PONTIFICIA UNIVERSIDADE CATOLICA DO PARANA
ESCOLA DE MEDICINA

PUCPR PROGRAMA DE POS-GRADUAGAO EM CIENCIAS DA SAUDE
MESTRADO

GABRIELA FERREIRA DIAS

EFEITO DA TOXINA UREMICA INDOXIL SULFATO NA ERIPTOSE E NO
SISTEMA ANTIOXIDANTE DE ERITROCITOS

CURITIBA

2017



GABRIELA FERREIRA DIAS

EFEITO DA TOXINA UREMICA INDOXIL SULFATO NA ERIPTOSE E NO
SISTEMA ANTIOXIDANTE DE ERITROCITOS

Dissertacdo apresentada ao Programa de Pods-
Graduacido em Ciéncias da Saude, da Escola de
Medicina da Pontificia Universidade Catdlica do
Parana, como parte dos requisitos para obtencao
do titulo de Mestre em Ciéncias da Saude

Orientadora: Dra. Andréa Novais Moreno Amaral

CURITIBA

2017



NOTA BIOGRAFICA

Gabriela Ferreira Dias. Possui Graduacdo em Bacharelado em Ciéncias
Biologicas pela Pontificia Universidade Catdlica do Parana (2016). Participou
de projetos de iniciacdo cientifica e conclusdo de curso no Laboratério de
Imunologia Aplicada a Doenga Renal Cronica sob orientagdo da Dra. Andréa
Novais Moreno-Amaral (Fundagdo Araucaria 2013-14; PUCPR 2014-15 e
CNPq 2015-2016) envolvendo o efeito da uremia na modulagcdo de mondcitos
atipicos e no processo de eritrofagocitose e efeito de toxinas urémicas na
anemia na doenga renal crbnica. Vinculou-se ao Mestrado em Ciéncias da
Saude pela Pontificia Universidade Catdlica do Parana em abril de 2016 na
linha de pesquisa Aspectos Celulares e Moleculares em Patogénese motivada

em continuar a pesquisa com foco na toxicidade urémica e anemia renal.



AGRADECIMENTOS

A PUCPR, pelo espaco e estrutura cedida para a realizacdo do trabalho;
A CAPES, pelo apoio financeiro;

A Prof® Dr* Andréa Novais Moreno-Amaral, pela orientacdo e confiangca no meu

trabalho durante todos esses anos;

Aos todos os colegas de laboratdrio, especialmente a Natalia, Ana Clara e
Thiago pela ajuda, discussdes cientificas e companheirismo, que foram de
extrema importancia para a conclusao deste trabalho, além de tornar meu dia a

dia muito mais alegre;

Aos colegas de laboratério que voluntariamente aceitaram doar sangue para a

realizacao dos ensaios, participando da pesquisa;

A minha familia, por me apoiarem e me estimularem a sempre fazer o que eu
amo, especialmente a Marcela, que além de ser uma colega de laboratério é

minha amada irm3;

Ao meu noivo Paulo, por ser uma pessoa incrivel e sempre me ajudar a ver o

lado bom de cada desafio da vida académica ou fora dela.



RESUMO

A Doenga Renal Crbénica (DRC) consiste em les&o renal e perda progressiva e
irreversivel da fungdo dos rins (glomerular, tubular e enddcrina). A DRC esta
associada a muitas comorbidades, como a anemia, sendo a principal causa a
falha da producéo de eritropoietina (Epo) pelos rins e consequente diminuigao
na producido de eritrocitos pela medula 6ssea. Contudo, pelo acumulo de
toxinas urémicas durante a progressdo da doenga, a morte precose dos
eritrocitos parece ter influéncia na anemia destes pacientes. Assim, o objetivo
do trabalho foi avaliar o efeito da toxina urémica indoxil sulfato (I1S), bem como
do soro urémico obtido de pacientes em hemodidlise (HD) na sobrevida de
eritrocitos através de indicadores como a inducdo de eriptose e producido de
ROS, além de mensurar os niveis do antioxidante glutationa (GSH) em
eritrécitos saudaveis. As células foram incubadas com IS (0,01; 0,09 e 0,17mM)
durante 6, 12 e 24 horas, ou com soro HD durante 24h. A eriptose foi avaliada
pela marcagao com Anexina-V e a producido de ROS pela sonda DCFH-DA,
ambos analisados por citometria de fluxo. GSH foi mensurado pelo método de
DTBN por espectrometro em 412nm. IS aumentou a produgdo de ROS de
forma tempo- e dose- dependente em 6 e 12h de incubagao, estabilizando em
24h. A eriptose foi elevada em 12 e 24h, sem aumento significativo em 6h de
incubacdo. Ambos os processos foram atenuados na presenga do difenil
iodénio (DPI), inibidor da enzima NADPH oxidase. O IS e o soro HD néo
alteraram os niveis de GSH em eritrocitos saudaveis. No entanto, as células
provenientes de pacientes em HD apresentaram diminui¢cdo desse antioxidante
de 49%. Os resultados indicam que o aumento na producdo de ROS causado
por IS pode desencadear o aparecimento de FS na superficie celular, uma vez
que a producao de ROS antecedeu a eriptose, sendo os dois processos
dependentes da enzima NADPH oxidase. Além disso, IS e soro urémico nao
afetaram o GSH em eritrocitos saudaveis, o que indica que essas células
podem lidar com a producdo de ROS exacerbada, uma vez que as células de
pacientes em HD apresentaram niveis reduzidos de GSH.

Palavras-chave: Doenca Renal Crbnica, Anemia, Eriptose, Toxicidade Urémica,
Estresse Oxidativo.



ABSTRACT

Chronic Kidney Disease (CKD) consists of a progressive and irreverisble renal
damage with loss of kidney function (glomerular, tubular and endocrine). CKD is
associated with many comorbidities, such anemia, with the primary cause
diminish of erythropoietin (Epo) production by the kidneys and consequent
decrease in erythrocyte production by bone marrow. However, due to the
accumulation of uremic toxins during disease progression, the precocious death
of erythrocytes seems to influence the anemia of these patients. Thus, the aim
of the present study was to evaluate the effect of uremic toxin indoxyl sulfate
(IS) and uremic serum obtained from hemodialysis (HD) patients on the survival
of erythrocytes through indicators such as eryptosis induction, ROS production
and measure of the antioxidant glutathione (GSH) in healthy erythrocytes. Cells
were incubated with IS (0.01, 0.09 and 0.17 mM) for 6, 12 and 24 hours, or with
HD serum for 24h. Eryptosis was evaluated by Annexin-V labeling and ROS
production by the DCFH-DA probe, both analyzed by flow cytometry. GSH was
measured by the DTBN method by spectrometer at 412nm. IS increased ROS
production in a time- and dose-dependent manner in 6 and 12h of incubation,
stabilizing in 24h. The eryptosis was elevated at 12 and 24h, without significant
increase in 6h of incubation. Both processes were attenuated in the presence of
diphenyl iodonium (DPI), an inhibitor of the NADPH oxidase enzyme. IS and HD
serum did not alter GSH levels in healthy erythrocytes. However, the cells
obtained from patients in HD had a reduction of this antioxidant of 49%. The
results indicate that the increase in the ROS production of ROS induced by IS
can trigger the appearance of phosphatidylserine on the cell surface, since ROS
production precedes eryptosis, the two processes being dependent on the
NADPH oxidase enzyme activity. In addition, IS and uremic serum did not affect
GSH in healthy erythrocytes, which indicates that these cells can handle with
exacerbated ROS production, since HD patient cells had reduced levels of
GSH.

Key words: Chronic Kidney Disease, Anemia, Eryptosis, Uremic Toxicity,
Oxidative Stress.



LISTA DE ABREVIATURAS

DPI - Diphenyleneiodonium

DRC - Doencga Renal Cronica

DTNB - 5,5'-Dithiobis-(2-Nitrobenzoic Acid)

Epo — Eritropoetina

EuTOX — Grupo Europeu de Toxicidade Urémica
FS - Fosfatidilserina

GFR - Glomerular Filtration Rate

GSH - Glutationa

HC-RBC - Healthy Control Red Blood Cells (cells from healthy volunteers)
HD - Hemodialise

HD-RBC - Hemodialysis Red Blood Cells (cells from hemodialysis patients)
IL-13 — Interleucina-13

IS — Indoxil Sulfato

OAT’s — Transportadores de fons Organicos
PAF — Fator de Ativacao Plaquetaria

pCS — para-cresil Sulfato

RBC - Red Blood Cells

RNS - Espécies Reativas de Nitrogénio

ROS - Espécies Reativas de Oxigénio

S-HC - Healthy Control Serum

S-HD - Hemodialysis Serum

TGF-B — Fator Transformador do Crescimento-3
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1 INTRODUGCAO

1.1 Doenga Renal Crénica (DRC) - A DRC consiste em lesao renal e
perda progressiva e irreversivel da fungdo dos rins (glomerular, tubular e
enddcrina). E uma sindrome complexa, com etiologia heterogénea e expresséo
clinica muito variavel, o que resulta em taxas muito imprevisiveis de
progresséo. Possui incidéncia elevada, com alto impacto na morbi-mortalidade
da populacdo, além do enorme custo econdmico e social da doenca, sendo
considerada um problema de saude publica (ALEBIOSU, 2003). Apesar de
melhorias nas técnicas de dialise peritoneal e hemodialise os indices de morte
entre essa populacdo ainda é considerado alto, cerca de 20% ao ano
(WILLIAMS et al. 2004). E um processo extremamente silencioso, podendo
evoluir com poucos sinais e sintomas durante anos, o que dificulta o
diagndstico da DRC até estagios avangados (LIPSIC et al, 2011). A DRC é
divida em seis estagios funcionais, com base no grau da fung¢do renal,
independentemente do diagndstico: estagio 1 — inclui pessoas que possuem
funcao renal normal e que ndo apresentam lesao nos rins, porém que estao no
grupo de risco para desenvolvimento da DRC, como hipertensos e diabéticos;
estagio 2 — compreende aparecimento de lesdo renal sem comprometimento
da funcdo dos rins; estagio 3 — fase de insuficiéncia renal funcional leve;
estagio 4 — fase de insuficiéncia renal laboratorial ou moderada; estagio 5 —
fase de insuficiéncia renal clinica ou severa e estagio 6 ou fase terminal que
corresponde a faixa de funcéo renal na qual os rins perderam o controle do
meio interno. Nessa fase, o paciente encontra-se intensamente sintomatico. A
detecgao precoce da doenca renal e condutas terapéuticas apropriadas para o
retardamento de sua progressao podem reduzir o sofrimento dos pacientes e
os custos financeiros associados a DRC (KDIGO, 2013). Nos ultimos anos,
medidas para a deteccdo precoce da doenca tem sido o foco da pesquisa

clinica associada a pesquisa basica.

1.2. Toxicidade Urémica - A baixa capacidade de remocao de
compostos potencialmente téxicos pela urina, devido a falha da filtragédo
glomerular, faz com que estes se acumulem no corpo (VANHOLDER & DE

SMET, 1999). O resultado € o acumulo de compostos que sdo chamados



coletivamente de solutos de retengdo wurémica. Se estes forem
biologicamente/bioquimicamente ativos, sdo chamados de toxinas urémicas. O
acumulo desses compostos tem um impacto negativo sobre muitas fungdes do
corpo e resulta em uma intoxicagdo progressiva e endogena. Atualmente, 152
toxinas estdo descritas e listadas pelo grupo europeu de toxinas urémicas
(EUTox). Esses compostos foram subdivididos de acordo com seu peso
molecular (Vanholder & De Smet, 1999) e classificados com base nas
caracteristicas fisico-quimicas das moléculas que influenciam a sua remocéao
por didlise ou estratégias relacionadas. Assim, trés grandes grupos podem ser
identificados: (i) pequenos compostos soluveis em agua, cujo peso molecular €
definido como 500 Da no maximo. Os protétipos sao uréia e creatinina, que séo
facilmente removidos por qualquer estratégia de didlise e nao tém
necessariamente uma atividade téxica marcante. (ii) as moléculas medianas,
que possuem peso molecular fixado em mais de 500 Da (chegando a 15000
Da), sendo o protétipo a p2-microglobulina. Estas moléculas sé podem ser
removidas por estratégias de didlise que empregam dialisador com membranas
contendo poros grandes o suficiente para permitir que as mesmas atravessem,
ou por dialise peritoneal (LEDEBO, 1998). Muitos dos compostos deste grupo
sdo peptideos que afetam um grande numero de sistemas e o6rgaos. (iii) os
compostos que se ligam as proteinas plasmaticas, sendo seus protétipos os
fendis e inddis. Muitos dos compostos deste grupo possuem atividade tdxica e
séo dificeis de eliminar pela maioria das estratégias de didlise disponiveis
atualmente, incluindo dialise de alto fluxo.

As toxinas derivadas de grupo indol séo ligadas a proteina e geradas por
processos de transformagao quimica, como a conjugagao. O indoxil sulfato (IS)
€ um dos anions organicos metabolizados no figado e & produzido por
bactérias intestinais a partir do triptofano derivado da dieta proteica. Esta toxina
€ elevada em pacientes com DRC e tem um papel importante na progressao do
dano renal por mecanismos de inducdo da reacdo inflamatoria e uma
expressdo aumentada de citocinas profibréticas (TGF-B, IL-13) (YU et al.,
2011). Os fenois sdo sintetizados a partir dos aminoacidos fenilalanina e
tirosina por bactérias intestinais, absorvidos pela mucosa intestinal e
acumulados na DRC por aumento da producao intestinal e perda da filtracdo

glomerular. Sdo moléculas com baixa massa molecular e intensa ligacao
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proteica. O p-cresilsulfato (pCS) € um representante de grande relevancia, pois
parece estar ligado a ativacdo de leucdcitos, o que foi determinado pelo
aumento do burst oxidativo. O pCS e o IS se ligam a albumina, o que limita a
filtracdo glomerular dessas toxinas. A excregao renal depende principalmente
dos sistemas tubulares de transporte, como os transportadores de anions
organicos (OAT’s) (DEGUCHI et al. 2004; MEIJERS et al. 2008).

1.3. Anemia e a DRC - A anemia é uma complicacdo comum em
pacientes com dano renal, especialmente quando se encontram com
insuficiéncia renal em estagio terminal, apesar de ser observada no estagio
inicial da doenga (KDIGO, 2012). Estudos indicam que o indice de anemia em
pacientes com DRC é menor de 10% no estagio 2, 20% a 40% em estagio 3,
50% a 60% em estagio 4 e mais de 70% em pacientes em estagio avangado e
terminal da doencga (estagios 5 ou em tratamento substitutivo de dialise). Esses
dados mostram que o desenvolvimento de anemia € precoce na DRC, mas
essa frequéncia € aumentada em relacdo ao declinio da taxa de filtracdo
glomerular (YILMAZ et al.,, 2011). Ela ndo somente apresenta sintomas da
anemia em si como também diminui a expectativa de vida e prejudica as
atividades diarias dos doentes renais.

A patofisiologia da anemia na DRC é multifatorial. Dentre os fatores que
contribuem para o seu desenvolvimento incluem-se a deficiéncia na producéao
de eritropoietina (Epo) pelos rins com consequente redugao da capacidade de
resposta da medula 6ssea a Epo, o que leva a falha na producgao de eritrocitos.
Outros fatores envolvidos sédo a redugao da expressao de receptores celulares
a Epo, aumento da apoptose dos eritroblastos, falha nos mecanismos de
defesa devido ao estresse oxidativo e metabolismo anormal do ferro (BERG et
al.,, 2001; DALLALIO & MEANS, 2003; MACDOUGALL, 2007). Além disso, a
anemia é significativamente associada com a mortalidade e morbidade em
pacientes nos estadios finais da doenga e tem sido ligado a doengas
cardiovasculares (LEVIN et al, 2006).

Foi observada a diminuicdo da sobrevivéncia dos eritrocitos em
circulagdo, sendo a toxicidade urémica um dos principais indutores deste
fendbmeno, como também cronica perda de vitaminas durante a hemodialise
(MACDOUGALL, 2001). Desta forma, a acelerada destruicéo dos eritrocitos na
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uremia pode estar relacionada com a retencdo de um ou mais compostos
urémicos (ESCHBACH, 1967; MASSRY, 1983), uma vez que o sangue de
paciente urémico transfundido em individuo saudavel resulta no aparecimento
de uma populagdo saudavel de eritrocitos, enquanto o contrario (sangue de
individuo normal transfundido em paciente urémico) leva a uma diminui¢do do
tempo de vida destas células mostrando assim a relagdo com a uremia (LOGE
et al., 1958). Um aspecto comum desta acelerada destruigdo de eritrocitos na
DRC, é o aparecimento de fosfatidilserina (FS) na superficie destas células, um
fosfolipidio aniénico encontrado principalmente na face interna das membranas
plasmaticas de células eucaridticas. Eritrécitos maduros sofrem uma remogao
da circulacdo quando estdao senescentes, o que leva a uma vida média de
aproximadamente 100-120 dias na circulagdo. Anterior a senescéncia, esses
eritrécitos podem ainda apresentar danos irreversiveis, 0 que compromete sua
integridade desencadeando a morte celular programada, ou no caso dos
eritrocitos o processo denominado eriptose. Por ndo apresentarem nucleo e
mitocdndrias, organelas importantes na execugéo no processo da apoptose, 0s
eritrocitos ndo apresentam caracteristicas como a despolarizacdo de
mitocdndria e fragmentacdo nuclear. Contudo, a eriptose e apoptose
compartilham caracteristicas como formacdo de ondas na membrana
plasmatica, a partir do aumento da concentragao do calcio citoplasmatico que
estimula a desorganizagdo da membrana e ativa proteinas que degradam o
citoesqueleto, provocando o encolhimento da célula e modificagdo das
estruturas de membrana, seguidos da expressdo de FS na superficie celular
(LANG et al.,, 2010; LANG & QADRI, 2012). Na progressdao da DRC, a
exposicao de FS na superficie de eritrocitos representa um sinal bem definido
da eriptose, uma vez observado um aumento significativo da exposig¢do de FS
em eritrocitos de pacientes renais comparados com individuos saudaveis
(BONOMINI et al., 1999). A exposicao de FS é reconhecida por macréfagos e
assim, os eritrécitos sdo fagocitados, degradados e entdo removidos da
circulagao sanguinea (LANG et al., 2005a).

Além da exposicdo de FS, a eriptose € um processo que envolve o
encolhimento celular e aparecimento de ondulagdes na membrana plasmatica.
O encolhimento celular é causado pela ativagdo dos canais de Ca** e K*. A

ativacdo dos canais de K* leva a hiperpolarizacdo da membrana celular, que
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aumenta a forca motriz elétrica para que o CI" saia para o espaco extracelular.
Assim, o aumento da atividade dos canais de K" e CI" leva a perda de KCI
celular acompanhado de agua e consequentemente promovendo a perda de
volume e encolhimento da célula (FOLLER et al., 2008). O encolhimento
osmético dos eritrécitos, além de deixa-los mais sensiveis aos canais de Ca*? e
levar a exposicdo de FS, desencadeia a liberacdo do fator de ativacao
plaquetaria (PAF) através da enzima fosfolipase A2. A exposi¢ao dos eritrocitos
ao PAF ativa a enzima esfingomielinase, o que acarreta na formagao da
ceramida. A ceramida, por sua vez, € capaz de modificar a interagdo da
membrana celular com o citoesqueleto, aumentar a fragilidade da membrana e
estimular a scramblase nos eritrécitos, enzima que é responsavel por deslocar
a FS da membrana interna dos eritrocitos, para seu folheto externo (LANG et
al., 2005b).

A eriptose pode ser desencadeada por outros danos como o estresse
oxidativo. O estresse oxidativo € parcialmente efetivo devido a ativacdo dos
canais permeaveis ao Ca**, além da ativacdo dos canais de CI, que como
descrito anteriormente, sdo necessarios para o encolhimento celular, e assim,
participando também do desencadeamento da eriptose (LANG et al., 2014). O
estresse oxidativo € caracterizado por um estado de oscilacdo entre a
producgao de radicais livres e a sua degradacéo pelo sistema antioxidante, que
leva ao acumulo desses radicais. O aumento na produgao de espécies reativas
de oxigénio/nitrogénio (ROS/RNS) é um fendbmeno aumentado em pacientes
com DRC (AVELES et al., 2010; TAKAHASHI et al., 2011) e uma diminui¢do no
sistema antioxidante pode ser atribuido ao ambiente téxico promovido pela
doenga (CANAUD et al., 1999). Na DRC, a atividade do antioxidante glutationa
(GSH) é negativamente correlaciona com as toxinas urémicas (RUTKOWSHI et
al., 2006) e positivamente correlacionada com a remocdo de creatinina
(CEBALLOS-PICOT et al., 1996), sugerindo que GSH é um indicador da fungéo
renal (TUCKER et al.,, 2013). Diferentes mecanismos poderiam explicar o
aumento do estresse oxidativo na DRC tais como caracteristicas dos pacientes
renais, como a idade avancgada, diabetes, hipertensao renal, niveis baixos de
vitaminas antioxidantes devido a restricdo alimentar para evitar hiperfosfatemia,
e falha na remocao de ROS, que com declinio na fungao renal estao implicados

no aumento do estresse oxidativo e progressdo da DRC (PALANEESWARI et
11



al., 2014). A patogénese do estresse oxidativo em pacientes com DRC é
complexa e inclui fatores relacionados com a uremia e com a dialise. Estudos
anteriores indicaram que o soro de pacientes em hemodialise (HD) possui
niveis maiores de malondialdeido e severa deficiéncia de vitaminas, que pode
encurtar o tempo de vida dos eritrocitos na DRC (KAO et al., 2010; LAHERA et
al., 2006). A exposigao de eritrécitos normais a indutores do estresse oxidativo
mostraram que ROS induzem rigidez da membrana, reduzem a elasticidade, e
oxidam a hemoglobina associada a membrana, bem como grupos sulfidrilo do
citoesqueleto e proteinas transmembrana (HEBBEI et al., 1990; JOINER et al.,
2004).
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2 JUSTIFICATIVA

A analise da resposta in vitro ao estimulo de toxinas representa um
avango na compreensdao da toxicidade urémica relacionada ao
desencadeamento da anemia. Compreender qual € o mecanismo de agao de
toxinas urémicas e qual seu impacto na saude dos pacientes pode ser um
passo inicial para desvendar as vias que agravam a anemia renal mesmo
quando o tratamento com eritropoietina € administrado. A caracterizagao da
disfungdo antioxidante na DRC levara a uma melhor compreensao dos efeitos
adversos que o estresse oxidativo promove, com objetivo de melhorar o quadro
clinico geral do paciente que é tdo debilitado pela inflamagdo crénica
caracteristica dessa doenca. Além disso, diferentes niveis de toxinas urémicas
podem auxiliar na estratificacdo dos pacientes sob risco das complicagcdes da
DRC e contribuir para novos alvos de tratamento, reduzindo a

morbimortalidade destes pacientes.
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3 OBJETIVO
3.1 Objetivo Geral

Avaliar o efeito da toxina urémica indoxil sulfato (IS) na sobrevida de
eritrocitos através de indicadores como a inducdo de eriptose e estresse
oxidativo, relacionando com o acumulo progressivo da toxina na doencga renal

cronica.

3.2 Objetivos Especificos

1. Avaliar a eriptose de eritrécitos de individuos saudaveis submetidos
ao IS através da exposicao de fosfatidilserina;

2. Explorar o potencial do IS em promover o0 aumento de espécies
reativas de oxigénio (ROS) em eritrécitos saudaveis;

3. Avaliar a participagdo da enzima NADPH oxidase no processo de
eriptose e aumento ROS;

4. Mensurar os niveis do antioxidante glutationa em eritrécitos saudaveis
submetidos ao IS ou soro urémico;

5. Mensurar os niveis do antioxidante glutationa em eritrécitos de

pacientes em hemodialise.
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Abstract: Indoxyl sulfate (IS) is an important uremic toxin accumulated in the
blood from patients with chronic kidney disease (CKD), which can contribute to
the progression of this disease and associated comorbidities. Our aim was to
evaluate the capacity of IS in triggering eryptosis, increase reactive oxygen
species (ROS) and decrease glutathione (GSH) content. Erythrocytes (RBC)
from healthy subjects were incubated with IS (0.01; 0.09 or 0.17 mM) in the
presence or absence of the NADPH oxidase inhibitor, diphenyleneiodonium
chloride (DPI; 10uM). The eryptosis was evaluated by Annexin-V binding and
ROS generation by DCFH-DA probe, analyzed by flow cytometry. GSH levels
were measured by DTNB method. IS increased ROS in a time- and dose-
dependent manner between 6 and 12h, and stabilized after 24h. Eryptosis was
increased in a dose-and time-dependent manner after 12 and 24h, without
significant eryptosis in 6h. In the presence of DPI, ROS production and
eryptosis were inhibited to levels compared to control. IS and serum obtained
from hemodialysis (HD) patients did not change GSH content in healthy RBC,
but cells obtained from HD patients had a decrease of 49% in GSH content. In

conclusion, IS promoted ROS production and eryptosis, being both NADPH

15



oxidase-dependent processes. Furthermore, IS did not affect GSH in healthy
RBC, which indicates that healthy RBC can deal with increased ROS
production, once RBC from renal patients presented reduced levels of this
antioxidant.

Keywords: chronic kidney disease; indoxyl sulfate; eryptosis; oxidative

stress

1. Introduction

Chronic kidney disease (CKD) is characterized by a reduction in kidney
function: excretory, endocrine and metabolic functions [1]. Decreased
glomerular filtration rate (GFR) leads to accumulation of solutes that can
potentially cause degenerative processes. Many of these compounds, as
indoxyl sulfate (IS), are present in high concentrations in the blood of renal
patients once their removal is compromised by being bound to protein [2]. The
IS plays an important role in the progression of renal damage by mechanisms of
induction of oxidative stress and endothelial dysfunction [3]. Furthermore,
uremic toxicity has been described as an inhibitor of erythropoiesis and to
accelerate suicidal erythrocyte death, or eryptosis, suggesting an involvement
of these compounds with renal anemia [4]. Eryptosis and apoptosis share
characteristics such as blebbing in plasmatic membrane and increased
cytoplasmic calcium activity, which stimulates membrane disorganization and
activates proteins that degrade the cytoskeleton, causing cell shrinkage and
modification of membrane structures, followed by phosphatidylserine (PS)
exposure on the cell surface. Exposed PS binds to inflammatory monocytes
CD14++/CD16+ and are then engulfed and cleared from the circulation [5,6].
Eryptosis can be triggered by other damages, such as oxidative stress. The
oxidative stress activates Ca*? permeable channels, as well as the activation of
the CI" channels, which are necessary for cellular shrinkage, and thus also
participating in accelerate death of these cells and also accelerating anemia
process [7]. In view of the presented efforts, the aim of this study was to
evaluate the effect of IS on the survival of erythrocytes through indicators such
as eryptosis, production of reactive oxygen species (ROS) and consumption of
the antioxidant glutathione (GSH).
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2. Results

2.1. Increased ROS generation by IS

An increased ROS production was observed after 6, 12 and 24 hours of
incubation with IS in a dose- and time dependent manner (Fig. 1 A, B and C,
respectively) compared with control cells (HC-RBC). The exception was the
lowest IS concentration (0.01mM), which only had an effect on the induction of
ROS production by HC-RBC after 24h of incubation (11+4.5% versus 3.9+3.6%
of HC-RBC). It is worth mentioning that the lowest IS concentration promoted
lower levels of ROS production by HC-RBC at all times analyzed (6, 12 and
24h), when compared to ROS production by HD-RBC (5£2.7%, 6.6+2.9% and
1144.5% compared to 21.2412.7% from HD). Furthermore, all higher
concentrations of IS (0.09mM and 0.17mM) were able to increase the
production of ROS by HC-RBC (6h - 13.6+5.3% and 13.1+5.1% compared to
2.9+3.2% from HC; 12h - 21.3x6% and 26.4+7.6% compared to 2.7+3.9% from
HC, 24h - 15.2+3.4% and 20.5+3.9% compared to 3.9+3.6% from HC), but for
the 0.09mM and 0.17mM IS concentrations there was no statistical difference
between 12h to 24h of incubation (Figure 1 B and C, respectively). Pre-
treatment of HC-RBC with a NADPH oxidase inhibitor DPI significantly reduced
ROS production levels after 24 hours of incubation in the presence of different
IS concentrations (6.6£3.7%, 7.9+2.2% to intermediate and higher
concentrarion, respectively, with DPI compared to 15.2+3.4% and 20.5+£3.9%
without DPI) (Fig. 1 C and D).
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Figure 1 — Effect of IS in ROS generation. Incubation of HC-RBC only with Tris-Glc
(HC) buffer; with serum previously obtained from patients on hemodialysis (HD) or with
the different concentrations of IS (0.01, 0.09 and 0.17mM) for (a) 6h n=4; (b) 12h n=8
or (c) 24h n=8. In addition, (d) HC were incubated with DPI (10mM) for 30 min before
the addition of the different IS concentrations to complete 24h incubation, n=3. *p<0.05;
**p<0.01; ***p<0.001 versus HC. # p<0.05; ## p<0.01 versus HD. a p<0.05, aa
p<0.001 versus same concentration of IS without DPI.

2.2. Induction of eryptosis by IS

To understand the trigger involved in the balance between ROS
production and the RBC death (eryptosis) induced by IS, the same protocol
performed to ROS production was used to observe the exposure of
phosphatidylserine (PS) on HC-RBC by a dose-time dependent assay. Some
important results were observed, First: no eryptosis was observed after 6h
using all IS concentrations (0.01, 0.09 and 0.17mM) (1.840.9%; 2.1+0.7%;
2.411.6%, respectively compared to 1.6+2.6% from HC), even the highest
concentrations (0.09 and 0.17mM) (Fig 2 A), which were able to induce ROS
production by HC-RBC (Fig 1 A). Second: In the same line of interpretation, no
eryptosis was observed using the lowest IS concentration (0.01mM) in all period

of time analyzed (1.8+0.9%; 8.4+3.5%; 8+4.5%, respectively compared to
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1.61£2.6%; 4.2£1.3%; 4.5£0.3% from HC (Fig 2 A, B and C). Third: after 24h of
incubation the highest IS concentrations (0.09 and 0.17mM) were able to
promote increased PS exposure, more than the observed in HD-RBC, which
was significant to the highest concentration (17.2+5.3%; 30.916.3% compared
to 12.5+£3.8% from HD) (Fig 2 B and C). In addition, when the HC-RBC were
incubated previously with the NADPH oxidase inhibitor for 30 min, followed by
24h of incubation, the eryptosis induced by the intermediate and higher (0.09
and 0.17mM) IS concentration were inhibited (5.841.5%; 7.1£1.4% to
intermediate and higher concentrarion, respectively, with DPl compared to
20+2.8% and 30+£7.3 without DPI) (Figure 2 C and D).
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Figure 2 - Effect of IS in eryptosis of healthy RBC. Incubation of HC-RBC only with
Tris-Glc buffer; with serum previously obtained from patients on hemodialysis (HD) or
with the different concentrations of IS (0.01, 0.09 and 0.17mM) for (a) 6h n=4; (b) 12h
n=8 or (c) 24h n=8. In addition, (d) HC were incubated with DPI (10mM) for 30 min
before the addition of the different IS concentrations to complete 24h incubation, n=6.
*** p<0.001 versus HC. ### p<0.001 versus HD. aa p<0.001 versus same
concentration of IS without DPI.
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2.3. Glutathione levels

Finally, to verify the relationship between oxidative stress, eryptosis and
antioxidant status in HC-RBC stimulated by all IS concentration for 6, 12 or 24h
of incubation, intracellular GSH was evaluated. Surprisingly, the GSH levels
were identical in erythrocytes incubated with different concentrations of IS (0.01,
0.09 and 0.17mM) when compared to HC (102%; 103%; 103% compared to
100% from HC; positive control TBHP = 69%) (Fig 3 A, B and C, respectively).
To better confirm that, we used HC-RBC incubated with serum obtained from
healthy donors (S-HC) or serum obtained from hemodialysis patients (S-HD) for
24h of incubation, and the same result was observed, no GSH consumption
was observed using HC-RBC (100%; 89,5%, respectively compared to 46.5%
from TBHP) (Fig 3 D). However, when we analyzed glutathione levels in
isolated erythrocytes from HD patients, a decrease of approximately 50%
compared to HC-RBC was observed (49.95% compared to 100% from HC;
TBHP = 32.05%) (Fig 3 E).
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Figure 3 - Effect of indoxyl sulfate in glutathione content. HC-RBC were incubated with
Tris-glc solution and different concentrations of IS for (a) 6h n=6; (b) 12h n=6 and (c)
24h n=4. Positive control (TBHP) cells were incubated for 30 minutes. (d) HC-RBC
incubated with serum from healthy individuals (S-HC) or hemodialysis patients (S-HD)
(1:1) for 24 hours (n=6). (E) RBC isolated from healthy individuals (HC-RBC) or
hemodialysis patients (HD-RBC) n=4. Data are expressed as percentage compared to
the control, which was considered ideal (100%). *** p<0.001
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3. Discussion

Anemia is a common complication associated with CKD and appears
even in patients receiving erythropoiesis-stimulating agents. Although this
disease occurs mainly due to impaired renal erythropoietin release and
subsequent decrease of erythropoiesis, the anemia in CKD can be affected by
eryptosis. This suggestion is based on the fact that RBC begins to express FS
and have a reduced life spam [9]. This evidence was seen when erythrocytes
from uremic patients incubated with annexin-V had almost twice the expression
of FS on the cell surface compared to cells from healthy volunteers. To
understand whether this increased expression results from a plasma
component, healthy erythrocytes were incubated with plasma from renal
patients and FS expression was higher in these cells [10,6]. Our study shows
the ability of the uremic toxin IS per se in increasing eryptosis in healthy
erythrocytes. This result corroborates with Gao and collaborators [11], who also
found enhanced eryptosis caused by IS, but we have achieved our result at a
lower concentration of the toxin. In addition, Ahmed and coworkers [12]
showed, apart from the accelerated eryptosis, that increased cytosolic Ca®* and
ceramide formation are key factors of the eryptosis process triggered by IS. Not
only IS, but other uremic toxins were described to participate in enhancing
eryptosis, as acrolein and methylglyoxal [13,14]. As a result of the marked
expression of PS inflammatory monocytes and also macrophages will
phagocyte and eliminate these cells from circulation, which may contribute to
renal anemia [6,15]. FS can interact with the endothelial cell receptor CXCL16
of the vascular wall, blocking microcirculation and thus contribute to thrombosis
[16]. Interestingly, our results showed that the lowest incubation period of time
(6h) didn’t change PS exposure in all IS concentrations, this phenomenon only
appears after 12 and 24h of incubation with the highest IS concentrations.

Even though they are devoid of mitochondria, erythrocytes produce ROS
in large amounts. Hemoglobin (Hgb) comprises more than 95% of the
cytoplasm of these cells and is able to undergo autoxidation, leading to O*
production. ROS are capable of interacting with the red cell membrane directly
and causing damage, as alterations in lipid and protein structure. Surely,

excessive oxidative stress production has been related with a substantial extent
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of diseases such as cardiovascular diseases, atherosclerosis, hypertension and
renal diseases [17]. Clinical studies have shown that oxidative stress is an early
event during the progression of CKD. This increased ROS generation can be
attributed to complications, such as chronic infections, iron overload, blood-
dialyzer membrane interaction and accumulation of uremic toxins. Moreover,
measurements in blood of renal patients exhibit decreased levels of antioxidant
enzymes, glutathione and ascorbic acid [18]. Also, ROS were significantly
higher in erythrocytes exposed to plasma from CKD patients than in
erythrocytes exposed to plasma from healthy volunteers [10]. Our results
showed that IS by itself was able to increase ROS generation in erythrocytes in
a time and dose-dependent manner. Studies show that uremic toxins play such
biological effects on other cell types. Yu and collaborators [3] observed the
induction of oxidative stress in endothelial cells after 10 minutes of IS
stimulation. Furthermore, it has been found an association between IS and p-
cresyl sulfate (pCS) with increased inflammation and suppressed antioxidant
activity in patients with CKD, it suggests proinflammatory and pro-oxidative
properties for both toxins [19]. Indeed, this non-dialyzable toxin may contribute
to cellular damage and eryptosis. We also indicate the required involvement of
NADPH oxidase in this process. IS activates this enzyme resulting in increased
ROS production. Similar results were found when tubular renal cells treated with
pCS showed enhanced ROS production, NADPH oxidase expression, damage
and loss of cell viability due to increased oxidative stress [20]. However,
increased ROS production was suppressed in the presence of the NADPH
oxidase inhibitor. In our study, the presence of DPI did not only attenuate ROS
but also eryptosis, emphasizing that oxidative stress is a key contributor to
eryptosis. This factor may be part of a pathway that worsens anemic status in
patients, once that ROS precedes suicidal erythrocyte death, as we showed in
the present study.

Khazim and collaborators found that erythrocyte GSH/GSSG redox
potential is lower in HD than in healthy controls [21]. Others studies revealed
the diminished activity of antioxidant enzymes in the plasma of these patients,
such as superoxide dismutase and GSH peroxidase [22]. Furthermore, there
was a relationship between total antioxidant capacity and malondialdehyde

levels, Hgb levels and haematocrit levels in HD patients [23]. Taken together,
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these findings highlight the impaired antioxidant system in CKD and its
consequences as contribution to the progression of the disease and other
comorbidities such anemia. When we measured the GSH levels in cells
incubated with IS, no difference was observed when compared to control cells.
Against these results, we measured the levels of GSH in erythrocytes from HD
patients and a drastic decrease was observed. This can be explained by
Alhamdani's study [24], that also found a decrease in GSH levels and activities
of y-glutamylcysteine synthetase and glutathione synthetase, enzymes
responsible for de novo synthesis of GSH. This decreased enzymatic activity is
probably due to uremia and dialysis. Moreover, inhibitory metabolites of y-
glutamylcysteine synthetase, such as cysteine, are accumulated in CKD. These
factors are not present in healthy erythrocytes incubated with the toxin, but only
in systemic conditions. Further studies are needed to understand how the
antioxidant system is established in CKD, the role of uremic toxins in this
scenario and its effects on associated diseases, such anemia, as many of these
results are controversial.

In conclusion, the uremic toxin indoxyl sulfate was able to increase ROS
production and eryptosis in healthy erythrocytes, which involved NADPH
oxidase. Furthermore, erythrocytes from HD patients showed a lower level of
GSH and IS did not change GSH level on healthy RBC.

4. Materials and Methods

4.1. Blood samples and Red Blood Cells (RBC) preparations and incubations

Heparinized blood (5-10ml) was obtained from healthy volunteers (HC) or
patients in hemodialysis (HD). The Ethical Committee from PUCPR approved
the study and informed consent was obtained from all subjects (registration
number 509). Blood sample was centrifuged at 3000 rpm for 15min at room
temperature and the buffy coat was carefully discarded. After that, the HC-RBC
were washed three times with cold PBS (1x) and then were incubated at a
hematocrit of 0.5% for different periods of time (6, 12 or 24 hours), at 37°C with
5% CO, in the presence of different concentrations of Indoxyl Sulfate (IS)
(Sigma-Aldrich, St. Louis, MO, USA) (IS - 0.01mM 0.09mM and 0.17mM,

concentrations established by Duranton and coworkers[8]) dilluted in TRIS-
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glucose buffer (Tris-Glc) (mM - 21.0 Tris (hydroxymethyl) aminomethane; 4.7
KCI; 2.0 CaCl2, 140.5 NaCl; 1.2 MgSO4 and 5.5 glucose — pH 7.4).
Additionally, cells were preincubated with diphenyleneiodonoium (DPI - 10uM),
a NADPH oxidade inhibitor for 30 min before IS incubation for 24h. For GSH
dosage, 150yl of pure RBC were used. Control cells were incubated for the

same period of time only in pure Tris-Glc.

4.2. Measurement of ROS production

After incubations, RBC were centrifuged and ressuspended in 2mM of
2’ ’-dichlorodihydrofluorescein diacetate (DCFH-DA) (Abcam), for 30min in the
dark. After that, cells were washed once with PBS and ressuspended in 200yl
of PBS 0.4% formaldehyde (Fix-FACS). ROS fluorescence intensity was
quantified by flow cytometry (FACS Calibur, BD, Bioscience USA). RBC from
hemodialysis patients (HD-RBC) were stained at the same way immediately

after obtainment.

4.3. Determination of eryptosis by annexin- V binding

RBC were stained with Annexin-V-PE (BD Bioscience, USA) for 15min
under protection from light, according the manufacturer’s instructions. In the
following, they were washed once with PBS and ressuspended in 200ul of Fix-
FACS. Annexin-V fluorescence intensity was analyzed by flow cytometry (FACS
Calibur, BD, Bioscience USA). RBC from hemodialysis patients (HD-RBC) were

stained at the same way immediately after obtainment.

4.4. Determination of erythrocyte glutathione

RBC samples were incubated for 24h with all stimuli described above.
150 ul of a cell suspension (50% hematocrit) were deproteinized with 650 pl of a
solution of 2M perchloric acid containing 4 mM DTPA and centrifuged at 13000
rom for 10 min at 4°C. On ice and under protection from light, pH of the
supernatant (100 ul) was adjusted to ~7 with 800 pl of 300mM phosphate buffer
containing 10mM EDTA. After a short spin, the supernatant was incubated with
the DTNB solution 1:1 v/v (0.25 mM DTNB in 300 mM phosphate buffer
containing containing 0.1 mM DTPA pH 7.5). After 10 min, the absorbance at
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412 nm was measured in a U-2900 Hitachi spectrophotometer. RBC were also
incubated for 24h with serum from healthy individuals (S-HC) or with serum
obtained from HD patients (1:1) (S-HD). Tert-Butyl hydroperoxide (TBHP)
(5mM, 30 minutes of incubation in Tris-glc) was used as positive control for
these experiments. Protein content was determined by Bradford method from

the initial 50% hematocrit suspension.

4.5. Statistical Analysis

Data were expressed as means + SD or percentage compared to the
control, which was considered ideal (100%). The significance of differences was
determined by one-way ANOVA followed by a post hoc Tukey's multiple
comparisons test. GraphPad Prism 5 was utilized for statistical analysis. p<0.05

was considered statistically significant.
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1 INTRODUGCAO

No contexto da anemia renal, a hipoxia € um fator que pode acelerar o
declinio da atividade de eritrécitos. A hipdxia é definida como um estimulo
classico da eritropoiese; a secregcao de Epo € inversamente regulada pela
concentragdo sanguinea de hemoglobina (Hgb) (BEVERBORG et al., 2015),
enquanto a hipdxia estimula a producdo de Epo, que por sua vez estimula a
eritropoiese na medula 6ssea (KOURY & HAASE, 2015). A hipdxia pode ser
descrita como uma condigdo em que uma regido do corpo ou O Corpo como um
todo é privado do suprimento necessario de oxigénio. Porém, experimentos in
vitro mostram claramente que a hipdxia foi mais significativa como um fator
promotor da liberagdo de ferro e formacdo de metahemoglobina (MetHb) em
eritrocitos do que a reoxigenacgado (CICCOLI et al.,, 2004). Em condi¢des de
hipoxia, o radical superdxido € formado e a autoxidagdo da Hgb ocorre, o que
também implica na amplificacgdo da MetHb e producdo de ROS
(BALAGOPALAKRISHNA et al., 1996). Quando essa produgao de ROS excede
a capacidade antioxidante dos eritrocitos, caracteriza-se a etapa bioquimica do
estresse oxidativo induzido pela hipoxia. A hipoxia também induz a
hiperatividade glicolitica e acumulagao de 2, 3-DPG (ARNAUD & GUTIERREZ,
1984).

A interacao entre hipdxia e producdo de ROS é observada quando ha
acumulo de Hgb oxidada, que induz a oxidagao fosfolipidica e rompimento de
membrana. Durante essa condicdo de desbalanco oxidativo, os eritrécitos sao
cometidos a senescéncia e a morte celular (KIEFER & SNYDER, 2000). Como
resultado disso, o estresse oxidativo causado pelo ROS é considerado um dos
principais desencadeadores da eriptose nos eritrocitos sob condigao de hipoxia
(BARVITENKO, et al., 2005). Uma vez que isso ocorre em ceélulas desprovidas
de mitocdndria e nucleo, a eriptose representa um sistema unico de morte
celular através da regulacdo da membrana celular. Na fisiologia normal, uma
resposta adequada a hipdxia promove a ativacdo dos fatores indutores de
hipoxia (HIF) que por sua vez irdo promover a adaptagado e sobrevivéncia da
célula contra a reducao da presséo parcial do oxigénio (pO2) (SEMENZA et al.,
1992; NANGAKU & ECKARDT, 2007). Em pacientes com doenga renal

crbnica, a hipoxia renal permite a liberacdo da Epo, mas a resposta da medula
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O0ssea a Epo é reduzida devido as citocinas proinflamatérias e ao estresse
oxidativo (MEANS & KRANTZ, 1992; BAMGBOLA et al., 2009; BAMGBOLA,
2011) que é aumentado nesses pacientes. O estresse oxidativo prejudica a
fluidez da membrana dos eritrocitos, reduzindo seu tempo de vida, além de
bloquear o metabolismo do ferro e a resposta da Epo devido a inflamacao.
Além disso, a exposicdo de FS nos eritrécitos pode promover sua
adesdo nas células endoteliais vasculares através da interagdo da FS com
CXCL16 endotelial. Esta proteina endotelial € uma quimiocina, que quando
ligada a membrana atua como um receptor de limpeza, que reconhece a FS e
lipoproteinas oxidadas de baixa densidade (GOUGH et al., 2004; SHIMAOKA
et al., 2007). A eriptose desencadeada por Ca®" ionéforo ionomicina ou pela
deplecédo de glicose promove a adesao de eritrécitos eriptéticos nas células
endoteliais através CXCL16 (BORST et al., 2012). Sendo assim, a eriptose
excessiva no estagio avangado da doenga renal cronica pode desencadear

trombose e interromper a microcirculagao.

2 JUSTIFICATIVA

Esse cenario destaca a importancia da triade: estresse oxidativo,
inflamacéao e eriptose na progressdo da doenga renal, e o estabelecimento da
anemia renal pode ser um excelente ponto de partida para decifrar a correlacéo
destes fatores em um ambiente em hipdxia bem como compreender os
mecanismos que podem promover a anemia nesses pacientes em que a
hipéxia atua como um fator somatdrio. Ainda, este pode ser um momento para

melhor compreensao das consequéncias da hipdxia nos eritrocitos.
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3 OBJETIVOS

3.1 Objetivo Geral

Explorar a influéncia da hipéxia e/ou uremia na resisténcia dos eritrécitos
ao estresse oxidativo, eriptose aumentada, bem como a adesao dessas células

no endotélio.

3.2 Objetivos Especificos

o Avaliar a eriptose de eritrocitos de individuos saudaveis
submetidos a hipdéxia e/ou ambiente urémico através de indicadores como
exposicdo de fosfatidilserina, producdo de ROS, liberacdo de ATP e Ca**
intracelular,;

° Verificar a organizagao do citoesqueleto em eritrocitos submetidos
a hipoxia e uremia através da rodamina-faloidina para F-actina; anti-espectrina

(microscopia de fluorescéncia) e expressao de Rac1 e Rac2 (Western-blot);

° Avaliar sistemas de defesa antioxidante nos eritrécitos
hipoxémicos (GSH e GSSG, sistema hipoxantina e xantina oxidase,
determinacao de NADP e NADPH, avaliacdo da superoxido dismutase, analise

de peroxirredoxina 2 por e medida de Heme oxigenase);

o Explorar a uremia e hipdxia como agentes de adesdo dos

eritrocitos em células endoteliais vasculares.
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