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RESUMO

A lesdo renal aguda (LRA) é uma ocorréncia clinica causada por perda abrupta da funcéo
renal, caracterizada por acumulo de residuos metabolicos e pelo comprometimento da
homeostasia hidroeletrolitica. A exposicdo ao paraquat (1,1'-dimetil-4,4"-bipiridil
dicloreto) é uma situacéo que pode induzir o surgimento de LRA. Embora os danos renais
dependam da producdo de espécies reativas do oxigénio (ROS), as consequéncias da
exposicdo ao paraquat ndo estdo totalmente elucidadas. Este estudo avaliou se a LRA
induzida por paraquat esta relacionada a alteragfes do transporte de Na* dependente de
ATP e do sistema renina-angiotensina renal, bem como se esses efeitos sdo dependentes
da producdo de ROS. Ratos Wistar adultos (300-400 g) foram submetidos a
administracdo intraperitoneal em dose Unica de paraquat (20 mg/kg, n=15) ou NaCl 0,9%
(grupo controle, 1 ml/kg; n=8). Parte do grupo tratado com paraquat recebeu a
administracdo de tempol (10 mg/kg, na dgua de beber, n=7) durante 7 dias consecutivos
antes da administracdo do paraquat. Nas 24 horas de exposicao ao paraquat, observou-se
perda de massa corporal e uma pronunciada elevacdo do fluxo urinario, bem como
elevacdo dos niveis de creatinina sérica. No cortex renal, a exposi¢do ao paraquat induziu
aumento da producdo de anion superdxido, da atividade da NADPH oxidase e da
atividade da (Na*™+K*)ATPase, além do aumento do contetdo do receptor do tipo 1 da
angiotensina 1l. Na medula renal, o paraquat também aumentou o nivel de anions
superdxido e a atividade da NADPH oxidase, mas inibiu a atividade do transportador
(Na"™+K*)ATPase. Essas alterac6es induzidas pelo paraquat, com excecdo da elevagéo da
creatinina sérica, foram prevenidas pelo tratamento com tempol. Em conclusdo, a
exposicdo ao paraquat leva a uma perda de liquido por via urinaria importante que pode
ser consequéncia de reabsorcdo de Na* prejudicada induzida por ROS, sendo um fator de
risco para o colapso vascular e morte prematura. Além disso, o0 paraquat provoca maior
estimulo ao transporte de Na* dependente de ATP cortical e aumento da expressdo de
componentes pro-hipertensivos do sistema renina-angiotensina que agiriam como
mecanismo compensatério agudo, porém poderiam posteriormente exacerbar a lesdo
renal.

Palavras-chave: Doenca renal aguda. Espécies reativas do oxigénio. Paraquat.
Transporte de Na* dependente de ATP. Sistema renina-angiotensina.



ABSTRACT

Acute renal injury (AKI) is a clinical problem caused by abrupt loss of renal function
characterized by accumulation of metabolic residues and by impairment of
hydroelectrolytic homeostasis. Exposure to paraquat (1,1'-dimethyl-4,4'-bipyridyl
dichloride) is a situation that can induce the occurrence of AKI. Although renal damage
depends on the production of reactive oxygen species (ROS), the consequences of
exposure to paraquat are not entirely elucidated. This study evaluated whether paraquat-
induced AKI is related to alterations in ATP-dependent Na* and renal renin-angiotensin
transport, as well as whether these effects are dependent on ROS production. Adult Wistar
rats (300-400 g) were administered intraperitoneally in a single dose of paraquat (20 mg
/ kg, n = 15) or 0.9% NaCl (control group, 1 ml / kg; n = 8). Part of the paraquat group
received administration of tempol (10 mg / kg in drinking water, n = 7) for 7 consecutive
days prior to the administration of paraquat. At 24 hours of exposure to paraquat, there
was loss of body mass and a pronounced increase in urinary flow, as well as elevation of
serum creatinine levels. In the renal cortex, the exposure to paraquat induced an increase
in superoxide anion production, NADPH oxidase activity and (Na*™+K*) ATPase activity,
as well as the upregulation of angiotensin Il type 1 receptor. In the renal medulla, paraquat
also increased the level of superoxide anions and the activity of NADPH oxidase, but
inhibited the activity of the transporter (Na*+K*) ATPase. These changes induced by
paraquat, with the exception of elevated serum creatinine, were prevented by treatment
with tempol. In conclusion, exposure to paraquat leads to significant urinary fluid loss
that may be a consequence of ROS induced impaired Na* reabsorption, being a risk factor
for vascular collapse and premature death. In addition, paraquat causes greater
stimulation of cortical ATP-dependent Na* transport and increased expression of pro-
hypertensive components of RAS that would act as an acute compensatory mechanism,
but, after, could exacerbate renal injury.

Keywords: Acute kidney disease. Reactive oxygen species. Paraquat. ATP-dependent
Na* transport. Renin-angiotensin system.
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1 INTRODUCAO

A insuficiéncia renal aguda (IRA) é caracterizada pelo acimulo de compostos
nitrogenados na circulagdo sanguinea, desequilibrio hidroeletrolitico e perda da
homeostasia acidobasico, como consequéncia da perda da funcdo renal (SINGH et al,
2012; TOGEL & WESTENFELDER, 2014). Em um quadro de injaria mais leve podemos
n&do observar a insuficiéncia renal estabelecida, ainda assim, pode haver quadro de lesdo
renal aguda (LRA) (LAFRANCE et al, 2010). A LRA ¢é responsavel por 8 a 16% dos
internamentos hospitalares e sua prevaléncia fica em torno de 60% dos casos em unidades
de terapia intensiva (ANDREOLLI, 2009; KELLY, 2009). O desenvolvimento de LRA é
multifatorial, entretanto a maioria dos casos de IRA (insuficiéncia renal aguda) ocorrem
devido a lesdo tubular aguda (LTA), sendo as de etiologia nefrotdxica muito frequentes
(PINTO et al, 2009).

O tabulo proximal é particularmente sensivel a LTA, em virtude de sua elevada
taxa metabolica, e sua disfuncdo apresenta um impacto elevado pelo fato de ser o
segmento tubular responsavel pela maior fracdo de reabsor¢do do fluido filtrado (LI &
ZHUOQ, 2016). Nesse segmento, o transporte de Na* é dependente do seu gradiente de
concentracdo gerado pelo transporte ativo primario basolateral, mediado pela (Na*-
K*)ATPase sensivel a ouabaina (FERRAILLE & DOUCET, 2001) e pela Na*-ATPase
sensivel a furosemida (ROCAFULL et al, 2011). A (Na"™-K")ATPase é considerada o
principal transportador renal de Na*, enquanto que a Na*™-ATPase, que é expressa no
tubulo proximal renal, tem sido correlacionada com o ajuste fino do transporte desse
cation (LIU et al, 2015; VIEYRA et al, 2016). Quando ocorre dano ao tabulo proximal,
ha mudanga na polaridade celular levando a insercdo de transportadores basolaterias,
como a (Na*-K*)-ATPase, para a regido apical (Lameire et al., 2005), necrose tubular e
diminuicdo da taxa de filtracdo glomerular (HAVASI & BORKAN, 2011).

O sistema renina-angiotensina (SRA) é um mediador chave da funcdo das
ATPases transportadoras de Na*, principalmente via angiotensina Il (WANG et al, 2012;
VIEYRA et al, 2016). Esse peptideo regula a atividades das ATPases transportadoras de
sodio de maneira estimulatoria, via receptor AT: (AT1R), e de maneira inibitoria, via
receptor AT2 (AT2R) (GARRIDO-GIL et al, 2017). O AT:R é também é um potencial
promotor da progressao da leséo renal, pois medeia a producdo de espécies reativas ao

oxigénio (ROS, do inglés reactive oxygen species) por estimulacdo da NADPH oxidase,
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que também estimula positivamente 0 SRA (VAJAPEY et al, 2014; ZHAO et al, 2008;
AHMADIAN et al, 2016; HEZEL et al, 2016).

As ROS também sao capazes de influenciar as ATPases transportadoras de Na*.
E descrito que a atividade (Na*-K*)-ATPase é inibida pelas ROS (KURELLA et al, 1997;
FIGTREE et al, 2009), enquanto que a atividade da Na*-ATPase se mostra estimulada
(BELTOWSKI et al, 2007). As ROS também desempenham papel importante na
fisiopatologia da LRA, que podem envolver alteracdes do parénquima renal em parte
através da estimulacéo de vias inflamatorias (ZHAO et al, 2008; QUOILIN et al, 2014).

A intoxicacdo por paraquat (1,1'-dimetil-4,4'-bipiridina-dicloreto 1,1'-dimetil-
4.4'-dicloreto bipidilo, PQ) pode culminar em LRA (GU et al, 2016), contudo os
mecanismos moleculares ainda ndo sdo completamente elucidados, mas é clara a
participacdo das ROS (GU et al, 2016). O acumulo de PQ nas células tubulares renais
ativa um ciclo oxireducdo, com subsequente aumento na formacgédo de ROS e injuria do
tibulo renal proximal, que tende a ser agravada conforme h& o seu acimulo devido a
progressdo da faléncia renal (LIU et al, 2015).

Com base nesses dados, é possivel que haja importantes alteracdes no transporte
de Na* dependente de ATP no tdbulo renal, bem como na expressdo de componentes do
SRA intra-renal, que contribuam para a fisiopatologia da LRA induzida pelo estresse
oxidativo mediado pelo PQ. Dessa forma, o objetivo desse trabalho foi investigar os
efeitos do PQ na atividade das ATPases transportadoras de Na* renais e na expressdo de
componentes do SRA intra-renal, além de investigar se esses efeitos sdo dependentes da

producdo de ROS.
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1.1 OBJETIVOS

1.1.1 Objetivo geral

Avaliar o envolvimento do estresse oxidativo em mudancas no transporte de Na*

do epitélio tubular e sua regulacdo em um modelo de lesdo renal aguda induzida pela

administracao de paraquat em ratos.

1.1.2 Objetivos especificos

Avaliar em ratos submetidos leséo renal aguda por intoxicagdo com paraquat, sob

presenca ou auséncia de tratamento com tempol:

vi)

vii)

Pressdo arterial sistolica;

Marcadores de funcgéo renal e hepatica;

Producdo renal de espécies reativas do oxigénio;

Atividade da (Na™+K")-ATPase sensivel a ouabaina em fragcdes de
membrana do tabulo proximal e medula renal;

Atividade da Na*-ATPase sensivel a furosemida em fracdes de membrana
do tubulo proximal e medula renal;

Modulacdo das ATPases transportadoras de sodio pela angiotensina Il;
Expressdo proteica do receptor AT: e AT, da angiotensina Il, das
isoformas 1 e 2 da enzima conversora de angiotensina, da renina e pro-
renina, do angiotensinogénio, da (Na*+K*)-ATPase, das isoformas 2 e 4
da NADPH oxidase, das kinases envolvidas no processo de sinalizacdo
celular, PKCa, PKCA, PKCC, PKCe e PKA.
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2 FUNDAMENTACAO TEORICA

2.1 LESAO RENAL AGUDA
A lesdo renal aguda (LRA) é uma sindrome clinica caracterizada por diminuicéo

abrupta na taxa de filtragdo glomerular (TFG), concomitante a um aumento nas
concentragdes séricas de creatinina e ureia (STEVENS & LEVEY, 2005; ANDREOLI,
2009; SILVA & YU, 2009; MAKRIS & SPANOU, 2016). Por muito tempo, quadros de
LRA foram referenciados pelo termo insuficiéncia renal aguda (IRA), contudo pequenas
mudancas no débito urindrio ou na concentragdo de creatinina serica, podem ser
importantes preditores de mortalidade (LEVY et al, 1996; HOSTE et al, 2006). Dessa
forma, atualmente, o termo IRA & restrito a pacientes que apresentam LRA e necessitam
de terapia de substituicdo renal (MAKRIS & SPANOU, 2016). De qualquer forma, €
importante ressaltar que casos de LRA podem evoluir para IRA (MAKRIS & SPANOU,
2016).

A LRA é uma complicacdo comum e de alta incidéncia, principalmente no
ambiente hospitalar, sendo responsavel por 8-16% das causas de internamento, além
disso, sua incidéncia fica em torno de 40-60% em pacientes internados na unidade de
terapia intensiva (UTI) (ANDREOLI, 2009; KELLY, 2006). Apesar dos avangos
terapéuticos, pacientes acometidos pela LRA apresentam taxa de risco de mortalidade
relativamente alta, em torno de 50% (SIROTA, KLAWITTER, EDELSTEIN, 2011). Um
estudo com pacientes criticos verificou que quando eles desenvolvem IRA, o risco de
mortalidade é superior a 60% dos casos (METNITZ et al, 2002). Além da LRA impactar
com o0 aumento no risco de morbi-mortalidade de um individuo, ela também tem um
enorme impacto financeiro a sociedade devido ao seu alto custo de tratamento (REWA,
BAGSHAW, 2014).

De acordo com a Sociedade Brasileira de Nefrologia, a LRA pode ser classificada,
de acordo com sua etiologia, em pré-renal, renal ou intrinseca e pds-renal (Sociedade
Brasileira de Nefrologia, 2007). A LRA intrinseca € caracterizada por danos diretos e
primarios as estruturas dos tabulos, glomérulo, intersticio e vasos sanguineos renais,
como nos casos induzidos por sepse, substancias nefrotoxicas e glomerulopatias auto-
imunes (BELLOMO et al, 2004; MAKRIS, SPANOU, 2016, Sociedade Brasileira de
Nefrologia, 2007). Por outro lado, a LRA pré e po6s renais sdo caracterizadas por
diminuicdo da taxa de filtracdo glomerular secundarias a outras condi¢Ges patoldgicas

extra-renais (BELLOMO et al, 2004). Um exemplo classico de causa de LRA pré-renal
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é a diminuicdo do fluxo sanguineo renal causada pelo choque hipovolémico, enquanto
que a obstrucdo do fluxo do trato urinério representa uma situacao tipica de LRA p0s-
renal, onde ocorre aumento da pressdo hidrostatica intratubular, com consequente
diminuicdo da TFG (Sociedade Brasileira de Nefrologia, 2007). Portanto, a LRA é uma
situacdo grave e de etiologia multifatorial (ANDREOLI, 2009). Na Figura 1, o

organograma traz a etiologia da LRA.

Lesdo renal
aguda (LRA)
Azotemia pré LRA Lesdo renal
renal intrinseca aguda
. Lesdo Lesdo Lesdo
Lesdo tubular . .
glomerular intersticial vascular

|
1 1

Isquémica Nefrotdxica

Figura 1. Etiologia da lesdo renal aguda (LRA), Makris, Spanou, 2016.

A causa mais comum de LRA ¢é a isquemia renal (MAKRIS, SPANOU, 2016).
Em regides urbanas de paises em desenvolvimento, é comum que a maioria das causas de
LRA tenha origem no ambiente hospitalar, a partir da isquemia renal, sepse ou uso de
drogas nefrotoxicas, enquanto que, em regides rurais, as causas mais comuns decorrem
de doencas comunitarias, como em choques hipovolémicos secundarios a diarreia e

desidratacdo, ou por doencas infecciosas (LAMIRE et al, 2013).



17

2.2 LESAO TUBULAR AGUDA
A leséo tubular aguda (LTA) ou necrose tubular aguda (NTA) é o tipo mais

frequente de LRA por causas intrinsecas (MOECKEL, 2018). E um termo usado para se
referir & LRA intrinseca gerada como resultado dos danos aos tubulos renais, sejam por
lesdo isquémica, nefrotdxica, inflamatdria ou obstrutiva (MOECKEL, 2018; MAKRIS &
SPANOU, 2016; LAMEIRE, VAN BIESEN, VANHOLDER, 2006; CHOUDHURY &
AHMED, 2006). A maioria dos casos de IRA sdo consequéncia de casos de LTA
(MOECKEL, 2018), sendo que pelo menos 75% sdo atribuidos & origem isquémica
(LAMEIRE, VAN BIESEN, VANHOLDER, 2006), enquanto que, cerca de 20% séo
causados por nefrotoxicos (CHOUDHURY & AHMED, 2005).

Apesar da LTA ndo envolver alteragdes primérias da funcdo glomerular, as
alteracOes tubulares podem repercutir na TFG (MOECKEL, 2018). A lesdo tubular pode
levar a diminuicdo da TFG por mecanismos vasculares e tubulares. O mecanismo vascular
parece depender da diminuicdo da reabsorcdo proximal de sédio, que pode induzir um
aumento do aporte distal do eletrdlito na macula densa e ativagdo do mecanismo de
feedback tubuloglomerular, levando a vasoconstricdo aferente e diminuicdo da TFG
(LAMEIRE et al, 2005), Figura 2.

+v m Acumulo sistémico de 3
¢ [ Poow4 |

drogas, toxinas urémicas

| ocTs oAt

I Reabsorgﬁo{slecregﬁo
F /’_\--‘l

Reabsorgéo ShN
Reabsorgio : ol E

Na+-K+-ATPase NHE3 = Injuria 4
NKCC2 SGLTI L celular - v| &

+) "

o 4 Disfungio =
T
p=

Isquemia mitocondrial
Transporte na TRA

Diagnostico
Prognostico
Intervengio
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O outro mecanismo de reducdo da TFG envolve a morte de células epiteliais, por
apoptose ou necrose, e um consequente difusdo ndo controlada de &gua, ions e
macromoléculas, promovendo aumento do retrovazamento tubular (LAMEIRE et al,
2005). Além disso, as células mortas e outros resquicios celulares também podem obstruir
as vias tubulares, causando aumento da pressdo intratubular a niveis inconsistentes com
0 processo de filtragdo, piorando a necrose tubular e diminuindo a TFG (HAVASI &
BORKAN, 2011) (Figura 3). Além disso, essas alteragdes estdo relacionadas ao aumento
da inflamacéo intersticial que pode piorar o quadro de leséo tubular (LAMEIRE et al,
2005).
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Figura 3. Mudancas tubulares verificada na lesdo tubular aguda. Adaptado de Lamire et al., 2005.

A lesdo tubular afeta os segmentos tubulares de forma heterogénea,
principalmente de acordo com a etiologia da LRA. Na forma isquémica, a leséo tubular é
desigual, afetando pequenos trechos no tubulo reto proximal e no ramo ascendente da
alca de Henle, enquanto que na LRA causada por nefrotoxicos, a lesdo tubular se da de
maneira continua ao longo de todo o tubulo proximal (MOECKEL, 2018). Nos modelos

de lesdo tubular induzida por isquemia ou nefrotoxicos, 0 mecanismo de autofagia celular
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é crucial para promover protecéo e proliferacéo celular, possibilitando que boa parte das
células lesadas possam ser substituidas por uma extensa proliferacdo de células vizinhas
(LIVINGSTON & DONG, 2014; SUZUKI et al, 2008; JIANG et al., 2012;
HUMPHREYS et al, 2008).

2.3 MODELOS EXPERIMENTAIS DE LESAO RENAL AGUDA
O uso de modelos animais € essencial para compreendermos as caracteristicas

fisiopatoldgicas da LRA, afim de que eles fornecam subsidio para o desenvolvimento de
uma terapia eficaz e oriente quanto ao manejo ideal (SINGH et al, 2012). Apesar de
grande parte dos conhecimentos acerca da fisiopatologia da LRA terem sido obtidos a
partir de observacdes com modelos animais, eles ndo refletem completamente a realidade
encontrada na clinica (TOGEL & WESTENFELDER, 2014). Em geral, nos modelos
experimentais de LRA sdo usados animais jovens e sadios onde a inducéo € monocausal,
enquanto que na clinica, boa parte das pessoas afetadas possuem idade elevada e varias
comorbidades associadas, como a diabetes e a hipertensdo, além de uma etiologia
multifatorial (WANG, BONVENTRE, PARRISH, 2014; TOGEL & WESTENFELDER,
2014; BASILE & ANDERSON, 2012).

Em pesquisas que utilizam animais, o modelo de isquemia-reperfusdo renal é o
mais usado, contudo os modelos de LRA por administracéo de nefrotdxicos e por inducdo
de sepse também sdo importantes (SINGH et al, 2012). A isquemia-reperfusdo renal
reproduz alteracdes de instabilidade hemodinamica e diminuicdo da perfusdo renal
encontrada em diversas situac@es clinicas (SINGh et al, 2012). A inducdo de sepse pode
ser realizada através da administracdo de LPS (lipopolissacarideo) ou pela ligadura e
puncao cecal (CLP, cecal ligation and puncture), reproduzindo o quadro de LRA causada
por infeccdo, que tem prevaléncia de cerca de 35-50% nos casos de NTA nos pacientes
em estado grave (SINGH et al, 2012; HOSTE et al, 2003).

A inducédo de LRA também pode ser realizada pela administracdo de substancias
nefrotdxicas. A administracao de glicerol simula a leséo renal gerada pela rabdomidlise,
tendo em vista que 10-50% desses pacientes desenvolvem LRA (SINGH et al, 2012). A
administracdo de S-(1,2-diclorovinil)-L-cisteina simula a disfun¢éo observada em casos
de toxicidade por 4gua contaminada. Por outro lado, cerca de 20% dos casos de LRA sé&o
induzidos por drogas com potencial nefrotoxico (PERES, JUNIOR CUNHA, 2013).
Dessa forma, o uso de algumas drogas em modelos animais sdo capazes de mimetizar a

lesdo oriunda de seu uso ciclico na clinica, como o antibidtico gentamicina, o
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antineoplasico cisplatina e os AINES (anti-inflamatorios ndo-esteroidais) (SINGH et al.,
2012). Contudo é importante ressaltar que grande parte das lesGes tubulares induzidas por
nefrotoxicidade sdo reversiveis, e quando a medicacdo é suspensa, 0s rins tendem a
retomar sua funcao normal (CHOUDHURY & AHMED, 2005).

2.4 PARAQUAT COMO INDUTOR DE LESAO RENAL AGUDA
O paraquat (dicloreto de 1,1'-dimetil-4,4'-bipiridilio; PQ) é um herbicida do tipo

quaternario, ndo seletivo, com propriedade desfolhante e dessecante. Tem sido bastante
utilizado na agricultura em paises em desenvolvimento devido seu baixo custo
(WESSELING et al, 2001; GAWARAMMANA & BUCKLEY, 2011). Em plantas ele
interrompe a fotossintese a partir da inibicdo da cadeia transportadora de elétrons. Ao
ambiente ele apresenta uma toxicidade razoavelmente baixa, devido sua inativacdo
quando em contato com o solo (ERICKSON et al, 1997). Entretanto ao ser humano ele é
altamente toxico, e o risco de mortalidade mediante a sua exposicao € relativamente alto,
em torno de 35 a 50% (PAVAN, 2013). Seu envenenamento é um dos mais fatais no
mundo (AGARWAL et al, 2006), podendo atingir varios 6rgdos e sistemas, como 0
respiratorio, digestorio, cardiovascular, nervoso e renal (SEOK et al, 2009).

A mortalidade precoce por intoxicacdo de PQ ocorre como resultado de choque
hipovolémico, enquanto que a mortalidade tardia é principalmente induzida por disfuncao
pulmonar (WUNNAPUCK et al, 2013). Apo6s a ingestao, o PQ é rapidamente distribuido
pelo organismo, especialmente no rim, pulméo e figado (SEOK et al, 2009). A letalidade
da intoxicacgdo por PQ é altamente dependente do grau de deterioracdo da funcdo renal e
hepatica, assim como o grau de desequilibrio acido-basico. Apesar do PQ ser considerado
um potente agente nefrotdxico e hepatdxico, sua hepatotoxicidade € fraca em ratos
(HONG et al, 2016).

Apesar de ndo ser completamente elucidado seu mecanismo de acao, sabe-se que
0 PQ eleva a producdo de ROS, mediante sua participacdo em ciclos redox da
mitocondria, promovendo o quadro de estresse oxidativo (PETER et al, 1992).
Inicialmente, ele se comporta como substrato para a enzima NAPDH-oxidase, sendo
reduzido e gerando anion superdxido (Oz2 "), juntamente com o consumo do NADPH. O
PQ reduzido facilmente se auto-oxida, produzindo mais ROS e regenerando o PQ,
permitindo que o ciclo de producéo de ROS ocorra repetidamente (PETER et al, 1992).
O Oz pode ser detoxificado pela enzima superéxido dismutase (SOD) produzindo

peroxido de hidrogénio (H202) que é sequencialmente removido pela catalase. Entretanto
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em altas concentragdes de PQ, a SOD ¢ suprimida e os radicais O, " sofrem dismutacéo
formando o oxigénio singlete que causam peroxidacdo lipidica (PETER et al, 1992;
SUNTRES, 2002) (Figura 4).
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Figura 4. Toxicidade bioquimica do paraquat. Tirado de Bus, Aust, Gibson, 1975.

Por outro lado, a exposicdo ao PQ também ativa mecanismo protetores
antioxidantes. Tomita et al. (2006) demonstraram que o PQ estimula a expressao génica
da metalotioneina-1 e da heme oxigenasse-1, cujas propriedades lhes conferem acdes
antioxidantes. Entretanto, essa estimulacdo ndo persiste até 24 horas pos administracdo
do PQ, o que pode explicar a capacidade da substancia induzir lesdo tecidual (TOMITA
et al, 2006).

Particularmente, o desenvolvimento de LRA é um dos primeiros efeitos
sistémicos observados na intoxicacdo pelo PQ, e a consequente diminuicdo na sua
depuracdo renal pode levar maior toxicidade sisttémica, que pode resultar em &bito
(WUNNAPUCK et al, 2013). Inclusive, estudos clinicos tém designado a leséo renal
como um fator de risco para a letalidade por envenenamento de individuos por PQ. A
LRA esta correlacionada com diminuicgdo de 10 a 20 vezes da depuragdo de PQ, e a piora

da fungdo pulmonar devido ao seu acimulo no pulmdo (BISMUTH et al, 1982;
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BISMUTH et al, 1990). Dessa forma, a manutencdo da funcao renal é uma estratégia
terapéutica fundamental para manutengdo da sobrevivéncia e melhor prognostico de
individuos intoxicados por PQ (SAMAI et al, 2007).

A partir de 3 horas de intoxicagdo, o PQ tende a se concentrar no rim, se
acumulando no interior das células tubulares proximais (SEOK et al, 2009, MOLCK &
FRIIS, 1997). Dessa forma, o PQ pode levar ao desenvolvimento de IRA oligurica e ndo-
oligurica por LTA induzida por necrose e disfuncdo tubular (Miller et al., 1980). O PQ
provoca degeneracao tubular, com consequente vacuolizacdo citoplasmatica e obstrucao
dos vasos intra-renais, além de induzir processo inflamatdrio com subsequente infiltracéo
leucocitéria, caracterizando o quadro de les&o tubular (WESSELING et al, 2001; WILKS
et al, 2008; SEOK et al, 2009).

A singular vulnerabilidade do tubulo proximal a lesdo induzida por PQ pode ser
explicada por diversos fatores. Primeiramente, o rim apresenta, de forma geral, uma
elevada sensibilidade a substancias toxicas, em virtude de receber uma elevada parcela
do débito cardiaco (VAN VLEET & SCHNELLMAN, 2003), e a perfuséo renal é maior
na regido cortical, que apresenta uma elevada populacao de células do tubulo proximal
(GEORGE et al, 2017). Além disso, em virtude da elevada perfuséo sanguinea, o tabulo
proximal recebe um maior aporte de oxigénio do que outros segmentos tubulares, e a
combinacdo de altas concentracdo de oxigénio e PQ leva a uma maior producao de Oy
e H202 (VAN VLEET & SCHNELLMAN, 2003).

Adicionalmente, a susceptibilidade do tubulo proximal ao PQ pode decorrer da
presenca de diversos transportadores de solutos organicos. Em células LLC-PK1, uma
linhagem de células do tabulo proximal, foi observado um elevado transporte ativo do
PQ para o meio intracelular (CHAN et al, 1996). Além disso, ja foi demonstrado em
células do tabulo proximal de babuinos que o aporte celular do PQ no tubulo proximal é
mediado por transportadores de cations organicos polivalentes, uma vez que o PQ se
apresenta como um cétion divalente em solugdo aquosa (VAN VLEET &
SCHNELLMAN, 2003). Por esse mecanismo de transporte, o PQ sofre secre¢éo tubular
proximal, o que aumenta sua depuragdo no inicio do envenenamento, mas torna o

segmento mais concentrado na substancia e mais propicio a sofrer lesao.

Por conta da lesdo tubular proximal, € possivel que haja diminui¢do da reabsorcéo

tubular de Na*. A excrec¢do fracionada de sodio, excedendo em mais de 40% da carga
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filtrada, ja& foi reportada em um estudo de caso em dois pacientes intoxicados pelo PQ
(VAZIRI et al, 2009). A diminuicdo da reabsor¢do proximal de Na+ induzida pelo PQ
pode decorrer, parcialmente, por inibi¢do da atividade da (Na*+K")ATPase, por inibi¢éo
direta da enzima, diminuicdo da permeabilidade da membrana plasmatica ao Na+ ou
ainda por disfuncao mitocondrial (MOLCK & FRIIS, 1997).

A peroxidacédo lipidica induzida pelo PQ no tabulo proximal leva a perda de
integridade de membrana e morte celular (BRAMBILA et al, 2002). Além disso, ja foi
demonstrado que a acdo toxica do PQ é mediada parcialmente pela estimulacdo de vias
pro-apoptoticas. A exposicdo de células HK-2, células do tubulo proximal humano, ao
PQ leva a apoptose por ativagdo de multiplos mecanismos mediados por caspase € pela
via intrinseca mitocondrial (YOON et al, 2011).

2.5 TRANSPORTE RENAL DE SODIO
Os rins desempenham papel chave na manutengdo do balanco eletrolitico e sobre

o volume do fluido corporal, e consequentemente impacta na manutencdo da pressao
sanguinea a niveis normotensos (CARLSTROM et al, 2013). A retencdo de Na* pode
gerar um quadro de expansdo do volume extracelular, entretanto os rins desempenham
respostas fisioldgicas capazes de manter os compartimentos fluidos do organismo em
equilibrio, através da regulacdo dos processos de filtragdo glomerular e reabsorc¢éo tubular
(FRISOLI et al, 2012).

O rim filtra grande quantidade de sédio (Na*) através do glomérulo, excretando
apenas uma pequena fracdo desse ion no volume urinario final (PALMER &
SCHNERMANN, 2015). Os segmentos tubulares desempenham funcGes distintas na
reabsorcio de Na* filtrado (PALMER & SCHNERMANN, 2015). E relevante
mencionarmos que, em condi¢des fisioldgicas, o tdbulo proximal realiza a reabsorcdo
massiva do Na* e de agua do filtrado glomerular, enquanto que os segmentos distais,
principalmente o ducto coletor, realizam o ajuste fino da excre¢do do eletrdlito,
principalmente sob acdo da aldosterona, bem como sdo capazes de realizar sua reabsorcao
de forma separada da agua (L1 & ZHUO, 2016; FERRAILE & DIZIN, 2016; PALMER
& SCHNERMANN, 2015).

O transporte tubular ativo secundario é dependente do gradiente de concentracao
de Na* gerado pelos transportadores basolaterais de Na*, como a proteina
(Na*+K*")ATPase sensivel a ouabaina (FERRAILE & DOUCET, 2001) e a Na*-ATPase
sensivel a furosemida (ROCAFULL et al, 2011). O transporte tubular de Na* ocorre
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através de dois processos importante, inicialmente a proteina (Na*™+K*)ATPase causa
extrusao intracelular de Na* para o compartimento de liquido intersticial peritubular,
através da membrana basolateral, gerando energia suficiente permitindo sequencialmente
a passagem de Na* para o interior da célula através de cotransportadores e canais de s6dio
expressos na membrana apical (FERRAILE & DOUCET, 2001). Assim, o gradiente de
concentracdo de Na* gerado ocorre contra um potencial elétrico transtubular, sendo o
lumen tubular proximal, por exemplo, 20 mV negativo em comparacdo aos liquidos
intersticial e peritubular (WHINTTEMBURY & WHINDHAGER, 1961).

A proteina (Na*+K*)ATPase foi descrita primeiramente no ano de 1957 como
responsavel por mover ions de potéssio e sddio através da membrana celular, contra um
gradiente de concentracdo a custa da hidrdlise ATP (INGBAR & WENDT, 1997). A
(Na"+K*)ATPase é uma proteina presente na membrana basolateral do tGbulo em
diferentes segmentos tubulares (FERRAILE & DOUCET, 2001) e fica estritamente
cercada por mitocéndrias (GARG, KNEPPER, BURG, 1981). Essa proteina possui trés
subunidades funcionais. A subunidade o, desempenha fungdes enzimaticas e de
transporte, enquanto que a subunidade [ possui sua funcionalidade associada a
subunidade o, atuando na sintese de novas subunidades a. Mediante a atividade das
subunidades a ¢ B esta proteina consegue desempenhar sua funcdo de bombeamento de
ions (WU et al, 2013). Ainda ha a subunidade y (FERAILLE & DOUCET, 2001), cuja
funcdo ndo é bem compreendida, mas aparentemente ela interage com o complexo a e 3,
modulando a acdo dessas subunidades na ativacdo do transporte de Na*e K* (BEGUIN
et al, 1997).

No tabulo proximal, adicionalmente, ha descricdo da participacdo de um segundo
transportador de Na* dependente de ATP na formacdo do gradiente transcelular de Na*,
a Na*-ATPase (LARA et al, 2008). Ela foi descoberta cerca de 50 anos atras e é
responsavel pela extrusdo ativa de ions de Na"acoplado ao CI- do meio intracelular para
0 meio extracelular sem alterar o potencial de membrana (VIEYRA et al, 2016). A Na*-
ATPase tem sido descrita como regulador fino da reabsorcdo de Na® no segmento
proximal (LARA et al, 2008; VIEYRA et al, 2016).

Diversos sistemas estdo envolvidos no controle da reabsorcdo de Na* no tubulo
proximal mediante a modulagéo da atividade das ATPases. A angiotensina Il (Ang II)
apresenta particular importancia, em virtude de ser o principal modulador da reabsor¢éo
tubular nesse segmento (LI & ZHUO, 2016). Apesar de exercer sua fungdo através de

mediadores intracelulares distintos, a Ang Il regula as ATPases de maneira similar,
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estimulando a atividade em baixas concentragdes, via receptor de angiotensina do tipo 1
(AT1R) e inibindo a atividade em altas concentracdes, via receptor de angiotensina do
tipo 2 (AT2R) (FERRAILE & DOUCET, 2001; VIEYRA et al, 2016).

2.6 SISTEMA RENINA ANGIOTENSINA
Classicamente o sistema renina-angiotensina (SRA) desempenha importante

funcdo sobre o controle da pressao arterial sanguinea (PAS) e manutencdo do equilibrio
hidroeletrolitico (KOBORI et al, 2007), agindo de maneira enddcrina, paracrina ou
autocrina (SANJULIANTI et al, 2011). Sua via classica de atuacdo depende primariamente
da acdo da renina circulante proveniente da secrecdo renal. A renina € uma enzima que
cliva o angiotensinogénio plasmatico, produzido pelo figado, gerando um peptideo de 10
aminoéacidos, a angiotensina | (Ang 1), que por sua vez, é convertida a angiotensina 1l
(Ang I1) pela acdo da isoforma 1 da enzima conversora de angiotensina (ECA1)
(SANJULIANI et al, 2011). A Ang Il é o principal componente do sistema responsavel
pelo controle da fungéo celular dos 6rgaos-alvo (GARRIDO-GIL et al, 2017).

A sinalizacdo da Ang Il nas células-alvo é dependente da ligacdo do peptideo a
dois receptores transmembrana acoplados a proteina G, o AT:R e 0 AT2R (ABDALLA
et al, 2001). Os efeitos mais comuns relacionadas a sinalizagdo da Ang Il via AT:R,
envolvem respostas celulares que levam a vasoconstric¢do, retencdo de Na*, proliferacdo
celular, bem como secrecdo de aldosterona e hormdénio antidiurético (BANDAY &
LOKHANDWALA, 2008; FYHRQUIST & SAIJONMAA, 2008). Além disso, a
ativacdo do AT1R esta envolvida na geracdo de espécies reativas de oxigénio (ROS)
através da ativacdo da enzima NADPH oxidase (YAMAGASHI et al, 2012) e na ativacao
de vias inflamatérias (HAMMER et al, 2016). Contudo, apesar de menos elucidado, ja €
bem documentado que a atividade do AT2R gera efeitos antagdnicos aos mediados pelo
ATiR (ABDALLA et al, 2001). Exercendo atividade anti-hipertensiva, vasorelaxadora e
natriurética (VAJAPEY et al, 2014), além de exercer atividade protetora a situacdo de
lesdo tecidual, mediante funcdo antioxidante e de protecdo mitocondrial, devido seu
potencial efeito anti-inflamatorio, anti-proliferativo e anti-apoptético (ABADIR, 2011,
FYHRQUIST & SAIJONMAA, 2008).

A ligacdo da Ang Il ao receptor ATiR, leva a ativacdo de algumas vias de
sinalizacéo intracelulares mediadas por proteina Gi, Gs e fosfolipase C (PLC), causando
elevacdo na concentracdo de Ca® citosdlico e consequente ativacdo da proteina cinase C
(PKC) e da calmodulina (LEFKOWITZ & SHENQY, 2005). Por outro lado, a interagao
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da Ang Il com 0 AT2R, leva aumento nas concentracdes de bradicinina, aléem de ativagédo
de vias do 6xido nitrico (ON), resultando em vasodilatacdo e natriurese. A via do AT2R
estd ligada a ativacdo da proteina fosfolipase A2 (PLA2), para sintese de &cido
araquidénico (AA) e adenilil ciclase (AC) para sintese de AMPc com consequente
ativacdo da proteina cinase dependente de AMPc (PADIA et al, 2006).

Além do maior conhecimento dos efeitos do AT2R, atualmente, possuimos uma
visdo mais ampla e profunda do SRA, principalmente em virtude da descoberta da
isoforma 2 da enzima conversora de angiotensina (ECA2) (SANJULIANI et al, 2011). A
ECAZ2 ¢é uma peptidase que tem a Ang | ou Ang Il como substrato, e sua acdo induz a
formacédo de Ang 1-7, um peptideo que regula a funcdo celular através de ligacdo ao seu
préprio receptor, o receptor do tipo Mas (MasR) (SANJULIANI et al, 2011) (Figura 5).
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Figura 5. Esquema da via classica de atividade do sistema renina-angiotensina (SRA). (Lima, 2011).

O receptor do tipo Mas também é uma proteina transmembrana acoplada a uma
proteina G, cuja expressao ja foi detectada em varios sistemas (SANJULIANI et al,
2011). A Ang 1-7, via MasR, pode contrarregular a atividade fisiopatolégica da Ang Il
no sistema cardiovascular, e proteger a hipertensdo arterial dependente de Ang Il
(HAMMER et al, 2016). Além disso, é descrito que a Ang 1-7 apresenta efeitos protetores
dependentes de ag¢Oes antioxidante e anti-inflamatéria (HAMMER et al, 2016). Embora
sejam mais numerosos os trabalhos estudando os efeitos da Ang 1-7 e do MasR, outros
elementos com func¢éo bioldgica relacionada ao SRA também tém sido descritos, como
os peptideos Ang 111 e Ang IV e o receptor de (pro)renina (SANJULIANI et al., 2011).
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Primariamente, as funcdes do SRA eram atribuidas apenas a atividade da Ang Il
circulante no plasma sanguineo, contudo diversos componentes do SRA, ou proteinas
com fungdo equivalente, sdo expressos localmente em vérios Orgdos e tecidos
(SANJULIANI et al, 2011). As concentracBes de Ang Il podem variar bastante entre os
diversos tecidos. O SRA tecidual possui importancia fisioldgica (SANJULIANI et al,
2011), contudo, ele também tem sido correlacionado aos mecanismos fisiopatoldgicos
que envolvem quadro de inflamagdo, proliferacdo celular e estresse oxidativo
(GARRIDO-GIL et al, 2017).

2.7 ESTRESSE OXIDATIVO
O estresse oxidativo é decorrente de um desbalango organico entre a producgéo

exacerbada de ROS e a atividade antioxidante ineficiente no meio extra ou intracelular
(SHOJI & KOLETZKO, 2007). Esse fenbmeno é comum na base fisiopatoldgica de
diversos processos/doencas e seu desenvolvimento esta intimamente ligado a interacdo
de ROS com vérias biomoléculas, como os lipidios da membrana celular, polissacarideos,
proteinas e o proprio DNA celular (SHOJI & KOLETZKO, 2007) resultando em dano
tecidual (PETER et al, 1992; SUNTRES, 2002).

A principal via do metabolismo do oxigénio (O2) no organismo ocorre no interior
de mitocondrias onde ha incorporacdo de 4 elétrons ao final da cadeia respiratoria,
resultando em sua completa reducdo formando uma molécula de agua (H20). Caso ao
longo da cadeia transportadora de elétrons o Oz seja reduzido com um menor nimero de
elétrons ha a producdo das ROS, como o peroxido de hidrogénio (H202), ou como 0s
radicais livres do oxigénio, que sdo espécies altamente reativas porque possuem um
elétron desemparelhado em sua Gltima camada, como o superéxido (O2*) e a hidroxila
(OH*), (DAMASCENQO et al, 2002; SHOJI & KOLETZKO, 2007).

Apesar da cadeia transportadora de elétrons ser a principal fonte produtora de
ROS, células fagocitarias, peroxissomas durante o processo de B-oxidacdo e agdes da
enzima citocromo P450, também podem gerar ROS, além dos agentes oxidantes
exogénos como o mondxido de carbono (WRIGHT et al, 1994). As ROS sao produtos
comuns do metabolismo fisiologico e desempenham papeis cruciais em muitos processos
fisiolégicos como no caso da nefrogénese, eritropoiese e inclusive no transporte tubular
de sodio (NISTALA et al, 2009). Diante da constante exposi¢do dos tecidos as ROS, o
organismo desenvolveu varias vias de defesa antioxidante (BIRI et al, 2007). Os
antioxidantes podem ser de origem enzimatica ou ndo enzimatica (ANDRADE JUNIOR
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etal, 2005). Dentre as principais enzimas antioxidantes, ha a glutationa peroxidase (GPx),
catalase (CAT) e a superdxido dismutase (SOD) (BIRI et al, 2007). A SOD age
convertendo o radical superoxido em peroxido de hidrogénio, que é consequentemente
removido pela GPx ou pela CAT (BIRI et al, 2007). Dentre os principais antioxidantes
ndo enzimaticos estdo: o acido ascorbico, a-tocoferol, selénio, B-caroteno, a glutationa
reduzida (GSH) e algumas proteinas com agdo quelante do ferro férrico (Fe*®) e cobre
(Cu*?) (ANDRADE JUNIOR et al, 2005).

2.7.1 Estresse oxidativo, transporte de sodio e SRA
Desde a década de 90, sabe-se que situacfes de estresse oxidativo estdo

relacionadas a mudancas estruturais e funcionais nas células (INGBAR & WENDT,
1997). Além disso, células tubulares do néfron e o processo de transporte de Na* também
podem sofrer alteragdes em virtude das ROS (HU et al, 1994; KUNIN et al, 2012). Em
parte, as alteragdes no transporte de Na* tubular se devem a modulacéo na atividade das
ATPases transportadoras de Na* (KIM & ROBISION, 1996; YAN et al, 2013;
BELTOWSKI et al, 2007; VIEIRA-FILHO et al, 2014)

A (Na*+K")ATPase tem sua atividade diretamente inibida pelo peroxinitrito e
pelo peroxido de hidrogénio (H202) (KIM & ROBISION, 1996). Em situacGes de estresse
oxidativo, ha mudangas secundarias sobre a (Na*+K")ATPase, como a glutationizagdo
dos residuos de cisteina das subunidades al e B1, que inibem sua atividade através da
estabilizacdo da enzima na conformacdo E2-prone ou através do blogueio na posicao de
ligagdo do ATP (YAN et al., 2016). Adicionalmente, o estresse oxidativo pode impactar
negativamente sobre o transporte de Na* por estimular a degradacdo da proteina
(Na"+K*)ATPase (YAN et al, 2013). Por outro lado, também existem dados
experimentais que correlacionam a elevacdo do estresse oxidativo com maior atividade
da (Na"+K*)ATPase. Em ratos idosos, foi descrita maior expressdo da subunidade ol da
(Na"™+K*)ATPase dependente de ROS (SILVA, GOMES, SOARES-DA-SILVA, 2006).

No caso da Na*-ATPase, evidéncias demonstram que o anion superéxido (O°) é
um importante estimulante de sua atividade (BELTOWSKI et al, 2007). Dados do nosso
laboratério demonstram que a elevagdo do estresse oxidativo estd relacionada com o
aumento da atividade da Na*-ATPase em fragcbes de membrana do tdbulo proximal de
ratos submetidos a desnutri¢do intrauterina, e os dados ainda sugerem que essa alteragdo
é responsavel pela elevagdo da pressdo arterial nesse modelo experimental (VIEIRA-
FILHO et al, 2014).
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As atividades das ATPases tambem podem ser alteradas por efeitos das ROS em
suas vias modulatdrias. Por exemplo, as ROS causam carbonilacéo da proteina P222, que
regula a subunidade o da (Na*+K")ATPase (YAN et al., 2013). Essa proteina esta
envolvida na inibicdo do transporte de Na+ por inducdo da endocitose da
(Na"+K*)ATPase (SOLTOF & MANDEL, 1983). Muitos dos efeitos da Ang Il nesses
transportadores podem ser acentuados pelo estresse oxidativo, uma vez que as ROS estéo
relacionadas ao aumento da expressdo do AT:R (BECKER et al, 2003; REJA et al, 2006).

A estimulacdo do SRA associada ao estresse oxidativo tem sido alvo de grande
interesse da comunidade cientifica, pois evidéncias indicam que essa interrelacdo é
fundamental no mecanismo de desenvolvimento da hipertensdo, doencas
cardiovasculares e renais (NISTALA et al, 2009; AYYUB, NAIMI, AKHTAR, 2017).
Nos disturbios cardiovasculares, 0 AT:R tem se mostrado como um potencial promotor
patoldgico, pois quando estimulado leva a vasoconstricdo e retencdo de Na*, em parte
através de mecanismos pro-oxidativos (AHMADIAN et al, 2016).

A ligacdo da Ang Il ao AT1R ativa a enzima produtora de ROS NADPH-oxidase,
também conhecida como NOX (VAJAPEY et al, 2014; MONTEZANO & TOUYZ,
2014). Quando estimulada, a NADPH-oxidase reduz o oxigénio molecular a anion
superoxido, altamente instavel, que posteriormente é convertido a peroxido de hidrogénio
pela SOD. O peroxido de hidrogénio é reduzido a H2O pela agdo da CAT ou da GPx.
Todavia, quando ha excesso de superdxido, o perdxido é convertido em radical hidroxila,
o radical com maior poder citotoxico (CAT et al, 2013). Nas células vasculares, por
exemplo, os efeitos do ROS relacionados a ativacdo do AT1R sdo mediados por moléculas
de sinalizag&o, como as MAP kinases, RhoA\Rho kinase, fatores de transcri¢do, proteina
tirosina fosfatase e tirosina kinase, que ativam mecanismos de inflamacédo, contracao,
crescimento e até senescéncia (CAT et al, 2013).

Através das subunidades da NADPH-oxidase NOX2 e NOX4 h4 uma importante
producdo de ROS que desempenham papel importante no desenvolvimento e progressao
da lesdo celular (NICKEL et al, 2014; MONTEZANO & TOUYZ, 2014). A atividade
dessa enzima pré-oxidante est4 correlacionada com a sintese aumentada de IL-6, TNF a
e interferon y, concomitante a diminuigéo na sintese de oxido nitrico (ON) e GMP ciclico
(SCHIEFFEr et al, 2000; HAHN et al, 1994; WEIDANZ et al, 2005), além de ativacdo
da proteina de transcricdo 3 (STAT3), que desempenha papel chave no processo de
diferenciacéo, proliferagéo, inflamacéo e apoptose celular (OMURA et al, 2000), (Figura
6).
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Figura 6. Remodelamento vascular promovido a partir do estimulo da All sobre o0 AT1R e vias redox (Cat
etal., 2013).

2.7.2 O antioxidante tempol
O tempol é um nitréxido permeédvel a membrana plasmaética com atividade

antioxidante, conhecido como a mimético da SOD (KRISHNA et al, 1998; SAMAI et al,
2007; ZHANG et al, 2016). Ele desempenha atividade semelhante a SOD e a CAT,
reduzindo nos tecidos os niveis de O>* e H202 (ZHANG et aL, 2016), protege proteinas,
lipideo e DNA contra os danos causados por ROS (SAMUNI et al, 2000; DAMIANI et
al, 2006).

No tecido renal, o tempol ja demonstrou efeitos protetores na LRA induzida por
isquemia-reperfusdo (ZHANG et al, 2016), bem como na glomeruloesclerose observada
na hipertensdo sensivel ao sal (NISHIYAMA & ABE, 2004). Em outro modelo de
hipertensdo, o tempol impediu a perda podocitaria, glomeruloesclerose e proteinuria, bem
como evitou a perda progressiva da funcdo renal (NAGASE et al, 2007). Além desses
efeitos protetores, também ja foi demonstrado que o tempol previne o aumento da
expressao da NOX4 no rim de animais com insuficiéncia renal crénica, e esse efeito esta
envolvido na protecdo ao dano glomerular e hipertensdo (SANCHEZ-LOZADA et al,
2008).

Apesar dos beneficios no uso do tempol virem sendo observados em modelos de
lesdo renal, ele possui um efeito pro-oxidativo em doses elevadas, como observado em

células endoteliais de aorta (ALPERT et al, 2003), entretanto sua capacidade pro-
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oxidativa em células endoteliais € inconsistente, sendo prevenida por uma co-incubacgéo
de outro antioxidante (MAY et al, 2005).
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3 JUSTIFICATIVA

O estresse oxidativo é comum na etiologia e na progressdo de algumas situacdes
patoldgicas, devido a capacidade dos radicais livres em causar dano celular, através da
peroxidacao lipidica, além de causarem dano estrutural e comprometimento funcional. A
situacdo de estresse oxidativo esta intimamente ligado ao desenvolvimento e progresséo
da lesdo renal aguda, levando a alteracbes no transporte proximal renal de sodio
dependente de ATP, bem como sua modulacéo.

Alguns agentes quimicos séo classificados como nefrotdxicos, como é o caso do
paraquat, um herbicida de largo espectro, que causa dano renal através de sua agdo
imediata mediante o estresse oxidativo a nivel renal e sistémico. Com base no exposto,
nos propomos a elucidar os mecanismos modulatérios do estresse oxidativo sobre o
transporte de sodio dependente de ATP, na lesdo renal aguda, permitindo assim, a
elaboracdo futura de estratégias terapéuticas mais eficazes na recuperacdo do paciente

com lesdo renal aguda.
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ABSTRACT

Acute renal injury (AKI) is a clinical issue characterized by metabolic waste
accumulation and impairment of hydroelectrolytic homeostasis. Paraquat (1,1'-dimethyl-
4.4'-bipyridyl dichloride) exposure induces AKI. Albeit kidney damage relies on reactive
oxygen species (ROS) production, the consequence of paraquat exposure are not full
elucidated. This study evaluated whether paraquat-induced AKI is linked to alterations of
ATP-dependent Na* transport and renal renin-angiotensin system (RAS), as well as
whether these effects are dependent on ROS production. Adult male Wistar rats (300—
400 g) were submitted to intraperitoneal administration of a single dose of paraquat (20
mg/kg, n = 15) or 0.9% NaCl (control group, 1 ml/kg; n = 8). Part of paraquat-treated
group received tempol administration (10 mg/kg, drinking water, n = 7) during 7
consecutive days previously to paraquat administration. Within the 24-hours of paraquat
exposure, it was observed loss of body weight and a pronounced elevation of urinary
flow, as well as elevation of serum creatinine levels. In renal cortex, paraquat exposure
leaded to increased ROS levels, NADPH oxidase activity and (Na"™+K*)ATPase activity,
in addition to upregulation of angiotensin Il type 1 receptor (AT1R), tumor necrosis
factor-a (TNF-o) and interleukin 6 (IL-6). In renal medulla, paraquat also increased ROS
levels and NADPH oxidase acitivity, however, it inhibited (Na*+K*")ATPase activity.
These alterations — except to increased serum creatinine and renal levels of TNF-a and
IL-6 — were prevented by previous tempol treatment. In summary, paraquat exposure
leaded to a prominent urinary fluid loss that may be consequent to impaired Na*
reabsorption induced by ROS, which may be a risk factor to vascular collapse an early
death. Moreover, paraquat leads to stimulation of cortical ATP-dependent Na* transport
and AT1R upregulation. These changes may act as acute compensatory response to fluid

loss, but may exacerbate renal injury lately.

Keywords:

Acute kidney injury
ATP-dependent Na* transport
Paraquat

Reactive oxygen species

Renin-angiotensin system
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1. Introduction

Acute renal injury (AKI) is characterized by nitrogen waste compounds
accumulation and impairment of electrolytes and body fluid homeostasis, resulting from
renal function loss [1,2]. AKI incidence is 18% in hospitalized patients, and it increases
to about 70% in intensive care units, with mortality rates ranging from 20% to 70% [3].
The development of AKI is multifactorial; however, most severe cases frequently are
associated to acute tubular necrosis due from nephrotoxic etiology [4]. Increasing
evidences places renal tubules central in pathogenesis of AKI, as it loss of function leads
to fluid conserving changes that secondarily affect the glomerulus [5,6]. Higher Na*
fractional excretion is linked to poor recovery of renal function and worse prognostic [7].

Paraquat (1,1'-dimethyl-4,4'-bipyridyl dichloride) poisoning is linked to onset of
AKI [8]. However, the underlying molecular mechanisms are not yet fully elucidated. It
is already clear that kidney damage induced by paraquat relies on oxidative stress [8].
Renal tubule accumulation of paraquat activates redox cycles, with subsequent increase
in reactive oxygen species (ROS) formation and cell injury, which tends to be aggravated
as renal clearance of paraquat decreases [9]. Moreover, ROS generation in AKI may be
partially due to mitochondrial dysfunction associated to low renal perfusion and O:
delivery [10,11]. Thus, the proximal tubule is the major affected segment by the paraquat
action.

The proximal tubule is particularly prone to injury because of its high metabolic
rate, and its dysfunction has a high impact in salt wasting because it segment is
responsible for the largest fractional reabsorption of filtered fluid [12]. Tubular damage
is associated to loss of cellular polarity [13], necrosis [14], and decrease of glomerular
filtration rate [14]. Tubular reabsorption depends primary on Na* gradient generated by
basolateral active transport mediated by ouabain-sensitive (Na*+K")ATPase [15] and
furosemide-sensitive, ouabain-resistant Na*-ATPase [16], being the former considered
responsible for the bulk Na* reabsorption, whereas the later correlated with fine tuning
[17-19]. Tubule transport may be also regulated by ROS; it was described that both Na*-
transporting ATPases are sensible to redox signaling [17,20,21].

Renin-angiotensin system (RAS) is a key mediator of Na* reabsorption and
extracellular fluid volume [22]. Tubulointerstitium levels of angiotensin 11 are higher than
in blood plasma [12], and Na*-transporting ATPases are tightly regulated by this peptide
[19,23]. Furthermore, RAS components are also coupled to renal damage by regulation
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of cellular proliferation, inflammation and tissue fibrosis [24]. Angiotensin Il, isoform 1
of angiotensin-converting enzyme (ACE1) and the angiotensin Il-type 1 receptor (AT:R)
had been linked to inflammation and microvascular dysfunction in ischemia/reperfusion-
induced AKI [25]. In AKI patients, elevated urinary angiotensinogen-creatinine ratio was
already positively correlated to adverse outcomes [22]. Moreover, RAS cross-talks with
oxidative stress, once it increases ROS production through NADPH oxidase, leading to
RAS upregulation [26].

Based on these data, it is possible that AKI induced by paraquat has as underlying
mechanism ROS-mediated alterations of Na® transport machinery and renal RAS
expression that could lead to salt wasting and renal injury. Thus, this study investigated
whether paraquat administration induces alterations in ATP-dependent Na* transporters
and several renal RAS components, as well as whether these effects are dependent of
ROS production.

2. Materials and methods

2.1. Animals

All experimental procedures were approved by the Committee for Ethics in
Animal Experimentation at the Federal University of Pernambuco (protocol number
0013/2017), and conducted according to Brazilian Council of Animal Experimentation
(CONCEA) guidelines.

Male Wistar rats (300-400 g and approximately 90 days of age) were maintained
at 21 £ 3 °C, 12 h light/dark cycle and free access to water and standard chow. The rats
were submitted to intraperitoneal administration of a single dose of paraquat (20 mg/kg
of body weight, n = 15; paraquat group, PQ) or vehicle (0.9% NaCl, 1 ml/kg of body
weight, n = 8; control group, C). Part of PQ group was treated with tempol (10 mg/kg of
body weight in drinking water, n = 7; paraquat + tempol group, PQ+T) during 7
consecutive days previously to paraquat administration. Immediately after paraquat/0.9%
NaCl administration, all animals were placed in individual metabolic cages during 24-
hour period and then, submitted to systolic blood pressure evaluation. Finally, the rats
were anesthetized (ketamine and xylazine; 80 and 10 mg/kg of body weight, ip), and

submitted to blood sample withdrawn by abdominal aorta, and to the collection of kidneys
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and a sample of liver. Kidneys and livers samples were snap-frozen in liquid nitrogen and

maintained at —80 °C.

2.2. General metabolic and renal function data and systolic blood pressure

The rats were placed in metabolic cages to evaluate water and diet intake, as well
as to collect 24-h urine samples. Previously, for at least one week (before paraquat/0.9%
NaCl administration), the rats were acclimated for three consecutive 24-hours periods in
metabolic cage. Urine samples, together with serum, were submitted to evaluation of
creatinine concentration using a commercial colorimetric kit (Labtest, Lagoa Santa,
Brazil), and creatinine clearance was calculated. In addition, it was also evaluated serum
alanine aminotransferase (ALT) and aspartate aminotransferase (AST) concentrations
using commercial colorimetric kit (Labtest), and serum and urinary protein concentration
using Folin-phenol method [27].

Systolic arterial pressure (SAP) evaluation was performed noninvasively on
conscious rats through tail-cuff plethysmography (IITC Life Science B60-7 / 16, Life
Science Instruments) [28]. The animals were trained during three consecutive days to
experimental procedures of SAP measurement as described elsewhere [29].

2.3. Lipid peroxidation

To evaluate lipid peroxidation, renal (cortex and medulla) and liver samples were
homogenized in ice-cold solution containing 150 mM KCI and 3 mM ethylenediamine
tetraacetic acid (EDTA). Lipid peroxidation was evaluated by the measurement of
thiobarbituric acid reactive substances (TBARS) in tissue homogenate according to the
method of Ohkawa et al. (1979) [30]. The TBARS levels were corrected by protein
content in the sample, measured by Folin-phenol method [27].

2.4. In situ levels of reactive oxygen species

ROS levels were evaluated in renal cortex and medulla using the fluorescent
superoxide probe dihydroetidium (DHE; Sigma Aldrich, Saint Louis, MO). At
euthanasia, renal sections of 3-mm thick were snap frozen embedded in O.C.T. (Sakura

Finetek, Terrance, CA), and maintained at —80 °C. Following, 5-pum slices were incubated
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in 100 mM diethylene thiamine-pentaacetic acid (DTPA) solution (in 100 mM phosphate
buffered saline, PBS) during 30 min, and subsequently, incubated in 5 uM DHE (in PBS,
pH 7.4). The slices were mounted and DHE fluorescence was quantified using
fluorescence microscopy (Eclipse Ni-U microscope coupled to camera DS-i, Nikon,
Shanghai, China) using a filter to 530-560 nm of excitation and 590-650 nm of emission.
The results of each rat was an average fluorescence intensity of 10 cortical and medullar
fields (x200 magnification) measured by Image Pro Plus software (version 4.5.1, Media
Cybernetics, MD).

2.5. Superoxide anions and NADPH oxidase activity

Renal superoxide anions and NADPH oxidase activity were assessed by
lucigenin-derived chemiluminescence. Cortex corticis (outer region from the renal
cortex, it was isolated and described by Vieyra et al. [31], since about 95% of cell
population is proximal tubule cells [32]) and medulla samples were separated and
homogenized in an ice-cold solution containing 50 mM Tris, 150 mM NaCl, 1 mM
EDTA, 1% Tritron X-100, 1% sodium deoxycholate, 0.1% sodium dodecylsulfate (SDS),
supplemented with protease inhibitor cocktail (2 mM AEBSF, 1 mM EDTA, 130 uM
bestatin, 14 uM E-64, 1 uM leupeptin, 0.3 uM aprotinin). The samples were centrifuged
at 12,000 x g for 12 min at 4 °C and the supernatant (1 mg/ml protein) was pre-incubated
at 37 °C in a reaction medium containing 0.02 M phosphate buffered saline (PBS; pH
7.4). and 100 uM NADPH. After, lucigenin was added (10 uM) and luminescence was
evaluated in 10 one-second-measurements, with 30 second interval between each other,
at 37 °C (Varioskan Flash, Thermo Scientific, Loughborough, UK). The final result was
presented as the sum of the luminescence obtained in the 10 measurements and expressed
as the relative light units (RLU) corrected by sample protein. The luminescence evaluated

in the absence of NADPH was representative of basal superoxide anions production.

2.6. Renal ATP-dependent Na™ transport

The activity of Na*-transporting ATPases was quantified in homogenates from
cortex corticis and medulla, according to described elsewhere [29,33]. Samples were
homogenized in isotonic buffer (250 mM sucrose, 10 mM Hepes-Tris, pH 7.4, 2 mM
EDTA and 0.15 mg/ml trypsin inhibitor) in ice bath. The (Na*+K*)ATPase and Na*-
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ATPase activities were estimated by measurement of ATP hydrolysis sensitive to ouabain
and furosemide, respectively.

2.7. SDS-PAGE and Western Blotting

Abundance of renal cortical proteins was measured by immunoblotting [29,34].
The sample proteins (80 ug) were separated by SDS-based polyacrylamide gel
electrophoresis, and transferred to a nitrocellulose membrane (G&E Healthcare,
Buckinghamshire, UK). Following, it was performed non-specific binding sites blocking
of the membranes using 5% BSA or 5% non-fat milk solution, and next, overnight
incubation (4 °C) with primary antibody (diluted in Tris-buffered saline containing 0.1%
Tween, TBS-T) to target protein. After washing with TBS-T, the membranes were
incubated with the peroxidase-conjugated secondary antibody, and then, exposed to a
peroxidase-sensitive chemiluminescent reagent (G&E Healthcare). The blots were
visualized using an image acquisition system (Chemidoc MP, Bio-Rad, Hercules, USA)

The primary antibodies were: anti-TNF-a, 1:200 (IM-0406, Imuny
Biotechnology, Campinas, Brazil); anti-interleukin 6, 1:200 dilution (IM-0407, Imuny
Biotechnology); anti-(pro)renin/renin, 1:500 dilution (sc-133145, Santa Cruz
Biotechnology, Santa Cruz, CA); anti-ACE1, 1:100 dilution (sc-23908, Santa Cruz
Biotechnology); Anti-ACEZ2, dilution 1:1000 (ab108252, Abcam, Cambridge, UK); anti-
AT1R, dilution 1:500 (sc-57036, Santa Cruz Biotechnology); anti- angiotensin Il-type 2
receptor (AT2R), dilution 1:250 (sc-9040, Santa Cruz Biotechnology); anti-
angiotensinogen, dilution 1:500 (NBP1-30027, Novus Biologicals, Centennial, CO); anti-
PKCa, dilution 1:500 (sc-208, Santa Cruz Biotechnology); anti-PKCe, 1:500 dilution (sc-
214, Santa Cruz Biotechnology); anti-PKC(, dilution 1:500 (sc-216, Santa Cruz
Biotechnology); anti-PKCA, dilution 1:250 (sc-1091, Santa Cruz Biotechnology); anti-
PKA, 1:500 dilution (sc-903, Santa Cruz Biotechnology); anti-(Na™+K*) ATPase,
dilution 1:1000 (A276, Sigma Aldrich); anti-p-actin, dilution 1:5000 (sc-47778, Santa
Cruz Biotechnology).

2.8. Statistical analysis

The results are presented as means + SEM. First, it was evaluated whether the

distribution of each parameter data was normal by Shapiro-Wilk normality test.
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Considering Gaussian distribution of data, the difference between groups was analyzed
using one-way ANOVA followed by Tukey test. Differences were considered significant
at P < 0.05. Statistical analysis and graphs drawing were performed using GraphPad

Prism 6 software (version 6.01, GraphPad Software, Inc., San Diego, CA).

3. Results

3.1. General metabolic data

General data of rats after paraquat administration is presented in Table 1. After 24
hours of paraquat administration, the rats presented a pronounced body weight loss,
however this change was not observed in tempol-treated group. Paraquat administration
also leaded to a decreased food (65%, P < 0.001) and water (30%, P < 0.05) intake, as
well as increased urine output (100%, P < 0.01) and serum protein levels (10%, P < 0.05).
Tempol treatment prevented paraquat-induced changes in food intake, diuresis and serum

protein levels.

Table 1. General metabolic data

C(n=38) PQ (n=38) PQ+T (n=7)
Body weight variation (g) 20+17 -24.0+4.0** 2.0+6.0'f
Food intake (g/100 g BW) 6.5+0.3 2.3+ 0.2%** 6.1+ 0.67f
Water intake (ml/100 g BW) 13.9+1.0 10.0 + 0.9* 10.0 +1.3°
Diuresis (ml/100 g BW) 4.0+0.2 8.0+ 0.8%**  53+0.4't
Total serum protein (g/dl) 6.8+0.1 75+0.2* 6.7 £0.17

C: control rats; PQ: rats treated with paraquat (20 mg/kg of body weight, ip); PQ+T:
rats treated with paraquat (20 mg/kg of body weight, ip) that received previously tempol
administration (10 mg/kg of body weight, orally). Food and water intake and diuresis
data are relative to a 24-hours period. BW = body weight. The results are expressed as
mean + SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 vs. C; 'P < 0.05, TP < 0.01 and
TP < 0.001 vs. PQ (one-way ANOVA followed by Tukey test).

3.2. Renal and hepatic injury markers, systolic arterial pressure and heart rate

In addition to induce body weight loss and to increase diuresis, paraquat

administration leaded to alterations in renal and hepatic injury serum markers (Table 2).
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Paraquat rats presented higher levels of serum creatinine (45%, P < 0.01), AST (90%, P
<0.01) and ALT (40%, P < 0.05), as wells as lower (50%, P < 0.01) creatinine clearance
than control group. Paraquat rats that received tempol also presented higher serum
creatinine and lower creatinine clearance than control group, however AST and ALT were
similar. Proteinuria was not changed by paraquat administration or tempol treatment.
The SAP and heart rate were higher (P < 0.05 and 0.01, respectively) in rats
submitted to paraquat administration presented in comparison to the control group. These

changes were not observed in paraquat rats treated with tempol.

Table 2. Evaluation of renal and hepatic function markers, SAP and heart rate

C(n=38) PQ (n=28) PQ+T (n=7)
Serum creatinine (mg/dl) 0.45 +0.02 0.65+0.05**  0.67 £ 0.04**
Creatinine clearance 0.91+0.08 0.48 £ 0.06**  0.56 £ 0.06**
(ml/min per 100 g BW)
Proteinuria (mg/100 g BW) 35.8+23 28.8+3.5 29.1+3.0
Serum AST (mg/dl) 76.8 £9.2 1453+ 6.2** 104.3+15.8
Serum ALT (mg/dl) 40.0£5.2 56.5+ 1.6* 36.1+4.0°
Systolic arterial pressure (mmHg) 133+3 145 + 4* 136 +1
Heart rate (bpm) 405+ 6 442 + 9** 408 + 77

C: control rats; PQ: rats treated with paraquat (20 mg/kg of body weight, ip); PQ+T: rats
treated with paraquat (20 mg/kg of body weight, ip) that received previously tempol
administration (10 mg/kg of body weight, orally). Proteinuria data is relative to a 24-
hours period. BW = body weight; AST = aspartate aminotransferase; ALT = alanine
aminotransferase. The results are expressed as mean + SEM. *P < 0.05, **P < 0.01 and
***P < 0,001 vs. C; P < 0.05, 'P < 0.01 and ""'P < 0.001 vs. PQ (one-way ANOVA
followed by Tukey test).

3.3. Renal and hepatic oxidative stress

The effects of paraquat on oxidative stress were investigated by evaluation of lipid
peroxidation and superoxide anions production (Fig. 1-3). Paraquat administration
induced an increase of more than 75% (P < 0.05) in lipid peroxidation from renal cortex,
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medulla and liver, while tempol treatment prevented completely these changes (Fig. 1).
Paraquat administration also induced elevation of reactive oxygen species (Fig. 2) and
superoxide anions (Fig. 3A) in renal cortex and medulla, which were similarly prevented
by tempol treatment.

NADPH oxidase activity was increased in renal cortex and medulla of paraquat
rats (Fig. 3B). In renal cortex, paraquat increased NADPH oxidase activity by almost one-
time (P < 0.05), while in medulla the elevation was higher than 40% (P < 0.01). On the
other side, paraquat rats treated with tempol (PQ+T group) presented NADPH oxidase

activity similar to control group.
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Renal Renal Liver
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Fig. 1. Tissue lipid peroxidation evaluated 24 hours after paraquat administration. C:
control rats; PQ: rats treated with paraquat (20 mg/kg of body weight, ip); PQ+T: rats
treated with paraquat (20 mg/kg of body weight, ip) that received previously tempol
administration (10 mg/kg of body weight, orally). Lipid peroxidation was evaluated by
measurement of thiobarbituric acid reactive substances. MDA = malondialdehyde. The
experimental n ranged between 6—7. The results are expressed as mean + SEM. *P < 0.05
and **P < 0.01 vs. C; TP < 0.05 and TP < 0.01 vs. PQ (one-way ANOVA followed by
Tukey test).
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Fig. 2. In situ evaluation of reactive oxygen species levels in renal tissue 24 hours after
paraquat administration. (A) Representative images of DHE fluorescence in cortex and
medulla. (B) Relative DHE fluorescence evaluated in cortex. (C) Relative DHE
fluorescence evaluated in medulla. C: control rats; PQ: rats treated with paraquat (20
mg/kg of body weight, ip); PQ+T: rats treated with paraquat (20 mg/kg of body weight,
ip) that received previously tempol administration (10 mg/kg of body weight, orally). In
all representative images of panel A, the bars represent 100 um. DHE = dihydroetidium.
The experimental n ranged between 4-5. The results are expressed as mean + SEM. *P <
0.05 and **P < 0.01 vs. C; TP < 0.05 vs. PQ (one-way ANOVA followed by Tukey test).
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Fig. 3. Basal superoxide anions production (A) and NADPH oxidase (B). The assays were
performed using renal cortex and medulla after 24 hours-paraquat administration. C:
control rats; PQ: rats treated with paraquat (20 mg/kg of body weight, ip); PQ+T: rats
treated with paraquat (20 mg/kg of body weight, ip) that received previously tempol
administration (10 mg/kg of body weight, orally). RLU = relative light units. The
experimental n ranged between 5-8. The results are expressed as mean + SEM. *P < 0.05
and **P < 0.01 vs. C; P < 0.05 and TP < 0.01 vs. PQ (one-way ANOVA followed by
Tukey test).

3.4. Effects of paraquat and tempol on ATP-dependent Na* transport

One of the main objectives of the present study was to investigate whether
paraquat could change the activity of Na*-transporting ATPases and, whether this change
could be related to ROS production. After confirming that paraquat increased oxidative
stress markers in renal tissue, it was evaluated the activity of ouabain-sensitive
(Na"+K*)ATPase and furosemide-sensitive Na*™-ATPase in cortex corticis and medulla
(Fig. 4). (Na*+K")ATPase activity was nearly 100% higher (P < 0.01) in cortex corticis
from paraquat rats in comparison to control group, while in medulla, it was 40% lower
(P <0.01) (Fig. 4A). (Na*+K")ATPase activity of paraquat rats treated with tempol was
similar to control group in both portions, cortex corticis and medulla. Albeit paraquat
promoted changes in (Na"+K")ATPase activity, it did not alter protein content of al
subunit (data not shown).

Interestingly, paraquat induced opposite changes in Na*-ATPase activity. In
cortex corticis from paraquat-treated rats, the Na“™-ATPase activity was 50% lower (P <
0.001) than control rats, while in medulla, it was 50% higher (P < 0.05) (Fig. 4B). These

changes were also prevented by tempol treatment.
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Fig. 4. ATP-dependent Na* transporters in renal cortex and medulla. (A) ouabain-
sensitive (Na*+K")ATPase and (B) furosemide-sensitive, ouabain-resistant Na*-ATPase
were evaluated in renal tissue 24 hours after paraquat administration. C: control rats; PQ:
rats treated with paraquat (20 mg/kg of body weight, ip); PQ+T: rats treated with paraquat
(20 mg/kg of body weight, ip) that received previously tempol administration (10 mg/kg
of body weight, orally). Pi = inorganic phosphate. The experimental n ranged between 7—
8. The results are expressed as mean + SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 vs.
C; ""P < 0.01 and TP < 0.001 vs. PQ (one-way ANOVA followed by Tukey test).

3.5. IL-6 and TNF-a like inflammatory markers

To verify whether paraquat leading to pro-inflammatory effects, it was evaluated
TNF-a and IL-6 renal content (Fig. 5). The TNF-a renal content was two times higher in
paraquat group compared to control rats (P < 0.01). Moreover, IL-6 levels were increased
by 55% (P < 0.01). The administration of tempol was not able to prevent the enhancement

of these inflammatory markers.
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Fig. 5. TNF-a and IL-6 immunodetection in the renal cortex 24 hours after paraquat
administration. (A) Graphic representation of the TNF-o abundance. (B) Graphic
representation of the IL-6 abundance. (C) Representative immunoblotings of 6-8
immunoanalyses performed with different kidney preparations. -actin was used as
loading control. C: control rats; PQ: rats treated with paraquat (20 mg/kg of body weight,
ip); PQ+T: rats treated with paraquat (20 mg/kg of body weight, ip) that received
previously tempol administration (10 mg/kg of body weight, orally). The results are
expressed as mean + SEM. **P < 0.01 and ***P < 0.001 vs. C (one-way ANOVA
followed by Tukey test).

3.6. Intrarenal RAS expression

The renal cortical protein content of RAS components is depicted in Fig. 6. Protein
levels of angiotensinogen, prorenin, renin, isoform 1 of angiotensin-converting enzyme
(ACEZ1), and isoform 2 of angiotensin-converting enzyme (ACEZ2) were similar between
experimental groups. On the other hand, the angiotensin Il-type 1 receptor (AT1R) renal
content was higher (95%, P < 0.01) in rats submitted to paraquat administration in
comparison to control rats. The renal content of AT:R in tempol-treated group was similar
to control group. The angiotensin I1-type 2 receptor (AT2R) abundance was not affected

by paraquat administration; however, it was increased by tempol treatment (Fig. 6G).
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Fig. 6. Immunodetection of several RAS components in the renal cortex 24 hours after
paraquat administration. (A—G) Graphic representations of the angiotensinogen, prorenin,
renin, ACE1, ACE2, AT:R and AT2R abundances. (H) Representative immunoblotings
of 4-8 immunoanalyses performed with different kidney preparations. 3-actin was used
as loading control. C: control rats; PQ: rats treated with paraquat (20 mg/kg of body
weight, ip); PQ+T: rats treated with paraquat (20 mg/kg of body weight, ip) that received
previously tempol administration (10 mg/kg of body weight, orally). The results are
expressed as mean + SEM. *P < 0.05 and **P < 0.01 vs. C; P < 0.05 and 'P < 0.01 vs.
PQ (one-way ANOVA followed by Tukey test).

3.7. Protein kinase C and protein kinase A abundance

Once RAS modulation of ATP-dependent Na* transport is highly mediated by
protein kinase C (PKC) and protein kinase A (PKA) via AT:R and AT:2R, respectively,
the protein content of these intracellular mediators was evaluated (Fig. 7). Paraquat did
not affect the protein levels of any of the PKC isoforms evaluated, as well as it did not
affect the levels of PKA catalytic subunit. Nevertheless, paraquat rats treated with tempol
presented nearly 50% higher (P < 0.05) renal cortical content of PKC isoforms a and € in

comparison to both control and non-treated paraquat rats.



48

2001 2001 « t
* T |
1501 I 1501
5 O @ O
© 5 100 = 2 5 100 I
a X a X
50 50
0 0 .
o & “ o & B
C QQ D QQ
2001 2001
1501 1501
< G ar 8 —l— —_—
2% 100 == = ¢ © 100
a ¥ a X
50 50
0 0 .
o RS Qx’\ o & Qx/\
Q ]
2009 PKCa | W ~—
PKCe | w8 s
1501
o I
<l T PKCA | s S
X ° 1007
S pKee | '
[ ———
501
O I I ﬁ-aCtinE
o Q <

Fig. 7. Immunodetection of PKC isoforms and PKA in the renal cortex 24 hours after
paraquat administration. (A—E) Graphic representations of the PKCa, PKCe, PKCly,
PKCC( and PKA a-catalytic subunit abundances. (F) Representative immunoblotings of 5
immunoanalyses performed with different kidney preparations. -actin was used as
loading control. C: control rats (n = 8); PQ: rats treated with paraquat (20 mg/kg of body
weight, ip); PQ+T: rats treated with paraquat (20 mg/kg of body weight, ip) that received
previously tempol administration (10 mg/kg of body weight, orally). The results are
expressed as mean + SEM. *P < 0.05 vs. C; TP < 0.05 vs. PQ (one-way ANOVA followed
by Tukey test).

4. Discussion

The main finding of the present study was that AKI-induced by paraquat

poisoning may be linked to ROS-dependent changes in active Na* transport (Fig. 4) and
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AT1R upregulation (Fig. 6). Paraquat leaded to an accentuated urinary fluid loss that may
be associated to decreased fluid reabsorption due to decrease of medullar
(Na"™+K*)ATPase and interstitium osmolarity. Moreover, it was observed that these
changes occurred in parallel to increased superoxide anions production and NADPH
oxidase activity (Fig. 3), and were inhibited by tempol, indicating the role of ROS in this
process. In renal cortex, it was observed opposite changes in (Na*+K*")ATPase activity
and AT1R upregulation that could be acting as compensatory mechanism to urinary loss
of body fluid. However, this response may exacerbate renal injury due to higher
stimulation of superoxide anions production (Fig. 3A), NADPH oxidase activity (Fig. 3B)
and pro-inflammatory pathways (Fig. 5).

Paraquat is an herbicide with low environmental toxicity due to its inactivation
after soil contact. However, it is highly toxic when direct contact to humans occurs, with
mortality risk ranging 35-50% [35]. It was observed that paraquat leaded to a pronounced
loss of body weight during the 24 hours following intraperitoneal administration (Table
1). The body weight loss may be partially due to decreased food and water intake (Table
1). As previously described, paraquat presents anorexic effect that occurs parallel to
asthenia and lethargy [36] that were also observed in the present study. Moreover, it was
already described that intracerebroventricular administration of paraquat blunts
dipsinogenic actions of angiotensin 11 [37]. This may explain how paraquat induced low
water intake in the present study, as paraquat is able to cross blood-brain barrier and
induce brain damage [38,39].

However, body weight loss may also be consequence of dehydration and
decreased volume of body fluids. Indeed, it was observed a pronounced elevation of
urinary volume after paraquat administration (Table 1), even in face of low water intake
(Table 1), which indicates a negative hydric balance. Additionally, this hypothesis is
supported by elevation of plasma total protein level that may reflect plasma concentration
(Table 1). Whether this occurred within the 24 hours following paraquat administration,
it would be expected compensatory activation of antidiuretic regulators, as RAS and
sympathetic nervous system [40] that would also influence cardiovascular function by
increasing SBP and HR, as observed in paraquat-treated rats.

Paraquat leads to injury in several organs, present in respiratory, digestive,
cardiovascular, nervous and renal systems [41]. Paraquat intoxication lethality is greatly
dependent on the degree of renal and hepatic function deterioration [9], and its early

mortality occurs as result of vascular collapse. Paraquat-treated rats presented changes in



50

renal and hepatic function markers that suggest acute kidney and hepatic injury. However,
elevation of serum creatinine levels (Table 2) should not be completely attributed to
decreased renal function. It was already shown that paraquat induces elevation of creatine
and creatinine production to meet energy demand following poisoning, and, in a minor
extent, it may inhibits creatinine secretion [42].

The elevation of renal and hepatic markers of injury occurred in parallel to
elevation of lipid peroxidation (Fig. 1). Paraquat induces cellular and tissue damage
through increase of ROS production (Fig. 2) by participating in cellular redox cycles [43].
Several studies show that antioxidant treatments provide benefits by alleviating injury
induced paraquat, and promoting the recovery [35,44-46]. It was observed that tempol
treatment prevented paraquat-induced changes in hepatic function markers, which
indicates lowering of paraquat toxicity. Additionally, it was observed that tempol partially
improved many parameters related to kidney function, such as: i) dieresis (Table 1); ii)
tubular ATP-dependent Na* transport (Fig. 4); and iii) AT1R protein levels (Fig. 6).

Simultaneously to elevation of lipid peroxidation (Fig. 1), it was also
demonstrated that paraquat increased ROS levels (Fig. 2), as well as it increased NADPH
oxidase activity in renal cortex and medulla (Fig. 3B). It is noteworthy that the elevation
of lipid peroxidation was more prominent in renal cortex than medulla (110% vs. 70%).
This may be due to the greater impact that paraquat presented in elevation of basal
superoxide production and NADPH oxidase activity in renal cortex: it was observed that
paraquat increased superoxide anions production and NADPH oxidase activity in cortex
by 240% and 85% respectively, while in medulla, they were increased by 55% and 45%
(Fig. 3). The unique cortex vulnerability to paraquat-induced ROS generation can be
explained by several factors. After intoxication, renal concentration of paraquat tends to
increase mainly in cortex [47], because paraquat exists as a divalent organic cation, which
is actively secreted by proximal tubule using polyvalent organic cation transport protein
[48]. In addition, the renal cortex receives greater blood perfusion than medulla, which
implies more exposure to paraquat, as well as more exposure to oxygen, which potentiates
its ROS generation properties [49].

Although the literature shows that antioxidant treatment has anti-inflammatory
effects [35,50], in this study, tempol did not prevent the elevation of renal content of TNF-
a and IL-6 induced by paraquat (Fig. 5). This observation allows to be made another
proposal mechanism to explain the inability of tempol to prevent the elevation of serum

creatinine levels (Table 2). Besides paraquat effects on muscle metabolism [42], it is



51

possible that absence of tempol effects on altered levels of proinflammatory mediators
does not allow full protection of renal function when challenged by paraquat. Hence, it
may be supposed that paraquat induces renal injury, at least in part, by independent
oxidative and inflammatory mechanisms [51,52]

Paraquat intoxication induces tubular injury characterized by tubular
degeneration, renal vessels obstruction and leukocyte infiltration [47,53,54]. In the
present study, the kidney inefficiency to avoid excessive fluid excretion may reflect the
presence of tubular damage. Fractional sodium excretion exceeding more than 40% of
the filtered load has already been reported in a case study with two patients poisoned by
paraquat [55]. Moreover, Mglck and Friis [47] observed in isolated proximal tubular
segments from rabbits that paraquat incubation leads to inhibition of ouabain-sensitive
oxygen consumption, which indicates diminution of (Na*+K*)ATPase. However, in the
present study, it was observed the opposite in cortex corticis homogenates from paraquat-
treated rats: increased (Na*+K*)ATPase activity (Fig. 4A). The data incongruence may
be justified by several differences between the studies designs, as (Na™+K*)ATPase
evaluation assay, sample type and model of paraquat exposure. It may be proposed that
paraquat has a direct effect inhibiting (Na*+K")ATPase activity in proximal tubules,
however, in a whole body context, (Na*+K*")ATPase activity would be increased by a
potent compensatory stimulus activated by an initial extracellular fluid loss.

The compensatory stimulation of cortical (Na*+K*")ATPase probably relies in
angiotensin 1l signaling. This peptide is the main regulator of proximal tubule Na*
reabsorption, in part through stimulation of (Na*+K*)ATPase [15]. It was observed that
paraquat induced AT1R upregulation (Fig. 6). Therefore, renal RAS activation may be an
underlying mechanism to increased (Na*+K*")ATPase activity. Angiotensin I1, via AT1R,
may be also linked to ROS production through stimulation of NADPH oxidase activity
[56], which may be another pathway to induce increase of (Na*™+K*)ATPase activity [57].

However, whether cortical (Na*™+K*)ATPase activity may not explain paraquat-
induced dieresis (Table 1), what mechanisms could explain? It was observed that paraquat
leaded to medullar (Na*+K*)ATPase activity inhibition. As the main Oz consuming
segment in the medulla is the thick ascending limb, it may be suggested that this lowered
medullar (Na*+K*)ATPase activity represents a reduction of Na* transport in this
segment, which would impair medulla osmolar gradient, leading to transient nephrogenic
diabetes insipidus. Differently from proximal tubule, this change would be mainly due to

direct effects of paraquat in inhibition of (Na*+K")ATPase activity [47], rather than
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effects linked to increased ROS formation or RAS activation. As it was observed, pro-
oxidant effects of paraquat were more prominent in cortex than in medulla. Moreover, as
paraquat presents effects in central nervous system related to inhibition of dipsinogenic
response to angiotensin Il [37], it deserves investigation whether antidiuretic hormone
secretion is impaired during poisoning.

The changes in furosemide-sensitive Na*-ATPase activity following paraquat
administration may be a compensatory response to alterations of (Na*+K")ATPase
activity (Fig. 5), as it was observed reciprocal changes between both Na* pumps in cortex
and medulla. This response of Na*-ATPase activity may be a mechanism that allow
appropriated regulation of membrane potential, as it performs Na* extrusion without
interference in intracellular K* [16], while (Na*+K*")ATPase performs the bulk tubular
Na* reabsorption [15].

Tempol-mediated protective mechanisms over paraquat effects may occurred due
its antioxidant property, which lead to recovery of ATP-dependent Na" transporters
activity (Fig. 5) and renal RAS components content (Fig. 6). However, tempol seems to
present extra benefic effects, in which it may be included AT2R and PKCeg upregulation
(Figs. 6 and 7). First, AT2R upregulation may be linked to stimulation of anti-
inflammatory and antioxidative pathways [58]. Meanwhile, PKCe is a novel isoform of
PKC that has been associated to protective responses to renal injury [59,60].

In summary, it was observed that paraquat exposure leaded to a prominent urinary
fluid loss that may be consequent to impaired Na* reabsorption, becoming a risk factor to
vascular collapse and early death. Furthermore, it was observed that urinary fluid loss
induced by paraquat leads to stimulation of cortical ATP-dependent Na* transport as
compensatory response, as wells as it induced upregulation of pro-hypertensinve RAS

component that may exacerbate renal injury lately.
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5 CONSIDERACOES FINAIS

Podemos concluir que a exposicdo dos ratos ao paraquat levou a uma perda
proeminente de liquido urinario que pode ser consequente a um prejuizo na reabsorcao
tubular de Na+, que pode ser um fator de risco para o colapso vascular e morte prematura.
Além disso, observamos que a perda urinaria de fluido induzida pelo paraquat parece
induzir estimulacdo do transporte de Na+ cortical dependente de ATP como resposta
compensatdria, assim como, induz o aumento da expressdao de componentes pro-
hipertensivos do sistema renina-angiontensina que podem exacerbar posteriormente a
lesdo renal.
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