascular,
regulando o tonus e a inflamagao vascular, entre outros processos. O objetivo do presente estudo
foi analisar os niveis de expressao génica dos receptores purinérgicos P2Y1, P2Y> e P2Y¢ e das
citocinas pro-inflamatorias IL-1p, IL-6, TNF-a e cadeia a do fibrinogénio (FGA) em aortas de
camundongos submetidos a SCR3. Foram utilizadas aortas toracicas de camundongos C57BL/6
submetidos ao modelo de insuficiéncia renal por isquemia unilateral do pediculo renal esquerdo
por 60 minutos, seguida de reperfusdo por 8 e 15 dias. O RNA total das aortas dos animais
Sham (controle), IR8 e IR15 foi extraido para analise da expressdo dos genes de interesse por
RT-qPCR. Apos 15 dias de reperfusdo, os niveis séricos de ureia apresentaram um significativo
aumento de 34% em relagdo ao grupo controle. Ainda, razdo entre o peso do rim
direito/comprimento da tibia apresentou um acréscimo de 17% no grupo IR15 em relacdo ao
grupo Sham, validando o éxito da indu¢do do modelo experimental. A expressdo génica do
receptor P2Y diminuiu significativamente, cerca de 82% aos 8 e 15 dias de reperfusdo. Os
niveis de mRNA dos receptores P2Y> e P2Y¢ e das citocinas IL-1f, IL-6 e TNF-a ndo foram
alterados entre os grupos experimentais. Entretanto, a expressdo da FGA apresentou um
importante aumento, aproximadamente 690 vezes, na aorta dos camundongos IR15 em relagao
ao grupo Sham. Esses achados contribuem para melhor compreensao do impacto da SCR3 sobre
os vasos sanguineos distantes da isquemia renal, embora estudos complementares se fagam
necessarios. Ainda, considerando o importante papel dos receptores purinérgicos para a fungao
vascular, estes resultados podem futuramente apontar novos direcionamentos diagnosticos e
terap€uticos a serem considerados em pacientes com doenga renal.

Palavras-chave: Receptores P2. Sindrome Cardiorrenal. Inflamagdo. Aorta. Sinalizag¢do

Purinérgica.



ABSTRACT

Cardiorenal syndrome (CRS) characterizes by disorders of the heart and kidneys, in which acute
or chronic dysfunction in one organ can induce acute or chronic dysfunction in the other. When
acute renal failure leads to acute cardiac dysfunction, this syndrome is classified as SCR type 3
(SCR3). The vascular system is also affected by SCR but studies on possible vascular changes
resulting from SCR distant from the site of renal ischemia, such as in the aorta, are scarce.
Purinergic signaling, mediated by purines (ATP, ADP, adenosine) significantly impacts the
vascular system, regulating vascular tone and inflammation, among other processes. The
present study aimed to analyze the levels of gene expression of purinergic receptors P2Y,
P2Y>, P2Ys and the pro-inflammatory cytokines IL-1p, IL-6, TNF-a, and fibrinogen o chain
(FGA) in aortas from mice submitted to SCR3. C57BL/6 mice were submitted to the model of
renal failure due to unilateral ischemia of the left renal pedicle for 60 minutes, followed by
reperfusion for 8 and 15 days. Total RNA from thoracic aortas of Sham animals (control), IR 8
and IR 15 was extracted to analyze the expression levels of genes of interest by RT-qPCR. After
15 days of reperfusion, serum urea levels showed a significant increase, around 34% compared
to the control group. Besides, the right kidney weight/tibia length ratio showed an increase of
17% in the IR15 group compared to the Sham group, validating the successful induction of the
experimental model. The gene expression of the P2Y; receptor decreased significantly, about
82 % at 8 and 15 days of reperfusion. The mRNA levels of the P2Y> and P2Y receptors and
the cytokines IL-1B, IL-6 and TNF-a were not altered between the experimental groups.
However, the expression of FGA showed an important increase, approximately 690 times, in
the aorta of IR15 mice compared to the Sham group. These findings contribute to a better
understanding of the impact of SCR3 on blood vessels distant from renal ischemia, although
further studies are needed. Also, considering the important role of purinergic receptors for
vascular function, these results may in the future point to new diagnostic and therapeutic
directions to be considered in patients with kidney disease.

Keywords: P2 receptors. Cardiorenal Syndrome. Inflammation. Aorta. Purinergic Signaling.
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CAPITULO 1

1. INTRODUCAO

1.1. Problema

Entre os rins € o coracdo ocorrem extensas interagdes fisiologicas, envolvendo o
controle do volume de liquido extracelular pelos rins e a circulagdo sistémica pelo coragao. A
sindrome cardiorrenal (SCR) ¢ caracterizada pela disfun¢ao primaria no rim ou no cora¢ao que
inicia 0 comprometimento combinado de ambos os 6rgaos (RONCO et al., 2010). Quando o
dano agudo ocorre primeiramente no rim e gera uma disfuncao cardiaca aguda, ¢ denominada
sindrome cardiorrenal tipo 3 (SCR3) (BAGSHAW et al., 2013).

As doengas cardiovasculares (DCVs) sdo a principal causa de morte no mundo. Estima-
se que, em 2019, em torno de 17,9 milhdes de pessoas morreram por DCVs, representando 32%
de todas as mortes em nivel global (WHO, 2021). De acordo com dados do Censo Brasileiro
de Nefrologia, em julho de 2019, o nimero total estimado de pacientes em didlise foi de
139.691, com um aumento médio de 5,43% em relacdo a 2018 (NEVES et al., 2021), ratificando
a SCR como um grave problema de satide ptiblica. Os mecanismos fisiopatolégicos envolvidos
na sindrome cardiorrenal ainda ndo estdo completamente descritos, mas sabe-se que, além dos
rins ¢ do coracdo, o sistema vascular ¢ amplamente afetado nesta condicdo, através de fatores
neuro-humorais (BOCK; GOTTLIEB, 2010), mecanicos, bioquimicos e de toxinas urémicas
ligadas a proteinas (do inglés PBUTs, protein-bound uremic toxins) (GUO et al., 2017),
causando disfung¢ao endotelial e morte celular (BOCK; GOTTLIEB, 2010).

Descrita por Burnstock em 1970, a sinalizacao purinérgica, mediada por ATP e outras
purinas e pirimidinas, atua de maneira significativa sobre os vasos sanguineos, influenciando
na regulagdo do tonus e da inflamagdo vascular, estimulando o crescimento de células
endoteliais, promovendo a agregacdo plaquetaria, entre outros processos (ERLINGE;
BURNSTOCK, 2008). O ATP extracelular se liga aos receptores purinérgicos do tipo P2 de
células endoteliais (CE) provocando vasodilatacdo através da produgao de oxido nitrico (NO),
fator hiperpolarizante derivado do endotélio (EDHF) e prostaciclina (PGI2) (BURNSTOCK,
2017). O ATP também pode atuar como um vasoconstritor, quando liberado juntamente com a
noradrenalina (NA), ligando-se aos receptores P2 das células musculares lisas vasculares

(CMLV) (BURNSTOCK, 2007a).
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1.2 Hipotese

A hipotese deste estudo ¢ de que vasos distantes do sitio de isquemia renal, como a aorta
por exemplo, sofrem modificagdes nas suas fungdes biologicas e tais alteragdes sdo provocadas,
em parte, por um comprometimento do funcionamento dos receptores purinérgicos do tipo P2

presentes nos vasos sanguineos.

1.2 Objetivos

1.3.1 Objetivo geral:

Verificar o impacto da SCR3 sobre s receptores purinérgicos vasculares distantes do
sitio isquémico.

1.3.2 Objetivos especificos:

A partir do protocolo de isquemia/reperfusdo (IR) renal em camundongos, em animais
Sham (controle), IR 8 dias de reperfusdo e IR 15 dias de reperfusdo, verificar se a sindrome
cardiorrenal:

a. modifica os niveis de expressao génica dos receptores purinérgicos P2Y 1, P2Y> e
P2Ys em aorta toracica;

b. altera o perfil inflamatdrio através da expressdo génica das citocinas IL-1f, IL-6,

TNF-a e Fibrinogénio o em aorta toracica.

1.4 Justificativa

Na SCR3 (sindrome renocardica aguda), a sequéncia temporal de eventos inicia-se com
lesdo renal aguda, que leva a uma disfuncao cardiaca aguda, a qual pode se manifestar em forma
de arritmia, edema pulmonar, entre outros (RONCO et al., 2010).

Existe uma compreensdo limitada dos mecanismos fisiopatoldégicos de como a
insuficiéncia renal aguda (IRA) contribui para o aumento do risco de eventos cardiovasculares
(BAGSHAW et al., 2010). De acordo com Kingma e colaboradores (2006), utilizando um
modelo canino de IRA, houve um aumento da atividade do sistema renina-angiotensina-
aldosterona, contribuindo para a diminui¢do da responsividade coronariana observada a
acetilcolina, adenosina, bradicinina e L-arginina. Ainda, a reatividade vascular também foi
significativamente diminuida de maneira dependente ou independente do endotélio (KINGMA

et al., 2006).
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Sabe-se que a sinalizagdo purinérgica, mediada por nucleotideos e nucleosideos,
influenciam distintas respostas vasculares. Assim, com o endotélio intacto, o ATP liberado
provoca vasodilatacdo, mas quando ha dano endotelial, o ATP pode atuar como um
vasoconstritor via receptores P2 no musculo liso vascular, o que pode levar ao vasoespasmo
local (BURNSTOCK, 2017). Ainda, quando o ATP ¢ liberado como co-transmissor com a
noradrenalina (NA) a partir de terminais nervosos simpaticos perivasculares, também leva a
vasoconstricdo (BURNSTOCK, 2017).

Dado o impacto das DCVs para a satde publica no mundo todo, bem como a
importancia da SCR no contexto das DCVs, ¢ importante ampliar os conhecimentos sobre os
mecanismos moleculares fisiopatologicos envolvidos nesta sindrome, o que pode impactar de
maneira importante no direcionamento de futuras abordagens de prevencao e tratamento da
SCR. Nossa aposta ¢ de que, além dos mecanismos ja conhecidos, a sinalizagdo purinérgica
também contribua para as modificagdes vasculares decorrentes da SCR. Desde a sua descoberta,
na década de 1970, a importancia do sistema purinérgico na regulacdo dos processos
cardiovasculares vem ganhando destaque em patamares semelhantes ao de reguladores
classicos, como o sistema nervoso simpatico € o sistema renina-angiotensina-aldosterona.
Muitos dos componentes desta sinalizagdo ja sdo utilizados na pratica clinica para algumas
patologias, como disturbios na agregacdo plaquetaria. Nesse sentido, a investigacdo dos
receptores purinérgicos vasculares no contexto da SCR, em local distante do sitio isquémico,
pode representar um avango tanto do ponto de vista de aprofundamento tedrico, como do ponto

de vista de vislumbrar novas estratégias terap€uticas.

2. REFERENCIAL TEORICO

2.1 Sindrome Cardiorrenal (SCR)

Os rins sdo importantes 6rgaos excretores do corpo humano, que mantém o equilibrio
hidroeletrolitico, contribuindo para a homeostase (SETTE et al.,, 2013). O sistema
cardiovascular ¢ o responsavel pela circulacdo sanguinea, transportando nutrientes e oxigénio
para as cé€lulas (SETTE et al., 2013). Estes dois sistemas estdo relacionados e, por esta razao,
quando ha um distirbio de um 6rgao pode haver uma disfun¢do no outro (RONCO et al., 2010).
Ainda, as doengas cardiacas e renais possuem fatores de risco em comum envolvendo a
vasculatura, os quais incluem a hipertensao, diabetes, tabagismo, sedentarismo, entre outros

(HADJIPHILIPPOU; KON, 2016). A coexisténcia dos distirbios renais e cardiovasculares



17

aumenta significativamente a morbidade e a mortalidade dos pacientes. Neste contexto, um

estudo realizado por Pavan documentou alta taxa de mortalidade em decorréncia da IRA

associada a uma disfuncao cardiaca aguda (PAVAN, 2014).

Com a escassez de defini¢do formal e estadiamento da doenca cardiaca-renal, foi

realizada uma conferéncia de consenso em 2008, da Acute Dialysis Quality Initiative (ADQI),

que denominou e definiu a sindrome cardiorrenal (SCR) como "distirbios do coragdo e dos

rins, em que a disfun¢do aguda ou cronica em um 6rgao pode induzir uma disfungdo aguda ou

cronica do outro” (RONCO et al., 2010). Em relagdo ao estadiamento da sindrome, a mesma

foi categorizada em 5 tipos, sendo elas:

Sindrome cardiorrenal aguda (tipo 1): ¢ caracterizada por piora aguda da funcao
cardiaca (edema pulmonar, choque cardiogénico, insuficiéncia cardiaca aguda),
levando a uma lesao renal aguda (RONCO et al., 2010).

Sindrome cardiorrenal cronica (tipo 2): € definida pelas anormalidades cronicas da
funcdo cardiaca, insuficiéncia cardiaca crénica, que causam uma progressiva €
permanente doenga renal cronica (RONCO et al., 2008).

Sindrome renocardica aguda (tipo 3): resulta da insuficiéncia renal aguda e ¢
caracterizada por disfuncdo cardiaca aguda, cardiomiopatia urémica, arritmias e
isquemia (RONCO et al., 2010; HADJIPHILIPPOU; KON, 2016).

Sindrome renocérdica cronica (tipo 4): na sindrome cardiorrenal tipo 4, ocorre
primeiramente o desenvolvimento de doenga renal cronica (DRC) levando a
disfung¢do cardiaca (RONCO et al., 2010; HADJIPHILIPPOU; KON, 2016).
Sindromes cardiorrenais secundarias (tipo 5): esta sindrome ¢ definida por
disfuncdo cardiaca e renal simultdnea como parte de uma condigdo sistémica, seja

ela aguda ou cronica (RONCO et al., 2010; HADJIPHILIPPOU; KON, 2016).

Neste trabalho foi desenvolvido o modelo de sindrome cardiorrenal tipo 3 (SCR3), a

partir da oclusao do pediculo renal esquerdo de camundongos por 60 minutos, desenvolvendo

a insuficiéncia renal, seguida de reperfusdo por 8 ou 15 dias.
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2.2 Fisiopatologia da SCR

O insulto primario ao 6rgao causa a ativagdo de uma série de mecanismos de resposta
pelos sistemas neural e hormonal. Mecanismos evolutivos projetados para manter o volume
sanguineo constante e a perfusdo de orgdos sob condigdes em constante mudanga sio
claramente responsaveis pela SCR (BOCK; GOTTLIEB, 2010). Embora em alguns casos esses
mecanismos sejam inicialmente compensatorios, muitos contribuem para a piora € progressao
funcional da SCR em longo prazo (LIU et al., 2012). Existem poucos estudos sobre os
mecanismos fisiopatoldgicos pelos quais a lesdo renal aguda (LRA) contribui para a lesdo ou
disfuncdo cardiaca aguda (BAGSHAW et al., 2013).

A maioria dos estudos avalia a patogénese da SCR em modelos de IR, pois resultam em
efeitos distantes e as alteragdes observadas no coracdo podem ser importantes na
morbimortalidade observada clinicamente (KELLY, 2003). Nestes modelos demonstrou-se que
a LRA provoca uma resposta imune sistémica caracterizada pelo aumento dose-resposta nos
niveis circulantes de mediadores pro e anti-inflamatorios (BAGSHAW et al., 2013).

Figura 1 - Sindrome Cardiorrenal do tipo 3 (SCR3). Interagées fisiopatologicas entre coragdo e rim
na SCR tipo 3 ou "sindrome renocardica aguda", em que ha piora abrupta da fungdo renal, por exemplo,
insuficiéncia renal aguda ou glomerulonefrite, causando disturbio cardiaco agudo, como por exemplo,
insuficiéncia cardiaca, arritmia, edema pulmonar. TFG= taxa de filtra¢do glomerular;, RAAS= Sistema
Renina-Angiotensina-Adosterona; DC= Débito Cardiaco.
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Quando a disfunc¢do renal priméria se desenvolve, ocorre ativacdo do sistema renina-
angiotensina-aldosterona (RAAS), dos barorreceptores sensiveis a pressdo, da sinalizagdo
celular e de mecanismos do sistema nervoso simpatico (SNS). Em curto prazo, essas respostas
ajudam a manter o equilibrio hemodinamico através da reposicdo de sodio e dgua (BOCK;
GOTTLIEB, 2010). No longo prazo, entretanto, a sobrecarga aguda de sodio e volume fazem
parte da patogénese (RONCO et al., 2008) e podem piorar a fun¢do renal por congestdo venosa
e hipertensdo intra-abdominal, além de alterar o débito cardiaco, aumento da pré e pds-carga
por meio de autorregulacao corporal total (BOCK; GOTTLIEB, 2010).

A insuficiéncia cardiaca direita contribui diretamente na fisiopatologia da SCR,
fornecendo pré-carga inadequada para manter o débito cardiaco, criando assim um
preenchimento arterial insuficiente e perfusdo renal comprometida. O comprometimento do
débito cardiaco leva a diminui¢do da perfusdo arterial renal e a ativacdo neuro-hormonal tem
sido considerada um evento-chave na SCR (TABUCANON; TANG, 2020).

A liberacao de renina e a ativagdo do RAAS conferem extrema avidez ao sodio,
vasoconstricao, retencdo de liquidos, diminui¢do da perfusdao glomerular e aumento de fatores
pro-fibréticos do neurohormonio, levando a remodelacao ventricular (BOCK; GOTTLIEB,
2010). Os neurohormdnios precipitam uma cascata de eventos que geram uma lesdo oxidativa
que levam a disfuncdo endotelial, inflamacao e morte celular, tanto nos rins quando no coragao
(GRIENDLING et al., 1994). A ativagdo do SNS pode levar a vasoconstri¢do e ao aumento da
demanda de oxigénio no miocardio, a qual pode acarretar em isquemia cardiaca se o suprimento
de oxigénio ndo for suficiente (BAGSHAW et al., 2013). A resposta vasoconstritora ¢
desencadeada pela liberagdo de NA na fenda sindptica, que se liga aos receptores o e [
adrenérgicos na membrana das células musculares lisas (KRIEGER; FRANCHINI; KRIEGER,
1996). Apos a liberagdo, a NA liga-se aos receptores a-adrenérgicos promovendo aumento da
permeabilidade do célcio tanto na membrana celular como no reticulo sarcoplasmatico e inicia-
se a contragdo da célula muscular lisa (KRIEGER; FRANCHINI; KRIEGER, 1996).

O sistema RAAS inicia-se pela renina, secretada pelas células justaglomerulares dos
rins. A renina cliva o angiotensinogénio produzido no figado, gerando angiotensina I. Através
da ag¢do da enzina conversora de angiotensina (ECA), a angiotensina [ ¢ convertida em
angiotensina II (AT-II) (KRIEGER; FRANCHINI; KRIEGER, 1996). A AT-II ativaa NADPH
oxidase e NADH oxidase e sua ativacdo em um 6rgdo tem o potencial de levar a disfuncao
progressiva em outro 6rgdo através da geragdo de espécies reativas de oxigénio (ERO) (BOCK;
GOTTLIEB, 2010). O estresse oxidativo resulta de um desequilibrio entre a produg¢ao de ERO

(anion superoxido, peroxido de hidrogénio e radical hidroxil) e mecanismos endégenos de
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defesa antioxidantes (BRAUNWALD, 2019). A inflamacgao altera o funcionamento da ERO e
promove a formagdo de mais ERO e NA, contribuindo para os ciclos de retroalimentacao
positiva na conexao cardiorrenal (BONGARTZ et al., 2005).

A perda do equilibrio oxidativo resulta na ativagdo e producdo de citocinas pro-
inflamatorias, como a IL-6, IL-1, PCR e TNF-a (BAGSHAW et al., 2013). Sabe-se que essas
citocinas tém efeitos prejudiciais no coragdo. No modelo de IR, os efeitos negativos do TNF-a
incluem disfungao ventricular esquerda e apoptose de midcitos cardiacos e células endoteliais
(KELLY, 2003). As concentracdes elevadas de TNF-a entre os pacientes com insuficiéncia
cardiaca sintomdtica correlacionam-se diretamente com a piora da gravidade da doenca
(KRIEGER; FRANCHINI; KRIEGER, 1996).

A injuria renal também contribui para alteragdes funcionais na capacidade de resposta
das células imunes e alteragdes na migracao de leucocitos, adesdo e extravasamento nos tecidos,
no rim ¢ em 6rgaos distais, como o coragdo (YAP; LEE, 2012). Os leucdcitos sdo células
importantes no tocante a disfungdo cardiaca apos isquemia e bloqueio da fun¢do (MA et al.,
1992). A contagem elevada de globulos brancos est4 associada a um risco aumentado de infarto
agudo do miocardio (ERNST et al., 1987). Outros fatores como hipertensao, anemia e toxinas

urémicas também podem contribuir para a SCR (LIU et al., 2012).

2.3 Sindrome Cardiorrenal e Sistema Vascular

A manutencao do volume sanguineo, do tonus vascular e da estabilidade hemodinamica
depende de um conjunto de finas intera¢des entre o corac¢do e o rim. Sendo assim, a SCR nao
afeta apenas estes 0rgdos, mas também o sistema vascular, o qual ¢ influenciado através de
fatores neuro-humorais (BOCK; GOTTLIEB, 2010), mecanicos, bioquimicos ¢ de toxinas
urémicas ligadas a proteinas (do inglés PBUTs, protein-bound uremic toxins) (GUO et al.,
2017).

Ap0s injuria, as células endoteliais expressam moléculas de adesdo como a molécula de
adesdo celular vascular-1 (VCAM-1), a molécula de adesdo intercelular-1 (ICAM-1) e a P-
selectina em sua superficie, as quais suportam a ligacdo e a invasdo de células inflamatoérias
(NISHIMURA et al., 2017). Além disso, alteragdes pro-inflamatorias patologicas sdo iniciadas
por eventos que ocorrem durante a isquemia. Tais eventos preparam o cendrio para a ativagao
do sistema imunolodgico inato e adaptativo durante a reperfusdo, efeitos que sdo amplificados
pelo estresse oxidativo induzido pelo restabelecimento do suprimento sanguineo (YU;

KALOGERIS; KORTHUIS, 2019).
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Como ja mencionado, os fatores neuro-humorais sdo fortes precipitadores e mediadores
de uma cascata de lesao oxidativa que leva a disfungdo endotelial generalizada, inflamacgao e
morte celular na SCR (BOCK; GOTTLIEB, 2010). O sistema renina-angiotensina esta
intrinsicamente ligado a este processo, pois € ativado pelo sistema nervoso simpatico renal a
partir da reducdo da perfusdo renal, levando ao aumento da reabsor¢do de sodio e agua,
expandindo assim o volume plasmatico (BONGARTZ et al., 2005).

A sobrecarga do volume plasmatico em decorréncia da ativagdo do RAAS resulta na
congestdo venosa local, afetando os rins e os 6rgdos esplénicos, levando a retengdo renal e
esplénica. Além disso, a congestdo venosa local pode desencadear uma congestdo vascular
sistémica. Portanto, os efeitos da congestdo venosa resultam em respostas mecanicas,
bioldgicas e imunoldgicas, que contribuem para o desenvolvimento da SCR (TABUCANON;
TANG, 2020). Ainda, a AT-II ativa a NADPH e a NADH oxidase nas CMLV, midcitos
cardiacos e células epiteliais tubulares renais, gerando superéxido (GRIENDLING et al., 1994),
uma ERO que contribui nos processos de senescéncia, inflamacao e disfungdo organica
progressiva (BOCK; GOTTLIEB, 2010).

Os impactos que a SCR promove na vasculatura, em sitios distantes do sitio de IR, ainda
ndo estdo bem elucidados. No entanto, a elevacdo de TNF-q, IL-1P e IL-6 em pacientes com
doenca renal, insuficiéncia cardiaca congestiva e fendmenos ateroscleroticos podem sugerir um
possivel papel dessas citocinas na modulacdo da inflamag¢ao durante a SCR3 (COLOMBO et
al., 2012).

A produgdo de citocinas pro-inflamatorias como consequéncia da insuficiéncia cardiaca
pode ser decorrente da ativacdo neuro-hormonal, congestio venosa ou congestdo venosa
sisttmica (TABUCANON; TANG, 2020). As citocinas TNF-o e IL-1p interrompem o
equilibrio vasomotor, aumentando a degradagao do NO através da ativagao da NADPH oxidase
e aumentando a producdao de superoxido (KAUR; DHAUNSI; TURNER, 2004). Assim, o
aumento do estresse oxidativo pode ser responsavel pela diminuicdo da vasodilatagdo mediada
pelo NO (COLOMBO et al., 2012).

Além disso, citocinas pro-inflamatorias, especialmente TNF-0, promovem a adesdo de
leucocitos ao endotélio via deplecdao de NO e expressao de moléculas de adesao (COLOMBO
et al., 2012). Em resposta ao estiramento biomecanico da SCR, o proprio endotélio vascular
pode se tornar uma fonte primaria de producdo de citocinas. Varios estudos in vitro mostraram
que a endotelina-1 (ET-1) (HASDAI et al., 1997), IL-6 (KAWAI et al., 2002) e TNF-a (WANG
et al., 2003) podem ser secretadas poucas horas apos a exposi¢ao ao estiramento (COLOMBO

et al., 2012). Outro fator importante a ser considerado € que AT-II, além de aumentar o estresse
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oxidativo, induz a expressao de TNF-a (SRIRAMULA; FRANCIS, 2015). Ambos induzem a
atividade de metaloproteinases de matriz 2 (MMP-2) (BELO; GUIMARAES; CASTRO, 2016)
desempenhando um papel importante na hipertrofia vascular na hipertensao.

Além dos efeitos inflamatorios, as células endoteliais estdo envolvidas na patogé€nese
das anormalidades da coagulacdo durante a infec¢do grave (LEVI; VAN DER POLL, 2010).
A ativagdo da coagulagdo produz proteases que interagem com os zimogénios da proteina de
coagulagdo e também com receptores celulares especificos para induzir as vias de sinalizagao.
As proteases de coagulacgdo ativadas podem afetar receptores celulares especificos nas células
inflamatorias e nas células endoteliais e, assim, modular a resposta inflamatéria (LEVI; VAN
DER POLL, 2010). Existe, portanto, existe uma conversa cruzada entre a inflamacdo e
coagulacdo.

Existem diversas moléculas envolvidas na cascata de coagulagdo, no entanto, o
fibrinogénio (FBG), uma glicoproteina de 340 kDa com diferentes locais de ligacgdo,
desempenha papéis sobrepostos na coagulacao do sangue, fibrindlise, interacdes celulares e de
matriz, resposta inflamatoria, cicatrizagdo de feridas e neoplasia (MOSESSON, 2005). Além
de ser uma molécula importante na coagulacdo, o fibrinogénio interage com o ambiente
perivascular e afeta o desenvolvimento de doencas de maneiras que vao além de seus papéis
tradicionais na cascata hemostitica aguda (DAVALOS; AKASSOGLOU, 2012). O
fibrinogénio foi identificado como um fator de risco significativo e também como um
modulador de processos inflamatdrios em varias condi¢des patologicas (LEVI; VAN DER
POLL, 2010). Neste sentido, foi demonstrado que FBG ¢ regulador chave do desenvolvimento
de fibrose renal apds lesdo renal (CRACIUN et al., 2014) e esta associado a formacdo e
progressao da aterosclerose (GUO et al., 2009).

Ao contrario da inflamagao, estresse oxidativo, lesdo renal, disfun¢do cardiaca ¢
problemas vasculares e endoteliais, o acumulo sistémico de toxina urémica ligada a proteina
(PBUT) foi reconhecido como um contribuinte ndo convencional para a SCR (SAVIRA et al.,
2019). O comprometimento renal causa uma sobrecarga de PBUTs que, ligados a albumina,
tornam-se solutos nao dialisaveis (SAVIRA et al., 2019). Sendo assim, as PBUTs tém sido
apontadas como um fator de risco nao tradicional para disfun¢do cardiaca, renal e vascular
(SAVIRA et al., 2019).

As PBUTs impactam as CMLV e as CE. Os principais efeitos dos PBUTs nas CMLV
estdo na regulacdo da proliferagdo celular, migracdo, senescéncia, calcificagdo e indugao de
inflamacao, os quais estdo profundamente ligados a ocorréncia de aterosclerose e eventos

cardiovasculares subsequentes (GUO et al., 2017). Nas CE, as PBUTs promovem vasodilatagao
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endotélio-dependente anormal, acompanhada de diminui¢do da produgdo de NO, levando a
rigidez e calcificagdo da artéria (CHUNG et al., 2009) e aumento do fator de von Willebrand,
fator tecidual (TF), VCAM-1 e ICAM-1 (SABATIER et al., 2009).

Sabe-se que o ATP ¢ co-liberado de terminagdes nervosas em conjunto com a NA,
atuando nos processos de vasoconstricdo, controle do tonus e da pressdo arterial
(BURNSTOCK, 2017). Nesse contexto, assim como as toxinas urémicas, ¢ possivel hipotetizar
que os componentes da sinalizagdo purinérgica também estejam entre os fatores de risco nao

tradicionais para a disfun¢ao vascular observada na SCR.

2.4 Sinalizacao Purinérgica

Adenosina 5’-trifosfato (ATP) ¢ um nucleotideo que estd presente em todas as células.
Esta molécula ¢ constituida pelo nucleosideo adenosina, associado a trés radicais fosfatos
conectados em cadeia. E um importante substrato para as reagdes metabdlicas com gasto
energético, pois armazena energia em suas ligagdes quimicas (WATSON et al., 2015). Os
nucleotideos também estdo presentes na constituigdo das moléculas de DNA e RNA
(AGTERESCH et al., 1999).

O papel do ATP, entretanto, ndo se limita apenas a sua fun¢do intracelular. Em 1929,
Drury e Szent-Gyorgyi publicaram um trabalho sobre o papel dos compostos purinicos
extracelulares, em particular da adenosina, atuando no coragdo e nos vasos sanguineos com
efeito dilatador (DRURY; SZENT-GYORGYI, 1929). Mais tarde, na década de 1970,
Burnstock propds o conceito de sinalizacdo purinérgica, descrevendo o ATP como uma
molécula sinalizadora, atuando como o neurotransmissor responsdvel pela transmissdao
neuromuscular ndo-adrenérgica e ndo-colinérgica em bexiga urindria (BURNSTOCK, 1972).

A sinalizagdo purinérgica ndo ¢ efetuada apenas pelo ATP. Outros nucleotideos
purinicos, como adenosina 5’-difosfato (ADP), e o nucleosideo adenosina; e pirimidinicos,
como uridina 5’-trifosfato (UTP) e uridina 5’-difosfato (UDP), também podem atuar como
efetores dessa sinalizagdo (RALEVIC; BURNSTOCK, 1998). Além da neurotransmissao, o
ATP estd envolvido na regulacdo de varios processos bioldgicos, como contragdo muscular,
fungdo cardiaca, ativacdo e agregacao plaquetaria, inducao de apoptose e atividade anticancer
(BOURS et al., 2006). Ainda, tem efeitos na fun¢ao gastrointestinal e hepatica (ROMAN; FITZ,
1999), na resposta imune e sobre os efeitos inotropicos, cronotropicos e arritmogénicos no

miocérdio (VASSORT, 2001).



24

Para que atuem como moléculas sinalizadoras entre as células, os nucleotideos precisam
atingir o meio extracelular. Assim, os nucleotideos podem ser liberados no meio extracelular
de diversas maneiras, como explicado a seguir. Tendo em vista que as células possuem grande
quantidade de nucleotideos em seu citosol, a lise celular, o choque traumatico e a inflamacao,
podem levar a liberagdo dos nucleotideos para o meio extracelular (BOURS et al., 2006).
Ademais, pode ocorrer a liberacdo de nucleotideos por exocitose por células secretoras/
excitatorias, como terminais nervosos e células cromafins, em que ha liberagdo de vesiculas
contendo nucleotideos, de um modo dependente de Ca?>" (YEGUTKIN, 2008a). Outra via de
liberagdo de sinalizadores purinérgicos se da através de tecidos ndo excitaveis, como células
epiteliais e endoteliais, células hematopoiéticas, entre outras, sob tensdo de cisalhamento,
press@o hidrostatica, como também em resposta a bradicinina, serotonina e outros agonistas
farmacologicos de mobilizagio de Ca?* (YEGUTKIN, 2008b).

A sinalizagdo por estas moléculas ocorre através de diferentes receptores purinérgicos
(purinoceptores) ancorados @ membrana plasmatica. Apos sua liberagdo no compartimento
extracelular, os nucleotideos e nucleosideos interagem com os receptores da membrana celular,
desencadeando a resposta de sinaliza¢do. Os receptores purinérgicos sao classificados em dois
grandes tipos, P1 e P2, sendo os do tipo P1 responsivos a adenosina e os do tipo P2 responsivos
ao ATP, ADP, UTP, UDP e UDP-glicose (RALEVIC; BURNSTOCK, 1998).

Entre os receptores purinérgicos do tipo P1, sdo reconhecidos quatro subtipos: Ai, Aza,
Ao e A3, acoplados a proteina G (BURNSTOCK, 2007a; BURNSTOCK, 2007b). Na ativagao
dos receptores P1, o segmento intracelular do receptor interage com a proteina G apropriada,
com subsequente ativacdo do mecanismo de transdu¢do do sinal intracelular. Os receptores Aza
e Ao associam-se a proteina Gs e podem ativar a via do AMPc. Os receptores A1 e Az, no
entanto, quando associados a proteina G; podem impedir a mesma via (JACOBSON; GAO,
20006).

Os receptores P2 sdo subclassificados de acordo com seu mecanismo de agdo. Assim,
sdo reconhecidos sete subtipos de receptores ionotropicos P2X (P2Xi.7) e oito subtipos de
receptores metabotropicos P2Y acoplados a proteina G (P2Y1, P2Y2, P2Y4, P2Ys, P2Y 11,
P2Y12, P2Y13 € P2Y14) (BURNSTOCK, 2007b). Diferentemente dos demais purinoceptores, 0s
membros da familia dos receptores P2X exibem uma topologia de subunidades de caudas N e
C-terminais intracelulares, possuindo motivos de ligagdo de consenso para proteinas quinases,
além de duas regides transmembrana e uma alca extracelular rica em residuos de cisteina
(BURNSTOCK; KNIGHT, 2004). A ativacao desses receptores pelo ATP causa uma alteragao

na condutincia idnica da membrana, resultando no influxo de Ca*" para o meio intracelular,
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gerando um potencial de acdo que estd associado a vasoconstricdo da musculatura lisa e visceral
(BURNSTOCK; KNIGHT, 2004).

Os receptores P2Y metabotropicos sdo determinados por uma topologia de subunidade
de um terminal NH; extracelular e um terminal COOH intracelular, o Gltimo possuindo motivos
de ligacdo de consenso para proteinas quinases e sete regides transmembrana, que ajudam a
formar a bolsa de acoplamento (BURNSTOCK, 2007a). Enquanto P2Y> e P2Y4 sdo ativados
basicamente por nucleosideos trifosfatados, os receptores P2Y1, P2Ys e P2Y 12 sdo ativados
principalmente por nucleosideos difosfatados (BURNSTOCK; KNIGHT, 2004). Todos os
receptores P2Y acoplam-se a proteinas G heterotriméricas (Gq, Gs, Gio € Gi12/13), consistindo de
uma subunidade a (Go) firmemente associada as subunidades By (GPy) na superficie interna da
membrana plasmatica, estimulando diferentes efetores (NISHIMURA et al., 2017), ativando a
fosfolipase C (PLC), libertado célcio intracelular ou afetando a adenilil ciclase e alterando os
niveis de AMP ciclico (BURNSTOCK; KNIGHT 2004).

A sinalizagdo purinérgica ¢ encerrada pela acdo das ectonucleotidases, enzimas
especificas que hidrolisam os nucleotideos até seus respectivos nucleosideos e fosfatos livres.
Atualmente, sdo reconhecidas quatro familias de ectonucleotidases, as E-NTPDases (ecto-
nucleosideo trifosfato difosfohidrolases), as E-NPPs (ectonucleotideo pirofosfatase/
fosfodiesterases), as fosfatases alcalinas e as ecto-5'-nucleotidases, todas com ampla
distribuigdo tecidual (ZIMMERMANN, 2000). Sdo moléculas de grande importancia, ja que
modulam a sinalizag¢do purinérgica, regulando a quantidade e disponibilidade dos agonistas dos

purinoceptores.

2.5 Receptores Purinérgicos no Sistema Vascular

Sabe-se que a sinalizag@o pelos nucleotideos causa a vasoconstri¢ao e a vasodilatagao,
estimula o crescimento de CMLV, regula a agregacdo plaquetdria, a coagulagdo, o
remodelamento vascular, a angiogénese, entre outros processos (ERLINGE; BURNSTOCK,
2008). No sistema vascular, as CE tém um papel importante, pois medeiam a vasodilatacao para
contrabalancear os efeitos contrateis ou a liberagdo neural de ATP e NA (Figura 2)

(BURNSTOCK, 2007a).

Figura 2: Controle do tonus vascular pela sinalizacdo purinérgica. O ATP liberado dos terminais
nervosos simpdticos atua nos receptores P2X; do musculo liso causando vasoconstri¢do. Dentro do
vaso sanguineo, os nucleotideos liberados principalmente do endotélio e de eritrocitos por estresse de
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cisalhamento e hipoxia atuam nos receptores endoteliais P2Xy e P2Y, liberando NO e EDHF, levando
a vasodilata¢do.
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Fonte: (Adaptado de BURNSTOCK; RALEVIC, 2014).

O ATP liberado pelo estresse de cisalhamento atua nos receptores P2 endoteliais para
estimular a vasodilatagdo, via liberagdo de NO, EDHF e prostaciclina (PGIl,) (BURNSTOCK,
2017). O mecanismo de liberagcdo de NO induzido por ATP a partir de CE, provavelmente,
envolve canais Cl~ ativados por Ca’" e proteina quinase ativada por AMP (AMPK)
(ABBRACCHIO et al., 2006).

Os receptores P2Y | e P2Y> sdo dominantes nas células endoteliais vasculares, onde
medeiam a liberacdo de NO e subsequente vasodilatagdo, bem como a proliferacao celular e a
expressao de proteinas de adesdo para monocitos (ABBRACCHIO et al., 2006). Com um
endotélio intacto, o ATP liberado provoca vasodilatacao, mas quando ha dano endotelial, o ATP
pode atuar como um vasoconstritor via receptores P2 no musculo liso vascular, o que pode levar
ao vasoespasmo local (BURNSTOCK, 2017). Quando o ATP ¢ liberado como co-transmissor
com a NA, a partir dos terminais nervosos simpaticos perivasculares, produz vasoconstri¢ao. O
ATP ¢ liberado mais precocemente do que a NA, onde o induz a fase inicial da vasoconstri¢ao,
enquanto a NA inicia o desenvolvimento mais lento e constrigdes tonicas mais duradouras
(BURNSTOCK, 2017). As acdes contrateis do ATP liberadas pelos terminais nervosos
simpaticos perivasculares sao mediadas principalmente pelos receptores P2X, confirmados
pelo uso de camundongos knockout para este receptor (NICHOLS et al., 2014).

As hemacias contém concentragdes milimolares de ATP, o qual pode ser liberado dos
eritrécitos humanos em resposta a deformacao mecanica ou hipoéxia (BURNSTOCK, 2017). O
ATP liberado se liga aos receptores P2Y no endotélio e estimula a vasodilatagdo. Assim, os
globulos vermelhos funcionam como um sensor de O, contribuindo para a regulagdo do fluxo

sanguineo e da liberacao de O, disponibilizando ATP de acordo com o estado de oxigenagao
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da hemoglobina. J&4 as CMLV expressam receptores P2Y 12 que medeiam a contragdo apos a
estimulagao com ADP (ERLINGE; BURNSTOCK, 2008).

Os receptores P2Y; ja foram clonados e caracterizados em humanos, ratos,
camundongos, vacas, perus ¢ Xenopus (BURNSTOCK, 2007). Estdo envolvidos na ativacao
inicial da agregacdo plaquetaria, na alteragdo da forma das plaquetas e na ativacdo do coldgeno
em condi¢des de cisalhamento (HECHLER; CATTANEO; GACHET, 2005). A estimulagdo de
P2Y em células endoteliais humanas ativa o fator de crescimento endotelial vascular (VEGF),
levando a angiogénese (BURNSTOCK, 2017).

Um estudo com camundongos knockout para P2Ys revelou o papel central deste receptor
na determinacdo do tonus miogénico arterial (KAUFFENSTEIN et al., 2016). Aumentos na
pressdo induzem tonus miogénico na artéria mesentérica e essa resposta ¢ prejudicada pela
inibicdo farmacologica e pelo nocaute do gene P2Ys (NISHIMURA et al., 2017). Sabe-se
também que UDP estimula o crescimento de células musculares lisas cultivadas da aorta de
ratos através da ativacdo dos receptores P2Ys (BURNSTOCK, 2017). De acordo com
Gschwend e colaboradores (2003), a insuficiéncia cardiaca cronica leva ao aumento da
resisténcia vascular periférica resultante do aumento do tonus miogénico das artérias
mesentéricas de ratos (GSCHWEND et al., 2003). A deficiéncia de P2Y¢ reduz os aumentos
cronicos induzidos por insuficiéncia cardiaca no tonus miogénico, pois, provavelmente, a
pressdo induz a liberagdo de UDP através do hemicanal Cx43 e P2X7, no qual o UDP age de
maneira autocrina ou paracrina via P2Y¢ para induzir vasoconstricado (NISHIMURA et al.,
2017).

Estudos utilizando rim de rato isolado e perfundido demostraram que UpsA, um
dinucleotideo, ¢ um potente vasoconstritor secretado pelas CE. A por¢ao uridina pode conferir
uma afinidade para os subtipos de receptores P2Y, afetando o tonus vascular através dos
receptores P2Y> e P2Y4 (JANKOWSKI et al., 2005). A migracdo de CMLV ¢ induzida por
UTP e Up4A, através da ativacdo de receptores P2Y>; e UDP, atuando através de receptores
P2Y¢. Ocorre uma regulacgio positiva dos receptores P2Y» nas células do musculo liso vascular
induzida por citocinas, resultando em respostas mitogénicas aumentadas a UTP e ATP, um
evento chave no remodelamento vascular (BURNSTOCK, 2017).

Os receptores purinérgicos também atuam como reguladores da inflamagao dos leitos
vasculares. Nos ultimos anos, o papel destes receptores na sinalizagdo pré-inflamatéria na
vasculatura tem sido evidenciada (Figura 4). Os receptores da familia P2Y estdo amplamente
distribuidos nas células imunes (neutrofilos, monocitos, macrofagos, células dendriticas e

linfécitos T) (BURNSTOCK; KNIGHT, 2004; BOURS et al., 2006), nas células sanguineas e
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vasculares, e estdo envolvidos na modulagdo da inflamagdo e nas respostas imunoldgicas
(HECHLER; GACHET, 2015). O ATP e outros nucleotideos liberados em condigdes
patologicas agem como padrdes moleculares associados ao dano, conhecidos como DAMPs
(do Inglés, damage-associated molecular patterns), ativando e recrutando células do sistema
imunologico (FERRARI et al., 2021).

Ap6s o dano vascular, por exemplo, o receptor P2Y atua no recrutamento e adesdo in
vitro de leucdcitos nas artérias femorais inflamadas de ratos, quando estimulados por TNF-a
(ZERR etal., 2011). Os receptores P2Y> s@o o subtipo dominante nos macréfagos. ATP e UTP,
atuando através de receptores P2Y1 e P2Y>, promovem a adesdo de neutrofilos as células
endoteliais (ABBRACCHIO et al., 2006). Seye e colaboradores (2003), avaliando células
endoteliais da linhagem HCAEC, indicaram que o receptor P2Y> estimulou a expressdo da
VCAM-1 de maneira dose e tempo-dependente em resposta ao ATP e ao UTP (SEYE et al.,
2003). Garcia e colegas (2014), mostraram que o receptor P2Ys aumenta as respostas pro-
inflamatodrias nos macrofagos e exibe um papel pro-aterogénico nas células hematopoiéticas

(GARCIA et al., 2014).

Figura 3: Liberacido de ATP durante condicdes inflamatorias. Durante condi¢oes de inflamagdo,
como na lesdo por IR, hipoxia, doenca inflamatoria do intestino, lesdo pulmonar aguda e trombose
vascular, ATP e ADP sdo liberados no espago extracelular. Uma vez liberados, o ATP e o ADP atuam
como potentes moléculas de sinalizagdo, ligando-se e ativando os receptores P2X (canais ionicos) e os
receptores P2Y (receptores acoplados a proteina G). Na imagem estdo representados exemplos de como
ATP e ADP ativam os receptores P2X e P2Y durante estados inflamatérios.
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Além disso, o TNF-o também estimula a expressio de P2Y¢ em macrofagos,
aumentando a secrecdo de citocinas e a resposta inflamatoria (RIEGEL et al., 2011). Bar e
colaboradores avaliaram a fun¢do do receptor P2Y¢ em macrofagos, CE e CMLV da aorta
toracica de camundongos, a partir da geracao de animais deficientes para esse receptor. Assim,
a ativacao do receptor P2Ys por UDP promoveu a secrec¢do de citocinas pro-inflamatdrias como
TNF-a, IL-6 e proteina inflamatdria de macréfago (MIP-2) (BAR et al., 2008). Neste sentido,
as citocinas pro-inflamatorias desempenham um papel fundamental na instalagdo e progresso
da inflamacdo e estdo correlacionadas com a sinalizagao purinérgica (HECHLER; GACHET,
2015). No entanto, os efeitos que a SCR3 promove na vasculatura e sua relagdo com a
sinalizacdo purinérgica em sitios distantes do sitio de IR, ainda ndo estdo claros. Desta forma,
no presente trabalho, pioneiro no nosso grupo de pesquisa com este modelo experimental, a
elucidar o impacto da SCR3 sobre a expressao dos receptores purinérgicos em aortas de

camundongos submetidos a IR renal unilateral.
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ABSTRACT

Aims: Cardiorenal Syndrome (CRS) type 3 is caused by acute renal failure generating acute
cardiac dysfunction. Although blood vessels are also affected by CRS there are few studies
upon vascular alterations in vessel beds distant from renal ischemia. Purinergic signaling
significantly impacts the vascular system, regulating distinct processes, including vascular tone
and inflammation. The aim of this research was to analyze the gene expression levels of
purinergic receptors P2Y1, P2Y>, P2Ys and pro-inflammatory cytokines IL-1f, IL-6, TNF-a
and a-chain fibrinogen (FGA) in aortas from mice submitted to CRS type 3 (CRS3).

Main methods: Aortas from C57BL/6 mice were submitted to renal failure by unilateral
ischemia of the left pedicle for 60 minutes, followed by reperfusion times of 8 and 15 days.
Morphometric analyzes and serum measurements were performed to confirm the experimental
model. Total RNA from thoracic aortas of Sham animals (control group), IR 8 and IR 15 were
extracted for gene expression analysis by RT-qPCR.

Key findings: After 15 days of reperfusion, serum urea levels and the right kidney weight/tibia
length ratio (RKW/ TL) showed significant increases, validating the experimental model. P2Y
gene expression decreased about 82% after 8 and 15 days of reperfusion. mRNA levels of P2Y>,
P2Ys, IL-1B, IL-6 and TNF-a did not change between experimental groups. However, the
expression of FGA showed an important increase, approximately 690 times, in the aorta of IR
15 mice compared to Sham animals.

Significance: Data point that vascular purinergic signaling is impacted by CRS3, probably
contributing to the establishment of the inflammatory status on blood vessels distant from renal
ischemia. New studies are needed to better understand the significance of the increased aorta
FGA in response to renal ischemic/ reperfusion injury. Finally, these results may hereafter help
in further diagnostic and therapeutic directions for patients with kidney disease.

Keywords: Kidney Disease. Cardiorenal Syndrome. Inflammation. Aorta. P2 Receptors.

Introduction

Cardiorenal syndrome (CRS) is characterized by primary kidney or heart dysfunction

that initiates combined involvement of both organs. Five types of CRS are known, and when
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the acute damage occurs primarily in the kidney causing an acute cardiac dysfunction it is called
cardiorenal syndrome of type 3 (CRS3)[1,2].

Maintenance of blood volume, vascular tone and body hemodynamic stability depends
on a set of close interactions between the heart and kidney [3]. Therefore, CRS3 not only affects
the kidneys and heart but also the vascular system [4]. During renal ischemia, neurohumoral,
mechanical, and biochemical factors initiate vascular alterations [5]. To support binding and
invasion of inflammatory cells, endothelial cells (EC) express adhesion molecules such as
vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1),
and P-selectin on their surface [6]. Such events set the stage for the activation of the innate and
adaptive immune systems during reperfusion, effects that are amplified by oxidative stress
induced by restoration of the blood supply [7]. The impact of CRS on the vasculature, especially
in blood vessels distant from the I/R site, is still not completely understood. However, the
elevation of TNF-q, IL-1P and IL-6 in patients with kidney disease, congestive heart failure,
and atherosclerotic phenomena may suggest a possible role of these cytokines in modulating
vascular inflammation during CRS3 [4].

Purinergic signaling mediated by ATP and other purines and pyrimidines act
significantly on blood vessels, influencing vascular tone regulation, stimulating the growth of
endothelial cells, promoting platelet aggregation, among other processes [8]. Considering that
cells have large amounts of nucleotides in their cytosol, these can be released into the
extracellular environment in different ways, such as cell lysis, traumatic shock, shear stress,
inflammation, and others [9]. Extracellular ATP binds to P2 type purinergic receptors, causing
vasodilation through the production of nitric oxide (NO), endothelium-derived hyperpolarizing
factor (EDHF), and prostacyclin (PGI2) [10]. ATP can also act as a vasoconstrictor when
released together with norepinephrine (NA) and binding to P2 receptors on vascular smooth
muscle cells (VSMC) [11].

In addition to controlling vasomotion, purinergic signaling also participates in the
modulation of inflammatory processes in the vasculature. After vascular damage and under
TNF-a stimulation, P2Y acts on in vitro recruitment and adhesion of leukocytes in inflamed
femoral arteries of rats[12]. Furthermore, TNF-a also stimulates the expression of the P2Y¢
receptor in macrophages, increasing cytokine secretion and inflammatory response [13]. In EC,
up-regulated P2Y> receptor increases the expression of VCAM-1 [14], which promotes the
binding of monocytes and lymphocytes to those cells, contributing to the installation of the

inflammatory condition.
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Many of the components of purinergic signaling are already used in clinical practice for
the treatment of some pathologies, like platelet aggregation disorders for example. The
investigation of vascular purinergic receptors in the context of CRS may represent an advance
both from the standpoint of theoretical deepening and from the standpoint of hereafter devising
new therapeutic strategies for patients with kidney disease. From this framework, this work
aims to clarify the impact of CRS3 on the expression levels of vascular purinergic receptors in

the aorta of mice.

Materials and methods

The aortas used in experimental protocols were obtained from mice submitted to the

model of renal failure by ischemia and reperfusion (I/R), as explained further.

Experimental groups

The experimental protocols were approved by the Research Ethics Committee of
UFABC (CEUA-UFABC protocol n° 5231210417). The experiments were done following the
Federal Law Arouca (2008). Male C57BL/6 mice, 6 to 8 weeks old, weighing between 20 and
28 g, were kept in collective cages (maximum of five animals/ cage), and subjected to a 12-
hour light/dark cycle at a room temperature of 25 °C, with water and mouse chow ad libitum.
Renal failure was performed according to Feitoza et al. (2008), as described in the
supplementary material. The animals were distributed into the following experimental groups:
- Sham group: animals that did not suffer renal pedicle occlusion, only the surgical procedure,
and were euthanized after 15 days;

- Group IR 8 days of reperfusion: animals that suffered renal pedicle occlusion for 60 minutes,
the blood flow was released subsequently, and were euthanized after 8 days;

- Group IR 15 days of reperfusion: animals that suffered renal pedicle occlusion for 60 minutes,
the blood flow was released subsequently, and were euthanized after 15 days.

The reperfusion times mentioned before were chosen according to previous studies that
identified morphological, molecular and functional changes in the heart and kidneys of animals
in these periods [15,16]. Euthanasia procedures are detailed in the Supplementary Material
(Figure S1). The confirmation of the renal failure occurred based on the measurement of serum

urea levels using LabTest Diagnostica AS kits (Lagoa Santa, Minas Gerais), according to the
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manufacturer's instructions. Besides, morphometric parameters of body weight (g), heart weight

(g), right and left kidney weight (g) and tibia length (mm) validated the experimental model.

Gene Expression Analysis by Real Time PCR

Real-time PCR (qPCR) was used to assess the gene expression levels of purinergic
receptors P2Y1, P2Y> and P2Ys and for the cytokines IL-1p, IL-6, TNF-a and Fibrinogen a
(FGA) in mouse aortas thoracic of all experimental groups (Sham, IR 8 days of reperfusion and
IR 15 days of reperfusion). Initially, the Trizol® reagent (GIBCO - Life Technologies) was
used for the extraction of total RNAs. Then, the extracted RNA was reverse transcribed to
produce cDNA, using the Proto Script kit (New England BioLabs®). After that, cDNA was
amplified by polymerase chain reaction (PCR) under ideal conditions. Specific primers for
P2Y1, P2Y>, P2Ys and B-actin were synthesized according to Kauffenstein et al. [17]. Primers
for IL-1P, IL-6 and TNF-a were kindly provided by Profa. Dr. Marcela Sorelli Carneiro Ramos.
The FGA primer was designed using Primer Blast NCBI, MFEprimer-3.1 and Oligo Analyzer
tools. All primers sequences used are depicted in Table 1. PCR was performed using SYBR
Green PCR mixture (Invitrogen, Carlsbad, CA, USA) in a thermocycler (real-time PCR,
Agilent's Stratagene Real Time PCR). For each gene of interest and each experimental group,
samples were run in duplicate in two or three independent experiments and data were

normalized with the B-actin gene.

Table 1: List of primers used in gene expression evaluation

Sequence of Primers 5’ — 3’
Gene Protein
Forward Reverse

P2ryl P2Y, CTGTGTGGACCCCATTCTTT TCGGGACAGTCTCCTTCTGA
P2ry2 P2Y> TGCGCTGATGAACTTTGTTT GGCAGGAAACAGGAAGAACA
P2ry6 P2Ys TCTTCCATCTTGCATGAGACA TCTTCCATCTTGCATGAGACA

FGA Fibrinogen o | GGGTCACCTGCCTCATCTTG GGCATTTGTGGTTCCAGTCA
IL1B IL-1B AGTTGACGGACCCCAAAAGA GCTCTTGTTGATGTGCTGCT

IL6 IL-6 CTCTGCAAGAGACTTCCATCC CTCTGTGAAGTCTCCTCTCCG
TNFA TNF-a ATGGCCTCCCTCTCATCAGT CTTGGTGGTTTGCTACGACG
ACTB B-actin GGGAAATCGTGCGTGACATC GCCACAGGATTCCATACCCAA

Analysis of results
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The results obtained were compared by one-way analysis of variance (ANOVA),

followed by Bonferroni's post-hoc test for multiple comparisons. Differences were considered

statistically significant for values of p<0.05. The GraphPad Prism software, version 6.00 for

Windows was used as a computational tool for statistical analysis of the data.

Results

Morphometric analysis

To characterize the experimental model of renal I/R, morphometric analyzes were

performed, as shown in Table 2. The right kidney weight/tibia length (RKW/TL) (mg/cm) ratio

had a significant 17% increase in the IR group after 15 days of reperfusion (Table 2 and Figure

1A). Also, for the characterization of the CRS3 model, we proceeded with serum urea levels

dosage. There was a significant increase in the IR group after 15 days of reperfusion compared

to the Sham and IR 8 days of reperfusion animals of approximately 34% and 29%, respectively
(Figure 1B).

Table 2: Morphometric data of Sham, IR 8 days and IR 15 days groups.

Heart Right kidney Left kidney
HW/BW HW/TL RKW/BW RKW/TL LKW/BW LKW/TL
(mg/g) (mg/cm) (mg/g) (mg/cm) (mg/g) (mg/cm)
Sham 5,62+047 | 76,83 £9,64 | 6,12 +0,33 83,43+224 | 6,18+0,13 84,48 +£7,01
IR 8 days 5,55+0,15 | 7847+098 | 6,68 +0,57 | 9437+7,68 | 6,29+047 | 89,09 +942
IR 15days| 5,53+£0,36 | 78,16+248 | 6,95+045 |9831+840*| 542+0,60 | 76,43 £6,33

HW: heart weight. BW: body weight. TL: tibial length. RKW: right kidney weight. LKW: left kidney
weight. *represents significant difference compared to the Sham group, p<0.05 (n= 4 per group) (means

+SD).
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Figure 1: Morphometric characterization of the experimental model. A: Right kidney weight
(RKW)/tibia length (TL) (mg/cm) ratio. B: Serum urea dosage (mg/ml). Data (means + SD) compared
by One-way ANOVA followed by Bonferroni test. (*represents statistically significant difference
between groups, p<0.05).

Gene Expression Analysis

The levels of P2Y1, P2Y> and P2Y receptors gene expression was evaluated in aortas
from mice of the three experimental groups investigated: Sham, IR 8 days of reperfusion and
IR 15 days of reperfusion. P2Y receptor gene expression levels were more than 80%
significantly decreased in both IR groups after 8 and 15 days of reperfusion (Figure 2A).
Regarding P2Y> and P2Ys receptors, no significant differences were observed between the

groups analyzed (Figure 2B and 2C).
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Figure 2 - Relative levels of gene expression of purinoceptors in aortas from Sham, IR 8 days of
reperfusion (IR 8d) and IR 15 days of reperfusion (IR 15d). A: P2Y] gene expression levels. B: P2Y2
gene expression levels. C: P2Y6 gene expression levels. Data (mean = SD) were compared by One-way
ANOVA followed by Bonferroni test (*represents statistically significant difference Sham vs. IR 8d and
Sham vs. IR 15d groups, p<0.05, p-actin: gene of reference).
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In addition to the assessment of purinoceptor gene expression levels, we also quantified
the expression of pro-inflammatory cytokines to investigate the impact of inflammation on a
vessel distant from the renal I/R (Figure 3). The cytokines IL-1B, IL-6 and TNF-a were not
altered by IR at the reperfusion times evaluated. However, the expression of the fibrinogen
alpha chain showed an important increase of approximately 690 times in the aorta of the IR

mice after 15 days of reperfusion compared to the Sham group.
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Figure 3 - Relative levels of gene expression of IL-1B, IL-6, TNF-a and a-chain fibrinogen in aorta
from Sham, IR 8 days of reperfusion (IR 8d) and IR 15 days of reperfusion (IR 15d) animals. 4:
IL-1p gene expression levels, B: IL-6 gene expression levels. C: TNF-a gene expression levels. D: FGA
gene expression levels. Data (mean £ SD) were compared by One-way ANOVA followed by Bonferroni
test. (**** represents statistically significant difference between groups Sham vs. IR 15d. p< 0.0001, -

actin: reference gene).

Discussion

Cardiorenal syndrome (CRS) impacts the heart, kidneys and blood vessels [4].
Considering the role of ATP and other purines as regulators of cardiovascular function, it is
reasonable to propose that purinergic signaling components are also among the risk factors for

vascular dysfunction observed in the CRS. Therefore, the present study aimed to elucidate the
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impact of CRS3 on vascular purinergic receptors at a site distant from renal I/R, evaluating the
thoracic aorta of mice.

Initially, we validated the experimental model showing a significant increase of 17% in
the right kidney weight/tibia length (RKW/TL in mg/cm) ratio in the IR 15 days group
compared to Sham animals. Furthermore, the serum urea levels dosage also confirmed the
establishment of the CRS3 in the IR group after 15 days of reperfusion since urea concentration
was significantly increased when compared to control animals and IR 8 days group. In line with
these findings, Trentin-Sonoda et. al (2015), when characterizing the same experimental model,
observed an increase around 15% increase in the ratio between the right kidney weight/body
weight in animals following a renal injury after 8 days of reperfusion compared to the Sham
group, and a 40% decrease in left kidney weight/body weight ratio in the IR group after 15 days
of reperfusion. In addition, they also observed 11% higher serum urea levels in IR animals after
15 days of reperfusion, compared to those found in Sham mice [15]. Therefore, our data point
to right kidney hypertrophy at 15 days of reperfusion after renal injury to possibly compensate
for the left kidney damage.

Regarding gene expression analyzes, we verified that P2Y | receptor mRNA levels were
significantly decreased around 82% in both IR groups after 8 days and 15 days of reperfusion,
comparing to Sham animals. On the other hand, the gene expression of P2Y> and P2Ys
purinoceptors were not altered between the different experimental groups studied.

Purinergic signaling is widely reported in the control of vascular tone, cell proliferation,
migration and death, in addition to vascular inflammation [8]. Giachini and colleagues (2014),
evaluating vascular dysfunction and remodeling in thoracic aortas from hypertensive rats,
showed that endothelium-dependent relaxation induced by the 2-MeS-ADP agonist decreased
in aortas from vehicle-treated angiotensinll-hypertensive rats compared to control rats treated
with vehicle, and this response was elicited through the activation of P2Y 1 and P2Y 1, receptors
[18]. Moreover, P2Y; plays an important role in the migration response and is crucial in
vascular cell proliferation. In the work of Liu and colleagues (2015), it was shown that ADP
antagonist, MRS2179, significantly inhibited VSMC proliferation compared to the control
group, decreased the extent of intimal hyperplasia, reduced migration of macrophages and
significantly decreased the expression of the inflammatory cytokines IL-1B and TNF-a in cells
[19]. Considering the results obtained in the present study, the inhibition of the purinergic
receptor P2Y indicates that CRS3 impacts vascular purinergic signaling at a site distant from
renal ischemia and may interfere with the biological processes controlled by it, as it will be

further discussed.
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It is known that ATP and other nucleotides released under pathological conditions act
as molecular patterns associated with damage (DAMPs) activating and recruiting cells of the
immune system [20]. The endothelial P2Y; receptor plays a key role in acute vascular
inflammation through leukocyte recruitment [21]. Zerr and colleagues (2011) highlighted the
important contribution of this receptor in the purinergic regulation of TNFa-induced vascular
inflammation. The in vitro adhesion of isolated mouse monocytes to the TNF-a-stimulated
murine endothelial cell monolayer and their migration across cell layers were strongly reduced
in P2Y-deficient endothelial cells compared to wild-type endothelial cells [12]. Recently,
Cardoso and collaborators (2017) showed that melatonin is a negative modulator of endothelial
P2Y, inhibiting leukocyte adhesion and TNF-a production mediated by this receptor, exerting
an anti-inflammatory effect [22]. Based on the results of the present study, it is possible to
suggest that the expression of P2Y, a pro-inflammatory receptor, is downregulated in acute
times, 8 and 15 days after renal I/R, in order to rescue the organism homeostasis.

P2Y receptors are reported in the literature to play important roles in the physiology and
pathophysiology of the cardiovascular diseases [8,23,24], being considered as interesting
therapeutic targets. Hechler et al. (2008), using apolipoprotein E (ApoE) and P2Y deficient
mice, demonstrated that aortic root lesions of ApoE”" and P2Y”" mice were reduced in size and
exhibited less inflammation compared to the lesions from ApoE” animals [25]. Besides, P2Y
knockout mice were resistant to thromboembolism induced by thromboplastin injection [26].
In addition, decreased diapedesis of leukocytes in the femoral arteries of P2Y;”" mice and
decreased expression of adhesion molecules in endothelial cells were also observed [12],
pointing to beneficial effects in silencing this receptor. In this sense, the renal I/R model used
in the present study seems to have an impact on vascular purinergic signaling far from the
ischemic site, decreasing the levels of expression of a purinergic receptor known to be involved
in blood vessel inflammation, at least in acute times of reperfusion. For sure, these suggestions
must be further elucidated to better conclude about the role of P2Y; in such I/R model.
Furthermore, considering the context of the renal disease, these data may hereafter broaden the
paths for discussing therapeutic strategies for patients with CRS.

In order to elucidate the inflammatory status in distant sites of renal ischemia, the
proinflammatory cytokines IL-1f, IL-6, TNF-a and FGA were evaluated in the aortas of Sham,
IR 8 days of reperfusion and IR 15 days of reperfusion animals. No significant differences were
observed for IL-1p and IL-6 cytokines. As aforementioned P2Y stimulates the production of
TNF-0, in line with the attempt to restore homeostasis by inhibiting the expression of P2Y,

there was also no difference in the expression of TNF-a in the arteries of the animals submitted
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to renal I/R in the times evaluated. On the other hand, our data showed an exacerbated increase
in the gene expression of the a-chain of fibrinogen (FGA), of approximately 690 times, in the
aortas of renal I/R mice after 15 days of reperfusion. This huge increase may suggest vascular
local production of fibrinogen, in addition to possible vascular damage, as it will be further
discussed.

Although it is well described as a plasma protein produced in the liver, extrahepatic
fibrinogen synthesis also occurs in some pathological situations. Data from different research
groups, in different animal models, show that it is possible that the pulmonary epithelium
secretes fibrinogen [27-29] and incorporates it into the extracellular matrix under certain
pathological conditions. Sorensen-Zender and colleagues (2013), using two models of renal I/R
in mice, demonstrated that fibrinogen massively accumulates in the kidney after I/R, and this
accumulation is not just a consequence of the leakage of fibrinogen from the circulation, but
also local expression by stressed renal tubular cells [30]. Considering the substantial increase
of fibrinogen mRNA levels in the aorta of IR 15 days mice, our data may point to the local
expression of fibrinogen. However, further experiments are needed to confirm this hypothesis.

Fibrinogen significantly interacts in the pathways of coagulation and inflammation and
is temporally and spatially correlated in the same tissues, organs and pathologies [23, 24].
Menocal et al.(2014), using a balloon injury model in the murine iliac artery, demonstrated an
overexpression of fibrinogen y-chain mRNA in aging injured arteries, which is related to
increased macrophage adhesion in the presence of IL -18 [33]. According to studies in cultured
rat vascular smooth muscle cells, fibrinogen stimulates the expression of C-reactive protein
(CPR) depending on time and dose [34]. Other data show that fibrinogen up-regulates the
expression of IL-6, TNF-a and inducible nitric oxide synthase in VSMCs [35]. In addition,
Wang et. Al (2015) demonstrated that fibrinogen has a pro-inflammatory effect on VSMC by
inhibiting the expression of the anti-inflammatory cytokines PPARa and PPARy and
stimulating the production of the pro-inflammatory cytokine MMP-9, which contributes to the
atherogenic effect [36]. Although the experimental model under study showed super gene
expression of FGA, the mRNA levels of the evaluated proinflammatory cytokines were not
modified. The increase observed in FGA levels is such a big new fact that needs to be deepened
in our model of study, since the increase in fibrinogen is correlated with the development of an
inflammatory condition.

Another interpretation that should be taken into account is that the binding of fibrinogen
to platelets triggers a signaling cascade that is necessary for a complete irreversible aggregation

response and is therefore considered a key step in platelet activation [37]. Recent data
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demonstrate that ADPS (stable ADP analogue) via P2Y; and P2Y 1, receptors evoked a series
of transient increases in intracellular Ca?* of primary rat megakaryocytes and stimulated
fibrinogen binding to the plasma membrane, which served as a marker for activation of allbp3
platelet integrin [38]. In this way, through the increase observed in FGA gene expression, it is
possible to suggest that platelet activation and aggregation are occurring more prominently at
15 days of reperfusion. After activation, platelets secrete ADP and thromboxane (Tx) A2, both
provide short-range signals for local amplification of the hemostatic response [39]. Thus, ADP
released into the extracellular space could act on vascular purinergic receptors. However, the
results presented here show that P2Y; gene expression was inhibited while P2Y> and P2Ys
expression was not altered. In this perspective, further research is relevant, aiming to understand
these pathways in this experimental model.

Beyond the effects on coagulation and inflammation, fibrinogen plays an important role
in the physiology of the extracellular matrix by binding to a variety of compounds, such as basic
fibroblast growth factor (FCFDb), fibronectin, albumin, thrombospondin, von Willebrand factor,
fibulin, endothelial growth factor (VEGF) and IL-1 [40]. Wang et al. (2005), when culturing
mice aortic discs in a medium containing fibrin/fibrinogen, observed an angiogenic response.
According to these data, the endothelial cells of the microvessels started to form networks on
the third day and expanded over time [41]. Thus, increase in FGA at 15 days of reperfusion
suggests a vascular compromise, since fibrinogen plays an important role in coagulation,
inflammation, atherogenesis and vascular remodeling.

Again, we emphasize that CRS3 appears to impact vascular purinergic signaling in a
distant site from the renal ischemia with the inhibition of P2Y expression, which may have
beneficial effects for the organism. On the other hand, we observed an increase in the FGA
gene expression in IR animals after 15 days of reperfusion, indicating vascular damage. In short,
the accurate molecular mechanisms involved in these effects remain unknown and further
studies are needed to confirm these data. Although the expression of pro-inflammatory
cytokines, IL-1P, IL-6, TNF-a was not significantly modified in the aortas of experimental
groups evaluated in this study, we cannot rule out the hypothesis of the establishment and
progress of an inflammatory condition in one site distant from renal I/R. In this sense,
intermediate and longer reperfusion times are necessary to clarify the results obtained so far
and to expand the knowledge of the impact of this experimental model on vascular purinergic

signaling.
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Conclusions

After confirming the experimental model of unilateral renal I/R in to induce CRS type
3, we demonstrated an inhibition in aorta P2Y receptor gene expression levels after acute
reperfusion times, possibly to maintain the homeostasis of organism. On other hand, FGA, a
plasma protein with recognized functions in coagulation, inflammation and vascular
remodeling cascade was overexpressed, suggesting the initiation of a vascular compromise. The
expression of the proinflammatory cytokines IL-1p, IL-6, TNF-a and the purinergic receptors
P2Y; and P2Y were not significantly altered. In general, CRS3 appears to impact purinergic
signaling in blood vessels distant from renal ischemia, which may represent an additional
mechanism to be considered in the therapeutic approach of patients with acute kidney injury.

Future experiments are needed to better understand the effects of CRS type 3 in the vasculature.
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Supplementary Material

Surgeries for Induction of Cardiorenal Syndrome type 3 (CRS3)

Mice used in the present study were subjected to CRS3 by induction of renal IR. The
surgical procedures were performed at the bioterium of the University Federal of ABC
(UFABC), Santo André, SP. Briefly, mice were anesthetized intraperitoneally with a mixture
of ketamine and xylazine (Agribands do Brasil Ltda, Sdo Paulo), at a dose of 0.004 mg/g of
body weight, in a single dose. Using a microvascular clip (DL Micof, Sao Paulo), the left renal
pedicle of each mouse was occluded for 60 minutes from an abdominal incision to access the
organ. After this ischemic period, the clip was removed, and blood flow was re-established.
During recovery from anesthesia, the animals were kept warm under indirect lighting. After the
reperfusion times, 8 days or 15 days, the animals were euthanized. Each animal received
intraperitoneally lethal doses of ketamine and xylazine (240 mg/kg and 30 mg/g) (Agribrands
do Brasil Ltda, Sao Paulo), in a single dose. Their abdominal cavities were opened, the intestinal
loops were displaced so that the kidneys could be removed and weighed, and venous blood was
punctured through the inferior vena cava. The thoracic cavity was then opened for collection
and weighing of the heart and extraction of the thoracic aorta. The aortas were gently
manipulated using microscissors to dissect the vessel and remove adjacent fat and connective
tissue. The aortas were then stored at -80 °C for use in subsequent experiments. Figure S1

represents ischemia surgery followed by reperfusion for CRS3 induction.
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Figure S1 - Representative image of the surgical procedure for induction of cardiorenal syndrome
type 3 (CRS3). (4) abdominal incision to access the left renal pedicle. (B) occlusion of the left renal
pedicle using a microvascular clip to induce renal ischemia. (C) Post-operative abdominal suture. (D)
detail of the renal pedicle composed of the renal artery, renal vein and ureter. Source: Cellular and
Molecular Biology Laboratory, CCNH, UFABC.
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CONCLUSAO

Em conclusao, os dados apresentados confirmam o éxito da indugao do modelo de IR
renal unilateral, caracterizando o desenvolvimento da SCR3. De maneira geral, até o momento
¢ possivel atestar que a SCR3 impacta sobre a sinalizacdo purinérgica vascular em um local
distante do sitio isquémico. Ainda, pode-se hipotetizar que, possivelmente, em tempos agudos
de reperfusao renal, ocorra uma tentativa de manter a homeostasia do organismo, em parte,
regulando os receptores purinérgicos na aorta, visto que houve inibigdo da expressao génica do
receptor P2Y, o qual tem fun¢do reconhecidamente pro-inflamatéria. Por outro lado, apos 15
dias de reperfusdo, também observamos uma super expressao da cadeia a do fibrinogénio, uma
proteina plasmatica com fungdes reconhecidas na cascata de coagulagdo, inflamacao e
remodelamento vascular. Apesar de a expressao génica das citocinas pro-inflamatoérias 1L-1[3,
IL-6, TNF-a e dos receptores purinérgicos P2Y2 e P2Y¢ ndo ter sido significativamente alterada,
o expressivo aumento do FGA nos dé indicios de um possivel comprometimento vascular apds
15 dias de reperfusao.

Em suma, a SCR3 parece impactar a sinalizagdo purinérgica, a qual pode representar
um mecanismo adicional a ser considerado na abordagem terapéutica de pacientes com lesdo
renal aguda. Apesar de experimentos adicionais serem necessarios para a confirmagdo e
complementacdo dos resultados obtidos, este trabalho representa um marco na consolidacdo de
uma nova linha de pesquisa do Laboratério de Bioquimica Vascular, trazendo dados iniciais
sobre as implicagdes vasculares da SCR em sitios distantes da lesdo renal. Naturalmente, outras
perguntas e hipdteses surgiram ao longo do desenvolvimento desta pesquisa, corroborando a
necessidade de experimentos futuros para melhor compreensdo dos efeitos da SCR tipo 3 em

leitos vasculares distantes da IR renal.
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PESPECTIVAS FUTURAS

1. Pesquisas futuras com o objetivo de compreender melhor os efeitos da SCR tipo 3 em leitos
vasculares distantes da IR renal, s3o necessarios. Os receptores purinérgicos em estudo P2Y1,
P2Y> e P2Ys, estdo envolvidos nas respostas vasculares. Analises em nivel proteico, ensaios
funcionais em banho de 6rgdos e andlises morfologicas do vaso poderdo contribuir na
elucidacao das consequéncias da IR renal sobre os vasos sanguineos.

2. Além disso, as ectonucleotidases e outros componentes (moléculas efetoras e receptores) da
sinalizagdo purinérgica atuam em conjunto para formar a via de sinalizagao purinérgica. Sabe-
se que a ectonucleotidase ENTPDase-1 (CD39) pode modular a sinalizagdo purinérgica,
atenuando a ativacdo do receptor de fibrinogénio plaquetério, resultando em uma profunda
resisténcia a formagao de trombo oclusivo in vivo (HUTTINGER et al., 2012). Sabe-se, ainda,
que os receptores do tipo P1 ativados, exercem efeitos protetivos apds o dano cardiovascular.
Dessa forma, ¢ possivel que outros componentes da sinalizacdo purinérgica estejam atuando
em conjunto nas respostas vasculares a SCR3. A determinagdo de ATP, ADP e adenosina, além
das ectonucleotidades, ajudariam a explicar o envolvimento da sinalizagdo purinérgica na
SCR3.

3. Até o momento, nossos dados sdo inconclusivos quanto ao estabelecimento da inflamagao
vascular. De um lado, um receptor pro-inflamatério foi inibido em nivel génico e, por outro
lado, verificou-se um provével dano vascular indicado pela super expressao de FGA. Além
disso, ndo foi encontrado nenhuma alteragdo significativa nas citocinas pro-inflamatorias.
Assim, sugerimos que a dosagem sérica das citocinas e do fibrinogénio, além da andlise proteica
por Western blotting, serdo dados importantes para verificar a hipdtese do estabelecimento da
inflamacao no vaso. Outros experimentos seriam igualmente importantes para complementarr
os dados deste estudo, como a determinag¢ao dos niveis das moléculas de adesao celular ICAM-
1, VCAM-1 e P-selectinas.

4. O fibrinogénio esta relacionado com a instalagdo de um quadro inflamatdrio, coagulacao,
aterogénese e remodelamento vascular. Outra direcao futura interessante ¢ investigar em nivel
proteico a cadeia a do fibrinogénio e as outras cadeias (B € y) em niveis génicos e proteicos.
Em complemento, avaliar a hipdtese de produgdo local, pelas células vasculares, de
fibrinogénio ap6s a IR renal.

5. Levando em considerag@o que o local da lesdo ¢ distante da aorta e que talvez os mecanismos
compensatorios vasculares sejam mais robustos em tempos agudos, € possivel que nos tempos

de reperfusao avaliados o estimulo inflamatdrio nao seja suficiente para consolidar a inflamagao
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no vaso. Desse modo, torna-se relevante compreender se o estabelecimento do
comprometimento vascular se da tempos mais agudos ou tempos mais cronicos. Sendo assim,

sugere-se a realiza¢do do protocolo de reperfusdo em outros tempos experimentais, como por
exemplo 12, 20, 25 e 30 dias.
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Regardless of the file format of the original submission, at revision you must provide us
with an editable file of the entire article. Keep the layout of the text as simple as
possible. Most formatting codes will be removed and replaced on processing the article.
The electronic text should be prepared in a way very similar to that of conventional
manuscripts (see also the Guide to Publishing with

Elsevier). See also the section on Electronic artwork. To avoid unnecessary errors you are
strongly advised to use the 'spell-check' and 'grammar-check' functions of your word
processor.

Beginning with the first page, present your manuscript in the order below:

1. Title: First letter capitalized, subsequent letters in lower case. Avoid abbreviations.

2a. Names of all authors.

2b. Affiliations of all authors. If necessary, use superscripted lowercase letters after the
author's name to distinguish affiliations.

3. Author to whom proofs and correspondence should be sent, including name, mailing
address, telephone and fax numbers, and e-mail address.

4. A structured abstract has to be submitted for research papers (not for reviews) of no
more than 250 words. The following headings must be used:

Aims:

Main methods:

Key findings:

Significance:

5. Key words for indexing purposes (a maximum of six can be entered). In addition to
key words from the title, please suggest other terms that help define the study. We
encourage authors to test the relevance of their key words by using them for a database
search and comparing the results with the topic of their own paper.

Word limits: In full papers, individual sections should be no longer than Abstract 250
words, Introduction 500 words, Discussion 1500 words, Conclusion 150 words. Materials
and Methods and Results sections should be concise but there is no formal word limit.
Headings: Papers must include the major headings Abstract, Introduction, Materials and
Methods, Results, Discussion, Conclusion, Acknowledgments, and References. Include
subheadings as appropriate. Review articles must contain Abstract and Introduction, with
subsequent headings and subheadings as appropriate.

Introduction

State the objectives of the work and provide an adequate background, avoiding a
detailed literature survey or a summary of the results.

Material and methods

Provide sufficient details to allow the work to be reproduced by an independent
researcher. Methods that are already published should be summarized, and indicated by
a reference. If quoting directly from a previously published method, use quotation marks
and also cite the source. Any modifications to existing methods should also be described.
Results

Results should be clear and concise.

Discussion

This should explore the significance of the results of the work, not repeat them. Avoid
extensive citations and discussion of published literature.

Conclusions

Present the conclusions of the study in a short Conclusions section.
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Highlights are optional yet highly encouraged for this journal, as they increase the
discoverability of your article via search engines. They consist of a short collection of
bullet points that capture the novel results of your research as well as new methods that
were used during the study (if any). Please have a look at the examples here: example
Highlights.

Highlights should be submitted in a separate editable file in the online submission
system. Please use 'Highlights' in the file name and include 3 to 5 bullet points
(maximum 85 characters, including spaces, per bullet point).

The Graphical Abstract is optional for research articles, but mandatory for reviews. GAs
should summarize the contents of the article in a concise, pictorial form designed to
capture the attention of a wide readership online. Graphical abstracts should be
submitted as a separate file in the online submission system. Refer to the following
website for more information

https://www.elsevier.com/graphicalabstracts.

Abbreviations must be explained the first time they are used, both in the Abstract and
again in the main text.

Abbreviations used as names of cell lines do not need to be explained, but the species
and tissue of origin should be made clear in text the first time the cell line is mentioned.
Examples: "the human colonic adenocarcinoma cell line Caco-2" or "the porcine renal
endothelial cell line LLC-PK1".

Acknowledgements

Collate acknowledgements in a separate section at the end of the article before the
references and do not, therefore, include them on the title page, as a footnote to the title
or otherwise. List here those individuals who provided help during the research (e.g.,
providing language help, writing assistance or proof reading the article, etc.).

Please note that funding information must appear under the Acknowledgments heading.
Formatting of funding sources

List funding sources in this standard way to facilitate compliance to funder's
requirements:

Funding: This work was supported by the National Institutes of Health [grant numbers
xxxX, yyyy]; the Bill & Melinda Gates Foundation, Seattle, WA [grant humber zzzz]; and
the United States Institutes of Peace [grant humber aaaa].

It is not necessary to include detailed descriptions on the program or type of grants and
awards. When funding is from a block grant or other resources available to a university,
college, or other research institution, submit the name of the institute or organization
that provided the funding. If no funding has been provided for the research, please
include the following sentence:

This research did not receive any specific grant from funding agencies in the public,
commercial, or not-for-profit sectors.

Footnotes

Footnotes should be used sparingly. Number them consecutively throughout the article.
Many word processors build footnotes into the text, and this feature may be used. Should
this not be the case, indicate the position of footnotes in the text and present the
footnotes themselves separately at the end of the article.

Electronic artwork

General points

e Make sure you use uniform lettering and sizing of your original artwork.

e Preferred fonts: Arial (or Helvetica), Times New Roman (or Times), Symbol, Courier.

e Number the illustrations according to their sequence in the text.

e Use a logical naming convention for your artwork files.

¢ Indicate per figure if it is a single, 1.5 or 2-column fitting image.

e For Word submissions only, you may still provide figures and their captions, and tables
within a

single file at the revision stage.
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¢ Please note that individual figure files larger than 10 MB must be provided in separate
source files.

A detailed guide on electronic artwork is available.

You are urged to visit this site; some excerpts from the detailed information are
given here.

Formats

Regardless of the application used, when your electronic artwork is finalized, please 'save
as' or convert the images to one of the following formats (note the resolution
requirements for line drawings, halftones, and line/halftone combinations given below):
EPS (or PDF): Vector drawings. Embed the font or save the text as 'graphics'.

TIFF (or JPG): Color or grayscale photographs (halftones): always use a minimum of 300
dpi.

TIFF (or JPG): Bitmapped line drawings: use a minimum of 1000 dpi.

TIFF (or JPG): Combinations bitmapped line/half-tone (color or grayscale): a minimum of
500 dpi is required.

Please do not:

e Supply files that are optimized for screen use (e.g., GIF, BMP, PICT, WPG); the
resolution is too low.

e Supply files that are too low in resolution.

e Submit graphics that are disproportionately large for the content.

Color artwork

Please make sure that artwork files are in an acceptable format (TIFF (or JPEG), EPS (or
PDF), or MS Office files) and with the correct resolution. If, together with your accepted
article, you submit usable color figures then Elsevier will ensure, at no additional charge,
that these figures will appear in color online (e.g., ScienceDirect and other sites)
regardless of whether or not these illustrations are reproduced in color in the printed
version. For color reproduction in print, you will receive

information regarding the costs from Elsevier after receipt of your accepted
article. Please indicate your preference for color: in print or online only. Further
information on the preparation of electronic artwork.

Figure captions

Ensure that each illustration has a caption. A caption should comprise a brief title (not on
the figure itself) and a description of the illustration. Keep text in the illustrations
themselves to a minimum but explain all symbols and abbreviations used.

Citation in text

Please ensure that every reference cited in the text is also present in the reference list
(and vice versa). Any references cited in the abstract must be given in full. Unpublished
results and personal communications are not recommended in the reference list,but may
be mentioned in the text. If these references are included in the reference list they
should follow the standard reference style of the journal and should include a substitution
of the publication date with either 'Unpublished results' or 'Personal communication'.
Citation of a reference as 'in press' implies that the item has been accepted for
publication.

Text: Indicate references by number(s) in square brackets in line with the text. The
actual authors can be referred to, but the reference number(s) must always be given.
Example: '..... as demonstrated [3,6]. Barnaby and Jones [8] obtained a different result

List: Number the references (numbers in square brackets) in the list in the order in which
they appear in the text.

Examples:

Reference to a journal publication:

[1] J. van der Geer, J.A.J. Hanraads, R.A. Lupton, The art of writing a scientific article, J.
Sci. Commun. 163 (2010) 51-59. https://doi.org/10.1016/j.5¢.2010.00372.

Reference to a journal publication with an article number:

AUTHOR INFORMATION PACK 12 Sep 2021 www.elsevier.com/locate/lifescie 12
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[2] J. van der Geer, J.A.]J. Hanraads, R.A. Lupton, 2018. The art of writing a scientific
article. Heliyon. 19, e00205. https://doi.org/10.1016/j.heliyon.2018.e00205.

Reference to a book:

[3] W. Strunk Jr., E.B. White, The Elements of Style, fourth ed., Longman, New York,
2000.

Reference to a chapter in an edited book:

[4] G.R. Mettam, L.B. Adams, How to prepare an electronic version of your article, in:
B.S. Jones, R.Z. Smith (Eds.), Introduction to the Electronic Age, E-Publishing Inc., New
York, 2009, pp. 281-304.

Reference to a website:

[5] Cancer Research UK, Cancer statistics reports for the UK.
http://www.cancerresearchuk.org/aboutcancer/statistics/cancerstatsreport/, 2003
(accessed 13 March 2003).

Reference to a dataset:

[dataset] [6] M. Oguro, S. Imahiro, S. Saito, T. Nakashizuka, Mortality data for Japanese
oak wilt disease and surrounding forest compositions, Mendeley Data, v1, 2015.
https://doi.org/10.17632/xwj98nb39r.1.

Elsevier accepts video material and animation sequences to support and enhance your
scientific research. Authors who have video or animation files that they wish to submit
with their article are strongly encouraged to include links to these within the body of the
article. This can be done in the same way as a figure or table by referring to the video or
animation content and noting in the body text where it should be placed. All submitted
files should be properly labeled so that they directly relate to the video file's content. In
order to ensure that your video or animation material is directly usable, please provide
the file in one of our recommended file formats with a preferred maximum size of 150
MB per file, 1 GB in total. Video and animation files supplied will be published online in
the electronic version of your article in Elsevier Web products, including ScienceDirect.
Please supply 'stills' with your files: you can choose any frame from the video or
animation or make a separate image. These will be used instead of standard icons and
will personalize the link to your video data. For more detailed instructions please visit our
video instruction pages. Note: since video and animation cannot be embedded in the
print version of the journal, please provide text for both the electronic

and the print version for the portions of the article that refer to this content.

Include interactive data visualizations in your publication and let your readers interact
and engage more closely with your research. Follow the instructions here to find out
about available data visualization options and how to include them with your article.

Supplementary material such as applications, images and sound clips, can be published
with your article to enhance it. Submitted supplementary items are published exactly as
they are received (Excel or PowerPoint files will appear as such online). Please submit
your material together with the article and supply a concise, descriptive caption for each
supplementary file. If you wish to make changes to supplementary material during any
stage of the process, please make sure to provide an updated file.

Do not annotate any corrections on a previous version. Please switch off the 'Track
Changes' option in Microsoft Office files as these will appear in the published version.
Life Sciences requires submission of the whole uncropped images of the original western
blots in triplicate that contributed to the quantitative analysis, from which figures have
been derived. Please submit as Supplementary Figure(s). Please note that this is
mandatory when western blots

are shown. Please see Example of original western blot for three repeats

This journal encourages and enables you to share data that supports your research
publication where appropriate, and enables you to interlink the data with your published
articles. Research data
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refers to the results of observations or experimentation that validate research findings.
To facilitate reproducibility and data reuse, this journal also encourages you to share
your software, code, models, algorithms, protocols, methods and other useful materials
related to the project. Below are a number of ways in which you can associate data with
your article or make a statement about the availability of your data when submitting your
manuscript. If you are sharing data in one of these ways, you are encouraged to cite the
data in your manuscript and reference list. Please refer to the "References" section for
more information about data citation. For more information on depositing, sharing and
using research data and other relevant research materials, visit the research data page.



