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RESUMO

Introducdo: A nefrite lapica (NL) é uma manifestacdo grave do lUpus eritematoso
sistémico (LES), que pode levar a perda de funcédo renal e necessidade de terapia renal
substitutiva. O modelo animal de NL induzido por pristano reproduz a doenca humana,
em gue se detectam autoanticorpos causando glomerulonefrite com padréo proliferativo
e inflamatorio, e a presenca de estresse oxidativo exacerbado e de aumento da producéo
de marcadores pro-fibroticos. A quercetina e a melatonina sdo substancias naturais que
podem ser potenciais alternativas para o tratamento da NL, devido ao seu efeito anti-
inflamatorio, antioxidante e anti-fibrético.

Objetivos: Avaliar o efeito protetor da quercetina e da melatonina em camundongos
induzidos por pristano sobre a proteindria, marcadores de inflamacdo, de estresse
oxidativo, de apoptose e de fibrose sobre a injuria estrutural e molecular das células
epiteliais podocitarias do glomérulo renal.

Meétodos: Camundongos BALB/c (fémeas) com 60 dias de vida foram alojados em sala
com temperatura controlada (25°C), na Unidade de Experimentacdo Animal (UEA) do
Hospital de Clinicas de Porto Alegre (HCPA). Todos os procedimentos foram conduzidos
de acordo com o "Guia para o Cuidado e Uso de Animais de Laboratério”. O modelo
animal de NL foi induzido por uma Unica injecdo intraperitoneal de pristano (PT). O
tratamento com melatonina iniciou um dia apds a inducdo e com a quercetina apds 30
dias da inducdo (PT-M e PT-Q, respectivamente). Apds 180 dias da inducdo, os animais
foram eutanasiados e os rins removidos. A analise morfoldgica para evidenciar lesdo renal
compativel com NL foi realizada com hematoxilina-eosina e acido periodico-Schiff. Foi
atribuido um escore de inflamac&o glomerular e tubular, descrito em porcentagem (%).
Imunofluorescéncia e ensaios bioquimicos foram utilizados para avaliar a expresséo de

marcadores de inflamacdo (IL-6; fator de necrose tumoral-a, TNF-a), de estresse



oxidativo (CAT e SODL1 antioxidantes e TBARS pré-oxidante), de apoptose (Bax) e de
fibrose (TGF-B1 e colagenos | e 111). A ultraestrutura glomerular e tubular foi avaliada por
microscopia eletronica (ME), e a expresséo tecidual do RNA mensageiro (RNAmM) de
podocina, podoplanina e aspi-integrina foram quantificados pela reacdo em cadeia da
polimerase quantitativa em tempo real para os camundongos tratados com quercetina.

Resultados: Os camundongos induzidos com pristano desenvolveram lesGes compativeis
com NL, apresentando infiltrado inflamatério, proliferacdo de células endocapilares,
extracapilares e mesangiais, achatamento dos pedicelos dos poddcitos, descolamento da
borda em escova das células tubulares e mitocondrias anormais com ruptura de cristas.
Em relacdo aos camundongos controle (C), o grupo PT mostrou aumento da proteinuria
no sexto més (PT: 57,0+17,2 vs. C: 6,6+£2,4 mg/dL; p=0,012), maior escore de inflamacéo
(%): 7,42(5,31-8,43) vs. 0,51(0,35-2,42); p<0,001, e expressédo aumentada de marcadores
pro-fibréticos (p=0,009), de apoptose (p=0,009) e pré-oxidantes (p=0,001), assim como
reducdo de antioxidantes (p=0,001). Na ultraestrutura, foram observados achatamento
dos pedicelos dos poddcitos, células mesangiais apoptoticas e mitocondrias anormais com
ruptura de cristas, juntamente com supressdo dos RNAm de podocina (p<0,001),
podoplanina (p=0,009) e azPi-integrina (p=0,005). O tratamento com quercetina induziu
nefroprotecdo no grupo PT-Q quando comparado ao PT, em que foi observado reducéo
significativa na proteindria (3,4+2,0 mg/dL, p<0,001), no escore de inflamacédo
[4,23(2,12-6,94), p=0,041], na expressao de IL-6 (p=0,016), TNF-a (p=0,007), TGF-B1
(p=0,003) e Bax (p=0,006). A quercetina também aumentou significativamente a
expressao de CAT (p=0,001) e SOD1 (p=0,003). Adicionalmente, observou-se
recuperacdo parcial da ultraestrutura renal na ME, e maior expressaio do RNAm de
podocina (p<0,001) (mas ndo de podoplanina e de aspi-integrina), em relacdo aos niveis

encontrados no grupo C. Nos grupos da melatonina, o grupo PT apresentou escore de



inflamac&o maior em relagdo aos camundongos controle (C) (3,49% vs. controle 0,83%;
p<0,05), indice de deposicdo de colageno total (2,50% vs. 0,20%; p<0,05), reducdo da
expressdo das enzimas antioxidantes (SOD1: p=0,003; CAT: p=0,012) e aumento na
expressdo de IL-6, de Bax e de TGF-f1 (p<0,05 para todos). Comparado aos
camundongos induzidos com pristano, o grupo tratado com melatonina apresentou
reducdo no escore de inflamacdo (3,49% vs. 1,2%; p<0,05), no indice de fibrose
intersticial (2,50% vs. 0,36%; p=0,018), aumento da expresséo de enzimas antioxidantes
(SOD1: p=0,008; CAT: p=0,001) e reducédo na expressdo de IL-6, de Bax e de TGF-B1
(p<0,05 para todos). Um menor grau de achatamento dos pedicelos dos poddcitos, do
espessamento da membrana basal e menor lesdo mitocondrial foram observados na ME
no grupo tratado com melatonina.

Conclusdo: Esses resultados fornecem evidéncias de que a quercetina e a melatonina
restauram parcialmente as alteracdes estruturais da NL no modelo de camundongos
induzido por pristano, modulando a inflamacéo, o estresse oxidativo, a apoptose e 0s
marcadores pro-fibréticos, assim como a expressdo do RNAm das proteinas do podécito
e sua ultraestrutura. Com base nesses achados, consideramos que essas substancias
naturais podem ser uma estratégia terapéutica alternativa para minimizar a leséo renal da

NL.

Palavras-chave: Pristano, modelo animal, antioxidantes, melatonina, quercetina e

podacitos.



ABSTRACT

Introduction: Lupus nephritis (NL) is a severe manifestation of systemic lupus
erythematosus (SLE), which can lead to loss of renal function and need for renal
replacement therapy. The animal model of LN induced by pristane reproduces human
disease, in which autoantibodies are detected causing proliferative and inflammatory
glomerulonephritis, and the presence of exacerbated oxidative stress and pro-fibrotic
markers. Quercetin and melatonin are natural substances that may be potential
alternatives for the treatment of LN due to its anti-inflammatory, antioxidant and anti-
fibrotic effects.

Objectives: To evaluate the protective effect of quercetin and melatonin in pristane-
induced LN mice on proteinuria, markers of inflammation, oxidative stress, apoptosis and
fibrosis, and on the structural and molecular injury of podocyte epithelial cells of the renal
glomerulus.

Methods: BALB/c mice (females) with 60 days of life, housed in a room with controlled
temperature (25°C), at the Animal Facility (UEA) of the Hospital de Clinicas de Porto
Alegre (HCPA). All the procedures were conducted in accordance with the “Guide for
the Care and Use of Laboratory Animals”. The animal model of LN was induced by a
single intraperitoneal injection of pristane (PT). Treatment with melatonin started one day
after induction and with quercetin after 30 days of induction (PT-M and PT-Q,
respectively). After 180 days of induction, animals were euthanized and the kidneys
removed. Morphological analysis to demonstrate LN-compatible renal lesion was
performed with hematoxylin-eosin and periodic acid-Schiff. A glomerular and tubular
inflammation score was reported as percentage (%). Immunofluorescence and

biochemical assays were used to evaluate the expression of inflammation markers (IL-6,



tumor necrosis factor-a, TNF-a), oxidative stress (CAT and SOD1 antioxidants and pro-
oxidant TBARS), apoptosis and fibrosis (TGF-B1 and collagens I and III). The glomerular
and tubular ultrastructure was evaluated by electron microscopy (EM), and the tissue
expression of podocin messenger RNA (mRNA), podoplanin and a3p1-integrin were
quantified by quantitative real-time polymerase chain reaction for the quercetin-treated
mice.

Results: Pristane-induced mice developed compatible lesions with LN, presenting
inflammatory infiltrate, proliferation of endocapillary, extracapillary and mesangial cells,
podocyte foot process effacement, brush border detachment of tubular cells and abnormal
mitochondria with ruptured cristae. In relation to the control mice (C), the PT group
showed increased proteinuria in the sixth month (PT: 57.0 £ 17.2 vs. C: 6.6 + 2.4 mg/dL,
p=0.012), higher degree of inflammation (%): 7.42 (5.31-8.43) vs. 0.51 (0.35-2.42);
(p=0.001), and pro-oxidant (p=0.001), as well as antioxidant reduction (p=0.001), and
increased expression of pro-fibrotic (p=0.009), apoptosis (p=0.009) and pro-oxidant
markers. In the ultrastructure, podocyte pedicels, apoptotic mesangial cells and abnormal
mitochondria with ridges rupture were observed, together with suppression of podocin
MRNA (p<0.001), podoplanin (p=0.009) and a3p1-integrin (p=0.005). Treatment with
quercetin induced nephroprotection in the PT-Q group when compared to PT, where a
significant reduction in proteinuria (3.4 = 2.0 mg/dL, p<0.001) was observed in the
inflammation score [4.23 (2.12-6.94), p=0.041], on the expression of IL-6 (p=0.016),
TNF-a (p=0.007), TGF-B1 (p=0.003) and Bax (p=0.006). Simultaneously, quercetin
significantly increased CAT expression (p=0.001) and SOD1 (p=0.003). In addition,
there was a partial recovery of the renal ultrastructure in the EM, and a higher expression
of podocin mRNA (p<0.001) (but not of podoplanin and a3p1-integrin), in relation to the

levels found in C group. In melatonin groups, the PT group presented higher inflammation



score regarding to the C group (3.49% vs. control 0.83%, p<0.05), in the total collagen
deposition rate (2.50% vs. 0.20%, p<0.05), reduction of the expression of the antioxidant
enzymes (SOD1: p=0.003, CAT: p=0.012) and increased expression of 1L-6, Bax and
TGF-B1 (p<0.05 for all). Compared to the pristane-induced mice, the melatonin group
presented a reduction in the inflammation score (3.49% vs. 1.2%, p<0.05), in the
interstitial fibrosis index (vs. 0.36%, p=0.018), increased expression of antioxidant
enzymes (SOD1: p=0.008, CAT: p=0.001) and decreased expression of I1L-6, Bax, and
TGF-B1 (p<0.05 for all). A lower degree of podocyte foot process effacement, thickening
of the basement membrane and abnormal mitochondria were observed in the EM.

Conclusion: These results provide evidence that quercetin and melatonin partially restore
the structural changes of LN in the pristane-induced mouse model, modulating
inflammation, oxidative stress, apoptosis and pro fibrotic markers, as well as expression
of mRNA from podocyte proteins and its ultrastructure. Based on these findings, we
consider that these natural substances may be an alternative therapeutic strategy to

minimize renal injury in LN.

Key words: Pristane, animal model, antioxidants, melatonin, quercetin and podocytes.
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1. Introdugéo

O Iltpus eritematoso sisttmico (LES) é uma doenca multifatorial que afeta
maultiplos 6rgdos e predominantemente mulheres, com patogénese ndo completamente
conhecida. E caracterizada pela perda de tolerancia imunolégica a autoantigenos
nucleares, ativacdo policlonal de linfocitos B e T, apoptose e clearance deficientes de
nucleossomos, resultando na producdo de autoanticorpos patogénicos e formacdo de
imunocomplexos [1,2]. O depdsito e acimulo de imunocomplexos nos tecidos induz a
ativacdo de complemento, de citocinas pro inflamatérias e dos receptores toll like, entre
outros mecanismos, produzindo dano tecidual progressivo [3,4].

Uma das manifestacfes mais severas do LES ¢ a nefrite lupica (NL), afetando
cerca da metade desses pacientes [5]. Clinicamente, a NL é caracterizada por proteindria,
hematuria, cilindros celulares e perda da funcéo renal, podendo evoluir para doencga renal
crénica (DRC) terminal com a necessidade de terapia renal substitutiva [6]. Além dos
mecanismos citados acima, a NL também tem associacdo na sua patogénese ao
desequilibrio entre mecanismos pro-oxidantes e antioxidantes. Poucos estudos
investigaram o uso de antioxidantes no tratamento da NL, na sua maioria estudos
experimentais, mostrando resultados satisfatorios [7-9].

Pacientes com LES possuem alto grau de heterogeneidade clinica, em que a
doenca se manifesta afetando diferentes 6rgdos, com maior ou menor gravidade, sendo a
NL uma de suas manifestacfes mais graves. Desta forma, modelos animais em estudos
pré-clinicos tém sido valiosos para investigar a fisiopatologia do LES e da NL na
amplitude de seus multiplos mecanismos [10,11]. Esses modelos podem ser espontaneos
ou induzidos, reproduzindo as altera¢es imunoldgicas, clinicas e laboratoriais do LES

em humanos.
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Os modelos animais também sdo de extrema importancia para identificar e validar
novos alvos terapéuticos para o controle da doenca. O objetivo da terapia no LES ¢
controlar a atividade da doenca e modificar sua evolucdo e progndstico, porém até o
momento o tratamento convencional permanece insatisfatério, devido a heterogeneidade
bioldgica entre os pacientes e a falta de terapias mais especificas e seguras. Novas terapias
podem ser uma alternativa promissora para o tratamento das manifesta¢Ges do LES, como
a terapia nutricional, a fim de melhorar a qualidade de vida dos pacientes, reduzir
comorbidades e efeitos colaterais causados pela terapia farmacoldgica. Também é notavel
0 papel promissor dos antioxidantes.

A quercetina é um flavonodide com diversas propriedades que conferem protecéo,
exercendo efeitos antioxidantes, anti-inflamatérios e anti-fibréticos, comprovadamente
benéficos. Esses efeitos se refletem na protecdo contra varias doencas, incluindo doencas
cardiovasculares, osteoporose e cancer (ex., de pulméo) [12].

A melatonina é uma neuroindolamina comumente usada para corrigir desordens
do sono, também existem evidéncias de suas propriedades antioxidantes, anti-
inflamatorias, anti-fibroticas e de modulagdo de apoptose [13-16]. No entanto, apesar da
auséncia de efeitos colaterais aparentes, o uso de melatonina no tratamento de outras
patologias ainda permanece em investigacdo, especificamente de seus beneficios
atribuidos a doses farmacologicas.

Dentro do contexto de que a etiopatogénese da NL ainda ndo é completamente
compreendida e na busca de melhores resultados no seu tratamento com minimizagéo dos
efeitos colaterais. Investigar os efeitos de substéncias naturais sobre 0s mecanismos
fisiopatoldgicos e na terapéutica dessa doenca sdo alternativas que necessitam ser
exploradas em modelos experimentais, abrindo assim novas possibilidades de tratamento

de pacientes lupicos portadores de NL.
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2. Revisao da Literatura

2.1. Estratégias para localizar e selecionar as informacgoes

Esta revisdo da literatura estd focada no lGpus eritematoso sistémico e sua
manifestacdo renal, a nefrite lUpica. Além do estudo da patogénese dessas doencas, a
pesquisa em modelo animal induzido por pristano e as possiveis novas terapias utilizando
substancias com potencial antioxidante e anti-inflamatério, também foram pesquisadas as
substancias quercetina e melatonina como terapias potenciais no tratamento de
nefropatias.

A estratégia de busca envolveu bases de dados como: SciELO, LILACS e
MEDLINE (site PubMed). Utilizaram-se as palavras-chave: “systemic lupus
erythematosus”, “systemic lupus erythematosus and lupus nephritis”, “animal model
and lupus”, “animal model” and "pristane”, "'pristane and lupus nephritis”, "podocytes
and lupus nephritis”, “spontaneous” and “induced lupus animal model”, “antioxidant”
and “lupus nephritis”, "'lupus nephritis and quercetin”, “renal disease” and “quercetin”,
"lupus nephritis and “melatonin”, "renal disease” and melatonin™, “pristane” and

13

“melatonin”, “lupus nephritis” and “oxidative stress” “quercetin” and ‘‘fibrosis”,

2% ¢

“quercetin” and “apoptosis” “melatonin” and “fibrosis”, “melatonin” and “apoptosis’

b

e termos relacionados.
A tabela 1 resume a estratégia de busca das referéncias bibliograficas relacionados

as bases que fundamentam o objetivo do estudo até a data de 30 de Agosto de 2018.
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Tabela 1. Estratégia de busca de referéncias bibliograficas

Palavras-chave

Pubmed SciELO LILACS

“systemic lupus erythematosus”

“systemic lupus erythematosus” and “lupus

nephritis”

“animal model” and “lupus"
“animal model” and "pristane”
"pristane” and “lupus nephritis"

"podocytes” and “lupus nephritis"

“spontaneous” and “induced lupus animal model”

“antioxidant” and “lupus nephritis”
“lupus nephritis” and “quercetin”
“renal disease” and “quercetin”
“pristane” and “quercetin”
“lupus nephritis” and “melatonin
"renal disease” and “melatonin”
"pristane” and “melatonin”
“lupus nephritis” and “oxidative stress”
“quercetin” and “fibrosis”
“quercetin” and “apoptosis”
“melatonin” and “fibrosis”

“melatonin” and “apoptosis”

63807

4937

249
18
45

129

109

O 0 O

17

34
117
1362
134
1064

739

ul
SN
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2.2. Lapus Eritematoso Sistémico

O lapus eritematoso sistémico (LES) é uma doenca de etiologia multifatorial que
afeta predominantemente mulheres, e a sua patogénese ndo é completamente conhecida
[1]. Essa doenca apresenta diversas manifestacdes clinicas afetando rins, cérebro,
coracdo, articulacbes e pele, os quais estdo diretamente relacionados as alteracdes no
sistema imune. Além disso, o LES esta associado a fatores genéticos, epigenéticos,
ambientais e hormonais, sendo caracterizado pela perda da tolerancia da resposta imune
a autoantigenos nucleares, producao de autoanticorpos patogénicos direcionados contra
um ou mais componentes celulares formando imunocomplexos, falha em remover
linfécitos B e T autorreativos, entre outros mecanismos [2]. O LES também esta
fortemente relacionado a producdo e liberacdo de citocinas pro-inflamatorias,
amplificando a autoimunidade e consequente lesdo em 6rgdos alvo [4].

Uma das manifestagdes mais graves do LES é a nefrite lapica (NL), que se
manifesta por sindrome nefritica e/ou nefrética com proteinaria, hematdria, perda da
funcdo renal e hipertensao arterial sistémica. O quadro clinico nem sempre se correlaciona
com a classe histoldgica da NL identificada na biopsia renal, mas a histopatologia
permanece como padrdo ouro para determinar o grau de severidade e a cronicidade da
doenca. Além disso, o diagndstico histoldgico € importante também para determinar a
escolha do tratamento [5].

Pacientes com dano renal pelo LES tém maior risco de mortalidade, considerando
que frequentemente tém manifestacdes extra-renais e imunodeficiéncia. A principal causa
de mortalidade no LES e na NL é a infecgdo, enquanto que a morte tardia é causada por

aterosclerose e complicagdes cardiovasculares [17].
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2.2.1. Epidemiologia

A prevaléncia mundial de LES varia de 14,6 a 122 casos por 100 mil habitantes
[2]. No Brasil, existe apenas um estudo que determina a incidéncia de 8,7 por 100.000
habitantes/ano em Natal, uma cidade no nordeste do Brasil, mostrando uma alta
incidéncia de LES, aparentemente maior do que o relatado em outros centros
internacionais [6]. A idade média no diagndstico parece menor que a referida por outros
estudos, e as diferencas observadas podem ser devidas a fatores étnicos e/ou ambientais.
No entanto, outros estudos mostraram que a incidéncia de LES é maior em pacientes afro-
americanos e afro-caribenhos em comparagéo aos caucasianos [18,19].

Evidéncias indicam que fatores étnicos podem estar relacionados ao inicio do
LES, pois € mais prevalente em individuos afrodescendentes e de outras etnias nao
caucasianas quando comparado com individuos brancos nos Estados Unidos da América
(EUA) e no Reino Unido (UK) [18,20,21]. Nos EUA, as populacdes de origem africana,
hispanica ou asiatica apresentam maior prevaléncia de manifestacbes do LES e
envolvimento de 6rgdos vitais em compara¢do com outros grupos étnicos [22]. Além
desses grupos, individuos hispanicos desenvolvem manifestacdes mais severas de LES e
acumulam danos mais rapidamente em relagédo aos caucasianos. O aumento da reatividade
dos autoanticorpos e o elevado risco genético pode explicar o fenétipo lUpico mais grave
em individuos ndo brancos [23].

Além disso, em um estudo de coorte brasileira de 888 pacientes com LES [18], a
média de idade observada no diagndstico do LES foi de 29,9 anos e a duragdo média da
doenca desde o diagndstico foi de 14,5 anos. Também houve uma maior prevaléncia da
doenga nas mulheres (91,9%), variando de 88,3 a 96,2% com uma taxa de 9:1
considerando mulheres e homens, respectivamente [22,24]. Esse predominio em

mulheres pode ser explicada por alteragdes hormonais, considerando o uso de estrogénio
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em contraceptivos orais e as terapias de reposi¢cdo hormonal, que podem desencadear
doencas autoimunes e condic¢des patoldgicas [25]. Além disso, este estudo ndo mostrou

diferenca de idade de inicio da doenca entre homens e mulheres.

2.2.2. Classificacdo e diagnostico

O diagndstico de LES € feito em pacientes que desenvolvem uma combinacéo de
manifestacdes clinicas e alteraces soroldgicas especificas. Durante os Ultimos quarenta
anos, foram elaborados quatro diferentes critérios de classificacdo para melhorar o
diagnostico clinico em pacientes acometidos por lUpus [26].

Os primeiros critérios de LES foram desenvolvidos por Cohen et al. em 1971, e
exigiam a presenca de 4 de 14 itens para classificar as manifestacdes clinico-laboratoriais
como LES. Entre esses critérios, haviam manifestacdes cutaneas (como por exemplo, a
erupcdo cutanea malar), articulares (artralgia e artrite), lesdo renal com hematuria,
proteindria (> 3,5 g/24 horas) além de cilindros celulares, distdrbios hematologicos e
anormalidades do sistema imunoldgico [27].

Em 1982, o American College of Rheumatology (ACR) revisou essa classificacao
devido aos avangos progressivos na compreensdo das vias patogénicas do LES.
Consequentemente, definiu-se por classificar um paciente como tendo LES se
apresentasse pelo menos 4 de 11 critérios, nos quais o critério de proteindria modificou
de 3,5 g/dia para 0,5 g/dia. Além disso, 0 ACR enfatizou a importancia da disfuncéo
autoimune e do papel dos autoanticorpos no LES, incluindo os anticorpos antinucleares
(ANAS) [28].

Na reviséo de 1997, a ACR adicionou os anticorpos anti-fosfolipidicos (aPL) em

associacdo com LES como um dos critérios diagnosticos do LES, e excluiu a positividade
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para células LE. Embora os critérios da ACR de 1997 ndo tenham sido validados, foram
utilizados na pratica clinica e na pesquisa do LES [29].

O Systemic Lupus International Collaborating Clinics (SLICC) em 2012,
dedicado a pesquisa do LES, revisou os critérios da ACR de 1997 [29]. Os critérios
clinicos incluem: 1) Lupus cutaneo agudo; 2) Llpus cutaneo cronico; 3) Ulceras orais; 4)
Alopecia sem cicatrizes; 5) Sinovite envolvendo duas ou mais articulacfes; 6) Serosite;
7) Alterac0es renais (proteinuria igual ou maior a 500 mg em urina de 24 h ou pela relagéo
proteindria/creatininiria em amostra de urina, ou cilindros hematicos); 8) Neuroldgicos
(convulsbes, psicose, mononeurite multiplex, mielite, neuropatia craniana ou periférica,
estado confusional agudo); 9) Anemia hemolitica; 9) Leucopenia (< 4000 leucdcitos/mm?
pelo menos uma vez, ou linfopenia com <1000/mm® pelo menos uma vez); 10)
Trombocitopenia (< 100.00/mm? pelo menos uma vez). Os critérios imunoldgicos sio: 1)
ANAs acima do valor de referéncia; 2) anti-dsDNA acima do valor de referéncia, exceto
por ELISA quando o valor é duas vezes o valor de referéncia; 3) Anti-Sm; 4) Anticorpos
anti-fosfolipidicos (anticoagulante lGpico ou RPR falso positivo, anticorpos
anticardiolipina (IgA, 1gG ou IgM) em titulos médios ou elevados), anti-p. glicoproteina
I (IgA, IgG ou IgM); 5) Baixo nivel de complemento sérico (C3, C4, CH50); 6) Teste de
Coombs positivo na auséncia de anemia hemolitica). A classificacdo da SLICC define
que o paciente deve satisfazer pelo menos 4 critérios, incluindo 1 critério clinico e 1
critério imunoldgico, ou ter NL comprovada por bidépsia como Unico critério clinico na

presenca de anticorpos anti-nucleares ou anti-DNA de cadeia dupla [26,27,29].

2.2.3. Patogénese do LES

A patogénese do LES envolve predisposicdo genética, fatores ambientais e

anormalidades do sistema imune inato e adaptativo [30]. Um numero relevante de fatores
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estdo envolvidos na patogénese do LES, incluindo disturbios na imunorregulacéo, tais
como falha nos mecanismos de apoptose para remover ou silenciar células B e T
autorreativas, exposicdo anormal ou apresentagdo de autoantigenos, além de
hiperatividade de células B e T e excessiva estimulacdo na producdo de citocinas
inflamatorias [31,32].

A depuragdo de restos celulares € uma funcao fisioldgica do organismo e essencial
para a manutencdo da auto-tolerancia imunoldgica. As células apoptéticas sdo fagocitadas
através de receptores que reconhecem componentes alterados da membrana celular
presentes no soro de individuos saudaveis [31]. Os defeitos nos mecanismos de depuragéo
resultam em necrose e em uma sobrecarga de autoantigenos que, ao invés de serem
consumidos por fagdcitos, ativam receptores pro-inflamatérios dentro das células do
sistema imune inato [3].

O LES induz altera¢des nos macréfagos que incluem a eliminacgéo inadequada das
células apoptoticas, hiperativacdo e o aumento da producdo de citocinas proé-
inflamatorias. Além disso, os macrdfagos no LES apresentam autoantigenos as células T
autorreativas em um meio inflamatorio, diferente da apresentacdo imune geralmente
associada ao material celular apopt6tico [33]. Apds a exposicao ao antigeno, as células T
CD4 desenvolvem fatores que induzem a um perfil especifico de fen6tipo e producéo de
citocinas. Os pacientes com LES apresentam uma hiperproducdo de IL-2, que esta
envolvida na ativacdo e proliferacdo de células T, de IL-17 que é produzida por células T
ativadas, além do fator de necrose tumoral alfa (TNF-a), da interleucina-6 (IL-6), da
interleucina (IL-10) e do interferon tipo I (IFN) [30,33]. O sistema imune adaptativo
envolve a geragdo de células B e T efetoras e a expansdo clonal dos linfécitos. Os
linfécitos autorreativos sdo gerados constantemente por processos somaticos que

estabelecem uma ampla gama de receptores de células B e T necessarias para protecdo
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contra agentes patogénicos. Este processo é deficiente em pacientes com LES devido a
perda de autotolerancia as células B e a remocdo de células B imaturas autorreativas o0s
quais néo sao efetivas [3].

Semelhante aos linfdcitos T, as células B sdo comumente afetadas em pacientes
com LES e produzem uma série de autoanticorpos contra componentes celulares, mais
comumente contra antigenos intranucleares [32]. Na patogénese do LES, as células T
apresentam defeitos na regulacdo da toleréncia e sinalizagdo de seus receptores, 0s quais
contribuem para a sua ativacao. As células T também participam do loop de regulacdo da
resposta das células B, além de infiltrarem e causarem danos nos tecidos [34]. Essas
anormalidades nas células B e T resultam na producdo de autoanticorpos patogénicos.

Acredita-se que o estresse oxidativo acentua algumas das exposi¢oes irregulares
dos tecidos e reagéo aos sinais de morte celular que caracterizam a patologia do LES. A
ativacdo anormal e o processamento da sinalizagdo de morte celular pelo sistema imune
desencadeiam a liberacdo de restos nucleares de células apoptéticas e necrdticas e
estimula a producéo de anticorpos antinucleares (por exemplo, anti-Ro e anti-DNA),
seguida de inflamacdo, dano aos 6érgdos alvo e patologia. A producdo excessiva e a
depuracdo ineficaz de reativos intermediarios de oxigénio (ROI) estdo envolvidas no
desenvolvimento do LES [35]. Os ROI sdo originarios principalmente das mitocondrias,
sendo que as células T de pacientes com LES apresentam disfuncdo mitocondrial,
caracterizadas por hiperpolarizacdo mitocondrial [36]. Aumento da producdo de ROI ou
niveis diminuidos de glutationa reduzida (um marcador inverso de toxicidade celular
oxidativa) foram encontrados em linfocitos de sangue periférico de pacientes com LES.
Além da produgdo mitocondrial, os ROl também podem ser gerados por enzimas como a

nicotinamida adenina dinucledtido fosfato (NADPH) oxidase em fagocitos e, em menor
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extensdo, em células endoteliais, células T e células B, bem como por oxidantes

ambientais [37].

2.2.4. Papel dos autoanticorpos na patogénese do LES

O principal distdrbio imunolégico nos pacientes com LES é a superproducéo de
autoanticorpos e falta de autotolerancia por linfocitos B. A positividade para anticorpos
antinucleares (ANA) é a marca imunoldgica do LES sendo testada frequentemente como
parte de uma investigacao diagnostica inicial. Embora os autoanticorpos ANA sejam um
teste sensivel e detectado em mais de 95% dos pacientes com LES, um teste mais
especifico é a analise da presenca de anticorpos anti-dsDNA e anti-Sm. Os anticorpos
anti-Sm reagem com pequenas proteinas nucleares de ribonucleoproteina nuclear
(snRNP), enquanto os anticorpos anti-DNA se ligam a um determinante de &cido nucleico
amplamente conservado e presente no DNA. Os titulos de anticorpos anti-dsDNA variam
frequentemente durante o desfecho da doenca, enquanto os titulos de anticorpos anti-Sm
sdo geralmente constantes e mais especificos para o diagnostico de LES, mas apresentam-
se apenas em 30% dos pacientes com a doenca [38].

A presenca de autoanticorpos em pacientes com LES é cumulativa, dentre os quais
os anticorpos ANA, anti-Ra, anti-Ro (SSA), anticorpos anti-La (SSB) e antifosfolipidicos
sdo detectados primeiro, seguidos pelos anticorpos anti-dsDNA, anti-Sm e anti- SnRNP.
O numero desses anticorpos continua a aumentar até que o diagnostico e a intervengdo
terapéutica do LES sejam realizados, inibindo e controlando assim a sua producéo [39].

Os autoanticorpos se ligam aos antigenos e produzem imunocomplexos, que, se
ndo removidos corretamente, podem se depositar em varios orgaos, como articulacdes,
rins, pele, pulmé&o, cérebro, entre outros. A leséo tecidual induz uma resposta inflamatodria

exacerbada, ocasionando danos aos 6rgdos [38,40]. E importante ressaltar que a
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deposicao desses imunocomplexos € muito intensa nos rins levando a lesdes renais em
aproximadamente 50% dos pacientes [41]. O envolvimento renal é quase inevitavel em
todas as formas de LES com evolug&o cronica, onde muitos pacientes desenvolvem les6es
renais, as quais sdo definidas como nefrite lupica, que é uma forma especifica de
glomerulonefrite com um espectro muito diferente de lesdes teciduais [42].

Em relacdo a frequéncia de autoanticorpos no LES, um estudo recente realizado
na Inglaterra examinou uma coorte de 511 individuos com LES com inicio na vida adulta,
mostrando a presencga de ANA em 94% dos pacientes, anti-dsDNA em 63%, anti-Sm em
16%, anti-RNP em 29%, anti-Ro em 38% e anti-La em 15% [43]. Em uma populacdo
brasileira com LES, 92 pacientes com inicio da doenca na vida adulta foram testados,
detectando-se ANA em 100% dos pacientes, anti-dsSDNA em 40,2%, anti-RNP em 40,9%,
anti-Sm em 31%, anti-Ro em 39,5% e anti-La em 23,3% [44].

A positividade para autoanticorpos especificos no lupus € observada mais
frequentemente em individuos ndo europeus. Um estudo mostrou que pacientes afro-
americanos e hispanicos apresentavam maior nimero de autoanticorpos, ou seja, 53% dos
afro-americanos e 34% dos individuos hispanicos apresentaram quatro ou mais
especificidades para autoanticorpos em comparacdo com 19% dos individuos europeus
[45]. Assim como o0s anticorpos anti-Sm, anti-RNP, anti-dsSDNA estavam menos

presentes em individuos hispanicos e europeus em compara¢do com afro-americanos.

2.2.5.Envolvimento de multiplos 6rgéos

O LES é uma doenca que afeta multiplos érgéos caracterizada por episodios de
atividade e remissdo ao longo do tempo, os quais restringem a habilidade dos pacientes
afetados de realizar as atividades diarias [46]. Entre as manifesta¢cdes mais comuns estéo

problemas cardiacos, articulares, cutaneos e manifestagdes renais, a NL.
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As manifestacdes cardiovasculares sdo uma das mais importantes causas para a
morbidade e mortalidade dos pacientes com LES. Esses pacientes apresentam
aterosclerose avangada levando & doenca arterial coronariana (DAC) e outras
manifestacBes cardiacas que podem estar presentes. Pericardite é a mais comum,
entretanto, miocardite, endocardite, hipertensdo e problemas microcirculatérios também
podem ocorrer [47].

Em uma coorte brasileira, 36,9% dos pacientes desenvolveram manifestacdes
renais, comparavel aos encontrados em outros estudos que relataram uma prevaléncia
variando de 27,9 a 58,3% [48,49]. Individuos afro-caribenhos portadores de LES
desenvolvem doenga renal mais precocemente e com maior frequéncia [50,51], assim
como individuos ndo europeus na Franca, afro-americanos e latino-americanos
[22,52,53].

Além do mais, raca e fatores étnicos desempenham um papel determinante na
doenca renal cronica (DRC) terminal e na mortalidade. A progresséo para DRC terminal
€ mais comum em individuos afro-americanos e hispanicos com NL [54], ja a
apresentacdo com DRC terminal ou rapida progressdo sdo significativamente mais
comuns em afro-americanos [21]. Contreras et al [55] demonstraram que pacientes afro-
americanos com NL desenvolveram DRC terminal e tiveram maiores taxas de
mortalidade quando comparados a populacdes ndo africanas. Entretanto, parece que
pacientes lUpicos de diferentes etnias apresentam taxas similares de rejeicdo do enxerto
renal no seguimento pos-transplante [55].

Ldpus eritematoso cutaneo pode ser uma doenca isolada somente envolvendo a
pele, ou pode estar presente como parte das manifestacdes do LES, com pelo menos o
envolvimento de um 0&rgdo interno e desordens sorologicas imunes. Além disso,

manifestages cutaneas incluem rash malar, rash discoide, fotossensibilidade e Ulceras
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orais. O envolvimento da pele ndo somente contribui como também facilita o diagnéstico
precoce do LES [56].

Envolvimento articular € uma das manifestagdes mais comuns em pacientes com
LES, com uma prevaléncia variando de 69% a 95%. Essa manifestagéo afeta a qualidade
de vida dos pacientes e, também pode levar a incapacidade e comprometimento do
desempenho funcional nas atividades diarias [57].

Entre as manifestacGes torécicas, a doenca pleural é a mais comum e causa grande
morbidade e mortalidade nos pacientes com LES. A dor torécica pleuritica, febre, tosse e
dispneia sdo tipicas e o diagnostico de Iupus pleuritico € estabelecido por fluido
sorolégico pleural, com a presenca de altos titulos de ANA no liquido pleural [58].

O LES pode afetar e levar a lesdo qualquer parte do trato gastrointestinal,
ocasionado pela deposicdo de complexos imunes. As complicagdes incluem isquemia
intestinal, hemorragia, infarto ou perfuragéo intestinal. Clinicamente, os pacientes podem
apresentar dor abdominal, febre, vomitos, perda de peso e diarreia [59].

As manifestacfes neuropsiquidtricas envolvem o sistema nervoso central e
periférico e sdo condi¢bes complexas, heterogéneas e geralmente associadas a um pior
prognostico. As complicaces neuroldgicas sdo responsaveis pela alta morbidade e
mortalidade no LES, com um amplo espectro de manifestacdes clinicas e apesar da
disfuncédo cognitiva (50%) ser a manifestacdo mais comum, o neurolupus também pode
apresentar-se como neuropatia periférica (15%), psicose (10%) ou outras anormalidades
do sistema nervoso central, como acidente vascular cerebral, sindrome cerebral organica
e convulses [60].

Apesar dos avancos, 0s pacientes com LES apresentam uma expectativa de vida
de duas a cinco vezes menor do que a populacdo em geral, sendo mais grave em pacientes

mais jovens. Na comparacgéo entre pacientes jovens e pacientes com inicio da doenca na
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vida adulta, o risco de mortalidade é cerca de 2,5 vezes maior em pacientes mais jovens

[61,62].

2.3. Nefrite Lupica (NL)

A NL é uma das complicacbes mais graves do LES, ocorrendo em
aproximadamente metade desses pacientes [52]. Clinicamente, a NL € caracterizada por
proteinuria, hematuria, cilindros celulares e perda de funcéo renal que pode levar a DRC
terminal e necessidade de dialise ou transplante renal [5,6]. A NL sem tratamento pode
destruir o parénquima normal do rim e induzir dano crénico com graus variados de fibrose
intersticial, atrofia tubular e esclerose glomerular [63].

As alteracGes histoldgicas na NL variam da auséncia de lesbes, proliferacdo
mesangial isolada e depositos subepiteliais na membrana basal glomerular (MBG) a
formas proliferativas severas, com proliferacdo endocapilar, depdsitos de
imunocomplexos subendoteliais, pseudo-trombos intracapilares, necrose e formacdo de
crescentes glomerulares [64]. Recentemente, a lesdo dos poddcitos na NL e sua
contribuicdo para a fisiopatologia da glomerulonefrite também tém sido estudadas [65—
67].

A NL compreende varios padrdes de histopatologia renal no LES, incluindo
patologia glomerular, tubulointersticial e vascular. Além disso, uma caracteristica do
envolvimento renal é a deposi¢do de imunocomplexos circulantes e a ligagdo ao antigeno
no tecido renal [68]. Outros padroes de doenga renal, ndo classificados como NL em suas
formas cléassicas, sdo a podocitopatia lUpica e a microangiopatia trombdtica, que também

podem estar presentes em pacientes com LES [69,70].

32



2.3.1. Epidemiologia da NL

Os aspectos epidemiologicos da NL sdo afetados por diversos fatores como
demogréficos, socioeconémicos, genéticos, clinicos, histologicos e soroldgicos [71]. Um
dos fatores de risco independentes e consistentemente identificados para o envolvimento
renal e rapido desenvolvimento de nefrite sdo a etnia africana e mesticos latino-
americanos, em diferentes coortes multiétnicas dos Estados Unidos [72], América Latina
[22], Reino Unido [50] e Franca [73]. Assim como, a etnia afro-americana é associada a
NL recorrente e, possivelmente, com sobrevida reduzida em pacientes submetidos a
transplante renal [74].

O status socioecondémico também pode ter um impacto importante no
desenvolvimento da doenca renal nos pacientes. Um estudo adicional, usando a renda
familiar, nivel educacional e seguro saide como medidas de status econdmico e social
em uma populacdo americana multiétnica, relatou que a pobreza foi um importante fator
para progressao de formas proliferativas da NL. O risco de progressdo da doenca renal
foi relatado pela falta de seguro saude e pobreza, independente de fatores étnicos,
genéticos ou bioldgicos [75].

A NL ocorreu em 38,8% dos pacientes com LES em uma grande coorte
multicéntrica e multiétnica da Europa, América do Norte e América Central, sendo
associada a DRC terminal e morte em quase cinco anos de seguimento. No Brasil, 50 a
70% dos adultos e criangas com LES, respetivamente, apresentou nefrite em um estudo
de coorte retrospectiva [52,76].

A maior frequéncia de envolvimento renal tem sido associada com 0 sexo
masculino no LES. Em um estudo de coorte realizado pelo Grupo Latino Americano de
Estudio del Lupus (GLADEL) mais de 50% dos pacientes tiveram alguma forma de

envolvimento renal, com uma frequéncia em homens de 61% e em mulheres de 50,7%.
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O sexo masculino mostrou maior tendéncia em desenvolver glomerulonefrite e sindrome
nefrética que o sexo feminino [22].

A NL é o principal fator de risco para morbidade e mortalidade no LES, e 10%
dos pacientes com NL desenvolverdo DRC terminal. O risco de DRC terminal é maior
em determinados subgrupos de NL, chegando a 44% ao longo de 15 anos. Pacientes com
NL tem uma maior taxa de mortalidade (6-6,8 versus 2,4) maior que paciente com LES e
sem NL. Além disso, a sobrevida melhora de 46% a 95% em 10 anos se a remissdo da

doenca for atingida [41].

2.3.2. Classificacdo e diagndstico

Houveram algumas classificacdes da NL de 1982 a 1995, porém com a finalidade
de integrar avaliacBes clinicopatoldgicas e patogenéticas e também para eliminar
inconsisténcias e ambiguidades, Weening et al. [77] propuseram em 2004 uma
classificacdo revisada que introduz varias modificacbes importantes. A classificacdo é
baseada exclusivamente na patologia glomerular e os autores recomendam que qualquer
patologia vascular e tubulointersticial significativa fosse relatada como um ponto
separado no diagnostico. Eles identificaram seis classes de LN e os dados de diagnostico
sdo relatados na Tabela 1 de acordo com a sociedade internacional de nefrologia e

patologia renal (International Society of Nephrology/Renal Pathology Society - ISN/RPS).
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Tabela 2. Classificacdo da NL pela ISN/RPS.

Alteracdes histoldgicas

Classe histolégica Classificacdo
Classe | NL mesangial minima
Classe 11 NL proliferativa mesangial

NL proliferativa focal
(A): NL proliferativa focal com lesdes ativas.
Classe 111 (AJC): NL proliferativa focal com lesdes ativas
e crbnicas
(C): NL proliferativa focal com lesdes cronicas
NL proliferativa difusa
S (A): NL proliferativa segmentar difusa, lesdes
ativas e necrotizantes
G (A): NL proliferativa global difusa, lesdes
ativas e necrotizantes
S (A/C): NL proliferativa segmentar difusa,
Classe IV lesdes ativas e cronicas
G (A/C) NL proliferativa global difusa, lesdes
ativas e cronicas
S (C): NL proliferativa segmentar difusa, lesdes
crbnicas com cicatrizes
G (C): NL proliferativa global difusa, lesdes

cronicas com cicatrizes

Classe V NL membranosa

Classe VI NL esclerosante avancada

Glomérulos normais na microscopia optica (MO), mas
com dep06sitos mesangiais na imunofluorescéncia (IF)
Hipercelularidade puramente mesangial de qualquer grau
ou expansdo da matriz mesangial na MO, com depositos
imunes mesangiais. Podem ser alguns depdsitos
subepiteliais ou subendoteliais isolados visiveis por IF ou
microscopia eletronica (ME), mas ndo por MO
Glomerulonefrite ativa ou inativa focal, segmentar ou
global endo ou extracapilar envolvendo < 50% de
todos os glomérulos, tipicamente com depdsitos
imunes subendoteliais focais, com ou sem alteracGes

mesangiais

Glomerulonefrite ativa ou inativa difusa, segmentar ou
global endo ou extracapilar envolvendo > 50% dos
glomérulos, tipicamente com depo6sitos imunes difusos
subendotelial, com ou sem altera¢Ges mesangiais:
(IV-S) NL segmentar difusa quando > 50% dos
glomérulos envolvidos tem lesdes segmentais, e (IV-G)
NL global difusa quando > 50% dos glomérulos
envolvidos tem lesdes globais. Segmentar € definida
como uma lesdo glomerular que envolve menos da
metade dos tufos glomerulares. Essa classe inclui casos
com depdsitos difusos nas algas capilares mas com

pouco ou nenhuma proliferacdo glomerular

Depositos imunes subepiteliais segmentar ou global e/ou
sequelas morfolégicas pela MO e IF ou ME, com ou sem
alteracfes mesangiais. Classe V NL pode ocorrer em
combinacdo com classe Il ou IV nos quais ambos 0s
casos serdo diagnosticados

com > 90% dos glomérulos globalmente esclerosados sem

atividade residual

Adaptado de Weening, 2004 [77].
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2.3.3. Patogénese da NL

A patogénese da NL envolve mecanismos patogénicos extra-renais e intra-renais.
Os mecanismos extra-renais desenvolvem-se com uma combinacdo entre fatores
ambientais e genéticos, defeitos na imunorregulacdo bem como proliferacdo
descontrolada de linfécitos B e T. Os mecanismos intra-renais envolvem dano renal
mediado por imunocomplexos, ativacdo de receptores Toll Like (TLR), sinalizacédo
medida pelo IFN e recrutamento de leucocitos mediados por quimiocinas [68].

O depdsito de imunocomplexos no rim ativa a cascata do complemento, levando
a co-localizacdo de proteinas do complemento nos glomérulos, ativando vias pro-
inflamatdrias e células residentes renais, o que provoca lesdo tecidual e o
desenvolvimento da nefrite. As células inflamatdrias sdo recrutadas através da acdo de
receptores Fc e receptores Toll Like (TLR) ativados pela expressdo exacerbada de
citocinas e quimiocinas [3].

A injaria glomerular ocorre através de padrdes especificos e dependem do sitio de
ligacdo dos imunocomplexos, os quais levam a padrbes diferentes de dano tecidual.
Depdsitos mesangiais e subendoteliais estdo associados com infiltracdo de células imunes
com acentuada proliferacdo endocapilar e mesangial, enquanto que depositos
subepiteliais (podocitarios) resultam em lesdo ndo-exsudativa e ndo proliferativa [77]. O
tipo de deposito pode depender do autoanticorpo especifico, e também da duragédo e
severidade da NL. A deposi¢do de imunocomplexos no mesangio leva as lesdes de classe
I e Il (mesangial minima e mesangial proliferativa), e os imunocomplexos subendoteliais
induzem lesGes proliferativas das classes Il (focal) e IV (difusa). Por fim, depdsitos
subepiteliais levam a formacao de lesbes da classe V (membranosa), e se em associagdo

com depdsitos subendoteliais, as classes mistas I1/1V ou IV/V [68].
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Uma nova classe descrita ainda em estudo é a podocitopatia lGpica, em que se
observam fusdo podocitaria em mais de 50% dos capilares glomerulares na auséncia de
imuno-depdsitos e de proliferacdo endocapilar, com histopatologia semelhante a lesbes
minimas, proliferacdo mesangial e glomeruloesclerose segmentar e focal. Nessas formas
de NL é provavel que as alteracGes funcionais nos poddcitos predominem [78,79].

A NL inicia-se pela deposicdo de autoanticorpos do tipo anti-dsDNA contendo
imunocomplexos no parénquima renal. Embora somente a deposic¢ao de imunocomplexos
ndo é suficiente para induzir dano, esse mecanismo ocorre acompanhado pela ativagao da
via classica do complemento, infiltracdo de células do sistema imune, liberacdo de
quimiocinas, citocinas e dano oxidativo, 0s quais em conjunto induzem inflamacao renal
e consequentemente dano tecidual. A ativacdo da via classica do complemento ocorre
através da interagdo do componente C1lgq com imunocomplexos, os quais devido a
clearance deficiente resultam na acumulacdo de C1q e na producdo do anticorpo anti-

C1q no tecido renal [63].

2.3.4. Os podacitos e a injaria podocitaria na NL

Os poddcitos sdo células epiteliais terminais (ndo proliferam), polarizadas e com
carga negativa, possuindo uma forma peculiar modificavel devido ao citoesqueleto rico
em microfilamentos de F-actina e de miosina. Embriologicamente, os poddcitos derivam
de células mesenquimais e desempenham papel importante na manutencgéo da barreira do
filtro glomerular, na filtragdo glomerular e na formacéo do filtrado glomerular para o
espaco de Bowman [80,81].

A complexa cito-arquitetura dos podocitos € necessaria para que essas células
altamente especializadas realizem suas funcdes, que incluem: manuten¢édo da forma da

alca do capilar glomerular e da integridade da barreira em tamanho e carga as proteinas,
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oposicdo a pressao gerada dentro do glomeérulo, sintese e manutengdo da membrana basal
glomerular (MBG) onde estdo ancorados, aléem de producdo e secrecdo do fator de
crescimento vascular endotelial (VEGF), necessario para manter a integridade das células
epiteliais nos capilares glomerulares. Alteracbes nas suas fungdes apds uma injaria
inflamatoria, mecéanica ou por mutacdes genéticas resulta em proteindria e perda de
funcéo renal [80-82].

A injuUria persistente aos poddcitos leva a sua perda permanente e a patologia
glomerular através da desregulacéo, inflamacéo ou degeneracdo da célula epitelial como
na NL, por exemplo [83]. Sabe-se que autoanticorpos como o dsDNA ligam-se as
estruturas glomerulares, incluindo os poddcitos [84], os quais estudos clinicos e
experimentais tém correlacionado a atividade da NL ao dano estrutural do diafragma em
fenda, a desregulacgdo da arquitetura do citoesqueleto e a perda do ancoramento na MBG,
inclusive nos estagios iniciais da doenca [66,85].

A apresentacdo clinica da NL provavelmente se correlaciona com a histopatologia
da doenca, porém a extensao dos danos ao podocito em nivel molecular ainda néo é claro.
Estudos tém investigado a perda de poddcitos na urina (podocitiria) e da reducdo de sua
expressao no tecido (podocitopenia) como uma evidéncia de leséo estrutural do capilar
glomerular, correlacionado-a com a severidade histologica e com alteracGes observadas

na microscopia eletronica [67,85,86].

2.3.4. Tratamento da nefrite lUpica

A NL é um fator de risco importante para a morbidade e mortalidade no LES e
apesar das terapias potentes com anti-inflamatérios e imunossupressores, muitos
pacientes evoluem para DRC e DRC terminal [41]. Atualmente, o objetivo da terapia é

controlar a atividade da doenca, uma vez que o tratamento permanece insuficiente devido
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a heterogeneidade bioldgica entre os pacientes e a falta de terapias seguras e especificas.
Além disso, o0 objetivo de estudos recentes € tratar os pacientes de maneira estratégica,
personalizada e induzir melhores resultados em longo prazo. Portanto, é de fundamental
importancia encontrar terapias capazes de modificar o curso da doenca ou reverter seu
periodo de atividade, minimizando efeitos colaterais [87].

A tomada de decisdo para o inicio do tratamento, a sele¢do de um regime
terapéutico e a duracdo do tratamento dependem da caracterizagdo do envolvimento renal
baseados nos critérios de classificacdo de 2004 da ISN/RPS [77]. Na préatica clinica, a NL
humana é tratada com um regime terapéutico de inducdo e é seguida por imunossupressao
de manutencéo adicional [88].

O tratamento tipico inclui drogas antimalaricas (principalmente hidroxicloroquina
e cloroquina), drogas imunossupressoras, agentes biologicos e algumas terapias adjuntas
seguindo as recomendacdes internacionais [89]. Ciclofosfamida (CCF) e micofenolato
mofetil (MMF) sdo drogas usadas para terapia de indugdo associada com glicocorticoides
(metilprednisolona endovenosa seguida de prednisona oral) sendo que o MMF
demonstrou eficacia comparavel a CCF em estudos recentes [90,91].

A fase de manutengdo continua com o tratamento imunossupressor para alcancar
e/ ou manter resposta completa ou parcial, assim prevenindo a recidiva da NL, o
surgimento de lesdes cronicas e DRC, ao mesmo tempo minimizando os efeitos tdxicos
da longa exposicao de drogas imunossupressoras [91]. Geralmente, a terapia nessa fase é
realizada com MMF ou azatioprina (AZA), e também provou ser eficaz e segura, quando
comparada ao tratamento com a CCF em longo prazo [92].

Além disso, a ciclosporina e o tacrolimus, drogas inibidoras da calcineurina,
também foram avaliadas em pacientes com NL estavel. Alguns dados limitados sugerem

que o tacrolimus ou a combinacdo de baixas doses de MMF com tacrolimus podem ser
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usadas como terapia de inducdo na NL, particularmente em pacientes com
contraindicac@es ou pela falta de resposta ou intolerancia a CCF ou ao MMF [93].

Como descrito previamente, células B desempenham um papel proeminente na
patogénese da NL através de uma variedade de diferentes mecanismos. Além disso, as
celulas B como alvo terapéutico surgiram como uma estratégia biologicamente plausivel
nos ultimos anos [91]. A Unica droga biol6gica aprovada para o tratamento do LES é o
Belimumab, um anticorpo monoclonal inibindo o fator estimulador de linfocitos B (fator
BlyS) e a producgéo de células B, mas outros agentes que usam essas células como alvo,
tais como Rituximab, Blisibimod e Tabalumab também estéo sendo testadas em estudos
clinicos de fase 111 [94-96].

Recentemente, novas terapias podem ser uma alternativa para o tratamento das
manifestacdes do LES, como a terapia nutricional e 0 uso de suprimentos nutricionais.
Essas alternativas poderiam melhorar a qualidade de vida desses pacientes, reduzindo
comorbidades e os efeitos colaterais causados pela terapia farmacoldgica. Crescentes
evidéncias mostram que a ingestdo de diferentes nutrientes apresentam efeitos benéficos
derivados de suas propriedades antioxidantes, anti-inflamatérias e imunomoduladoras,
sugerindo um potencial efeito positivo da terapia dietética na prevencao e cuidado no LES
[87].

Também é notavel o papel dos antioxidantes alimentares, como polifendis,
flavondides e melatonina, incluidos na dieta através de vegetais, frutas, cereais e bebidas
como o cha e o vinho. No entanto, estudos adicionais sdo necessarios para uma melhor
compreensdo do processo de regulacdo e dos fatores-chave da acdo dessas substancias

sobre essas doengas, antes da sua incluséo na pratica clinica [87].
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2.3.5. Nefrite lUpica e estresse oxidativo

Extensas evidéncias indicam que o estresse oxidativo, que é um desequilibrio
entre a producdo oxidante e a atividade do sistema antioxidante, desempenha um papel
importante na patogénese da doenca glomerular. Na NL, ocorre a deposicdo de
imunocomplexos que é acompanhada pela geracdo de espécies reativas de oxigénio
(ROS) ou ROI, as quais desempenham um papel central na injdria glomerular aguda e
crénica em pacientes com NL [97,98].

A deteccdo da oxidacdo de lipidios, o dano oxidativo ao DNA e a oxidacao de
proteinas em pacientes com lUpus sdo evidéncias do envolvimento das ROS no LES e na
NL [99]. O papel fundamental das ROS em produzir dano celular agudo e irreversivel é
bem caracterizado, sendo que os mecanismos de dano celular por ROS incluem
peroxidacdo de membranas celulares, reticulacdo de proteinas celulares e dano ao DNA
[100]. Os produtos liberados de células lesadas podem amplificar a resposta inflamatéria
aguda, levando a danos na citoarquitetura das células de 6rgéos alvo. Por sua vez, as ROS
sdo também capazes de amplificar as reacGes imunoldgicas que promovem a destruicdo
tecidual na NL [101].

Reacdes oxidantes estdo associadas com fibrogénese renal em pacientes com LES
e outras doencas progressivas, dando suporte ao papel da producédo cronica de ROS como
uma via de sinalizacéo para expansdo da matriz extracelular, producéo de fibroblastos e
de colageno que resulta em fibrose tecidual [102]. Wang et al. demonstraram que o
tratamento com &cido beta-aminoisobutirico melhora a fibrose renal em rins obstruidos
de camundongos através de inibicdo da ativacao de fibroblastos [103].

Portanto, as ROS séo potentes estimuladores da producéo de coldgeno em estudos
experimentais utilizando cultura de fibroblastos [104]. Esses autores também sugerem

que doencas fibrogénicas estdo associadas com a reducdo de enzimas antioxidantes
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(superdxido dismutase, catalase, glutationa peroxidase, entre outras) e aumento da
producdo de ROS [105]. Essas observagdes fornecem a base de uma “retroalimentagao
positiva”, levando a persistente geracdo de ROS na NL progressiva. Estudos séo
necessarios para avaliar a eficacia potencial de antioxidantes e compostos naturais como

alvos terapéuticos para prevenir a progressdo da doenca renal em pacientes com NL [106].

2.3.6. Nefrite lupica e tratamento antioxidante

A NL esta intimamente associada ao desequilibrio entre as atividades oxidantes e
antioxidantes na sua patogénese. Alguns estudos que investigaram o uso de antioxidantes
no tratamento da NL obtiveram resultados satisfatorios, sendo que existem poucos
estudos relatando o tratamento da NL com antioxidantes. Sdo estudos em grande parte
experimentais, com apenas um relato de caso na literatura [7,8,107].

Suwannaroj et al. demonstraram que o tratamento com N-acetilcisteina (NAC) em
modelo experimental utilizando camundongos reduziu a mortalidade desses animais [7].
Outro estudo realizado por Lai et al. mostrou que a NAC melhorou o LES através do
blogqueio da atividade da proteina alvo da rapamicina em mamiferos (MTOR) em células
T. Além disso, o tratamento com NAC melhorou os niveis de glutationa (GSH) regulando
a atividade da doenca e suas manifestagdes [37].

Um estudo experimental avaliou os efeitos protetores da administracdo crénica de
melatonina (30 mg/kg de peso corporal na dgua de beber) em camundongos MRL/Mpj-
Fas™, que desenvolvem espontaneamente uma doencga autoimune com caracteristicas
semelhantes ao LES humano. Os camundongos fémeas e a maioria dos machos exibiram
anormalidades glomerulares compativeis com nefrite, lesdes do tipo artrite e presenca de
infiltrado inflamatdrio intersticial variando de padrdes leves a severos. O tratamento com

a melatonina melhorou os padrdes histoldégicos em fémeas mas piorou em machos, e por
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ISSO esses autores sugeriram que os efeitos da melatonina sdo sexo-dependentes e,
provavelmente, ocorrem pela modulacéo e inibicdo de hormonios sexuais [108].

Adicionalmente, em um modelo de IGpus induzido por pristano, um provavel
desencadeador ambiental do LES em populacfes susceptiveis, Zhou et al. demonstraram
que a administracdo oral de melatonina (0,01; 0,1 e 1,0 mg/kg), imediatamente apds a
injecdo de pristano, inibe ou reverte alteracdes imunoldgicas no modelo de camundongos
BALB/c, ap6s 24 semanas de tratamento. Nesse estudo, foi demonstrado uma reducédo
dos niveis de IgM anti-ssDNA e de autoanticorpos anti-histonas, reducdo da secrecao de
IL-6 e IL-13, e melhora das lesdes histoldgicas renais, com reducdo no espessamento das
paredes capilares e na expansdo mesangial, e menor porcentagem do infiltrado
inflamatorio intersticial. Esses mecanismos envolvem a modulacdo de distdrbios no
sistema imunoldgico e consequentemente das alteragBes histoldgicas nos animais
induzidos por pristano [8].

Zhai et al. administraram em uma linhagem de camundongos MRL/Ipr a
pirrolidina ditiocarbamato (PDTC), um potente antioxidante, que é frequentemente usado
para estudar o papel das reacdes dos radicais livres em varios processos bioldgicos e
contra o dano celular induzido por radicais livres. O PDTC exerceu um efeito protetor
nos camundongos tratados através da redugdo do numero de células do infiltrato
inflamatorio, além da severidade do dano autoimune, dos niveis séricos de anti-dsDNA e
do achatamento dos pedicelos dos poddcitos. Esses efeitos sdo mediados, em parte, pela
inibicdo da via de sinalizacdo do fator nuclear kappa B (NF-kB) e da p38 proteino-
quinases ativadas por mitogenos (MAPK). O PDTC pode ser eficaz prevenindo a fibrose
renal em modelos espontaneos de LES, e também por antagonizar os efeitos induzidos

pelo lipopolissacarideo (LPS) das bactérias, os quais podem acelerar e exacerbar a NL

[9].
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Um relato de caso envolvendo substancias antioxidantes tratou pacientes com NL
com hidroxicloroquina (400 mg/dia), calcitriol (0,25 pg/dia) e NAC. O comprimido
efervescente de 600 mg de NAC foi dissolvido em 4gua morna e administrado duas vezes
ao dia, durante 12 meses. ApGs o tratamento houve melhora dos indices relativos do
namero de leucocitos, da proteindria de 24 horas e da taxa de sedimentacéo de eritrdcitos
ou velocidade de hemossedimentacdo, refletindo um resultado terapéutico satisfatorio e
sugerindo que a combinacdo de NAC com hidroxicloroquina e calcitriol pode ser
adequada para o tratamento inicial da NL [107]. Contudo, estudos adicionais séo
necessarios para o melhor entendimento do processo de regulacdo mediado por

antioxidantes e de fatores criticos para a sua agdo em doencas autoimunes.

2.4. Modelos animais de LES

Devido ao alto grau de heterogeneidade clinica em pacientes com LES, os
modelos de camundongos tém sido valiosos para investigar a etiopatogenia do LES e da
NL, bem como para identificar e validar novos alvos terapéuticos [11]. Modelos de
camundongos com LES podem ser espontaneos ou induzidos, e varias alteracdes renais
tém sido relatados nesses animais. Os modelos espontaneos de camundongos incluem o
hibrido entre 0 F1 e o New Zealand Black (NZB) e o New Zealand White (NZW)
formando a geracdo hibrida (NZB/W F1) [109], o MRL/Ipr [110], e a linhagem

BXSB/Yaa [111], além do modelo exposto ao pristano [10], que é um modelo induzido.
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2.4.1. Modelos espontaneos de camundongos

O modelo de camundongo hibrido NZB/W apresenta susceptibilidade a
autoimunidade, altos niveis séricos de anticorpos antinucleares, anti-dsDNA, anti-Ro,
anti-La e anti-Sm que sdo caracteristicos do LES humano. Esses camundongos
desenvolvem proteindria progressiva e glomerulonefrite com depdsitos de
imunocomplexos no mesangio, cilindros celulares e formacdo de crescentes, além de
proliferacdo difusa de células glomerulares. No geral, a linhagem hibrida NZB/W F1 tem
sido usada para estudar os mecanismos genéticos subjacentes do LES e suas
caracteristicas, e também estudar a etiopatogénese da glomerulonefrite mediada por
imunocomplexos envolvendo a deposicdo de anti-dsSDNA e outros autoanticorpos, além
do papel do IFN tipo 1 no desenvolvimento do LES [10,112].

A linhagem de camundongo MRL/Ipr ¢ um modelo espontaneo de mutagédo
recessiva lymphoproliferation (lpr) e apresenta diversas caracteristicas que reproduzem
as alteracBes encontradas nos pacientes com LES, como glomerulonefrite mediada por
deposicdo de imunocomplexos e hiperatividade de células B e T [112,113]. Esses animais
espontaneamente desenvolvem autoanticorpos tais como anticorpos ANA, anti-DNA
(dsDNA e ssDNA), anti-Ro e anti-La. Eles também induzem linfadenopatia, dano em
diferentes 6rgdos e morte prematura, sendo que os indices de mortalidade chegam a 50%
apos 24 semanas de vida [10].

Outro modelo animal de LES espontaneo é a linhagem BXSB que foi criada
através do cruzamento dos camundongos C57BL/6J fémeas e camundongos machos
SB/Le. Esses animais apresentam o cromossomo Y ligado ao acelerador autoimune aa
(Yaa), levando ao aumento da autoimunidade e a glomerulonefrite aguda em machos, o0s
quais sao diferentes de outros modelos animais que afetam as fémeas de maneira mais

pronunciada. Clinicamente, como a linhagem BZB/W, o modelo BXSB apresenta
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anticorpos anti-DNA séricos e glomerulonefrite severa. Além disso, eles também séo
usados para estudar LES de origem genética e para investigar danos de vias dependentes

de células T [114,115].

2.4.2. Modelos induzidos de camundongos

Satoh et al. relataram que fémeas BALB/c expostas ao pristano apresentavam
diversas caracteristicas semelhantes ao LES de humanos. Por essa razdo, o modelo animal
induzido com uma unica injecdo intraperitoneal de pristano tem sido usado para estudar
a fisiopatologia dessa doenca, sendo que o dano renal € detectado geralmente 6 meses
apos injecdo de pristano. Esses camundongos desenvolvem proteiniria e alteragdes
teciduais, tais como depdsitos de IgG e complementos no glomérulo, e também deposicao
de outros imunocomplexos, proliferacdo celular, fusdo e achatamento dos pedicelos dos
poddcitos consistente com a forma proliferativa difusa de NL [116,117].

O pristano também induz a producéo de autoanticorpos IgG em associa¢do com o
LES ativo, incluindo ANA, dsDNA, ssDNA, cromatina, Sm, RNP, Su e proteina P
ribosomal. Além disso, manifestacdes clinicas do LES foram encontradas nesse modelo
animal, tais como glomerunefrite mediada por imunocomplexos e
hipergamaglobulinemia policlonal [118]. Além das manifestacGes clinicas semelhantes,
também ocorre produgdo exacerbada de IFN-a, IFN-B e citocinas pro-inflamatorias que
podem ser detectadas nesse modelo como no soro de pacientes com LES ativo [119].
Portanto, o modelo do pristano é uma ferramenta importante que permite testar novas
abordagens terapéuticas para tratar manifestacfes agudas e crénicas em orgaos-alvo,
como o rim por exemplo. 1sso permite o estudo dos mecanismos envolvidos no inicio da
doenca e a influéncia do fator ambiental no desencadeamento do lGpus em relacdo aos

modelos espontaneos.
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2.6. Uso de substancias naturais no modelo induzido por pristano

2.6.1. Quercetina

Os flavonodides sdo compostos fendlicos que representam constituintes
substanciais da parte ndo energética da dieta humana e acredita-se que promovem a salde
ideal, em parte, através dos seus efeitos antioxidantes na protecdo de componentes
celulares contra ROS [120]. A quercetina [2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-
4H-1-benzopyran-4-one] é um flavondide polifendlico formado por um po cristalino
variando de amarelo a esverdeado, geralmente encontrado em muitos alimentos que séo
frequentemente consumidos como a macd, cebola roxa, brocolis, chas, vegetais, bem
como em muitas sementes, nozes, flores, cascas e folhas e sua estrutura quimica esta

representada na figura 1 [121,122].

Figura 1. Estrutura quimica da quercetina.

Entre as frutas, as macgés juntamente com cerejas e frutas vermelhas séo a fonte
mais rica de quercetina. A concentragcdo de quercetina em bebidas tais como cerveja,
vinho branco, café e chocolate ao leite foi observado ser abaixo de 1 mg/litro. Entretanto,

uma maior concentracdo de quercetina foi observada no vinho tinto e infusdo de chas,
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como por exemplo, 4 a 16 e 10 a 25 mg/l respectivamente. J& em alimentos, a
concentracdo de quercetina é afetada por varios fatores tais como temperatura,
armazenamento e condic¢des de desenvolvimento, uma vez que as altas temperaturas € 0
armazenamento de materiais alimentares reduzem o conteido de quercetina, que varia de

acordo com a natureza dos alimentos [123].

2.6.1.1. Biossintese

Flavondides, bem como a quercetina, sdo importantes para a salde humana. Esses
compostos, assim como as vitaminas, ndo sdo produzidos endogenamente e devem
também ser fornecidos através de dietas e suplementos nutricionais. A quercetina tem
sido objeto de publica¢des cientificas nos ultimos 30 anos e apresentou a maior atividade
entre os flavondides estudados em modelos experimentais, sendo frequentemente usada
para terapias em condicOes alérgicas, tratamento de gota, tratamento do cancer, entre
outros, que sdo também, em parte, condicGes inflamatorias [124,125].

Ha& davidas se os flavonoides funcionam em sua forma ativa ou na forma de seus
metabolitos, uma vez que os flavondides sdo rapidamente metabolizados no trato
intestinal por enterdcitos e pela flora intestinal [126]. Embora o destino metabdlico possa
variar consideravelmente entre os diversos flavonoides, ndo ha davida de que podem
ocorrer concentracfes consideraveis de seus metabo6litos no sangue [127].

Hollman et al. mostraram que os glicosideos de quercetina presentes nas principais
fontes alimentares de flavonoides sdo absorvidos e eliminados lentamente ao longo do
dia. Sendo assim, a quercetina poderia contribuir significativamente para as defesas

antioxidantes presentes no plasma sanguineo [128].
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2.6.1.2. Catabolismo

Esse polifenol existe como quercetina livre (aglicona) com propriedade lipofilicas
e em formas glicosiladas, com propriedades ndo-lipofilicas. A quercetina na forma
aglicona é facilmente absorvida através da bicamada de fosfolipidios de células epiteliais
da mucosa intestinal [129]. Ja, as formas glicosiladas da quercetina ndo séo absorvidas
pelo corpo e séo comumente encontradas em plantas, tais como frutas, vegetais e graos
de soja. Contudo, Day et al. relataram que a lactase-florizina hidrolase expressa na
membrana da borda em escova do intestino do rato hidrolisa as formas glicosiladas da
quercetina na forma de aglicona [130].

Portanto, as moléculas de quercetina sdo absorvidas nas células intestinais por
difusdo simples através da bicamada de fosfolipidios e por difusdo facilitada, e existem
como agliconas no espa¢o citosolico nos dois casos de humanos e ratos. Entdo, nas
células, a quercetina aglicona é glucoronidada, sulfatada ou metilada e esses tipos
modificados de moléculas de quercetina entram na circulagdo [131]. Os principais
metabdlitos em ratos sdo di- e tri-conjugados de quercetina, tais como glucoronidados,
sulfatados e/ou metilados, enquanto que em seres humanos, a quercetina-30-O-
glucoronida é o principal metabdlito circulante [131,132].

Matsugawa et al. mostraram que a taxa de excrecao biliar dos metabdlitos da
quercetina das 9:00 as 19:00 era de 8,5% em relacdo a quantidade ingerida. Além disso,
foi possivel considerar que a taxa de excregéo biliar é quase constante durante 24 horas,
tendo em vista taxas de excrecéo semelhantes entre o estado de absorcéo (9:00 horas) e o
estado pos absorvente (19:00 horas). A excre¢do urinaria de quercetina corresponde a

taxa de absorcdo liquida apds atingir o equilibrio no corpo de metabolito da quercetina na
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alimentacdo diéria, diferindo da excrecdo biliar que é cerca de duas vezes maior em

condigdes fisioldgicas normais [133].

2.6.1.3. Receptores e mecanismos de acéo

A quercetina ja demonstrou controlar a inflamacéo induzida pela obesidade [125],
porém seus mecanismos de acdo ainda ndo estdo claros. A quercetina reduz a liberacao
de proteina inflamatdria de macréfagos-1o (MIP-1a) de adipdcitos e macrofagos e de co-
cultura de adipdcitos/macréfagos. Além disso, essa substancia também impede a ativacdo
da sinalizacdo inflamatoria pelos macrofagos, a infiltracdo e ativacdo de macrofagos
induzidos por MIP-1la. A acdo inibitdria da quercetina nas respostas inflamatdrias
induzidas por MIP-1a dos macrofagos ¢ mediada por redugdo de receptores de
quimiocinas (CCR1/CCR5) e inibicdo da ativacdo das vias das quinases c-Jun-NH2-
terminal (JNK), MAPK e IkB quinase (IKK), bem como a degradacéo de IKK [134].

A quercetina também atua como agente neuroprotetivo e modula a atividade de
diferentes receptores sinapticos e canais ibnicos, incluindo receptores ionotrépicos
GABA [135]. J4, a propriedade antioxidante da quercetina é atribuida a presenca de uma
fonte rica em grupos hidroxila e ligada ao orbital de ligacao =, que atua como um potente
elétron ou doador de prétons e sequestrador de perdxido de hidrogénio (H202), o qual
estd envolvido em diversas patologias [136]. A quercetina reage com o radical anion
superéxido (O%) na presenca da peroxidase formando H20; e o radical semiquinona, 0s
quais danificam proteinas, lipidios e DNA levando ao dano celular [137].

A forma semiquinona da quercetina também reage com grupos tiois
preferencialmente com GSH e forma o complexo estavel 6-glutationa-quercetina (GSQ).

A atividade antioxidante da quercetina também depende dos niveis de GSH. Altos niveis
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de GSH promovem a formacdo de GSQ, aumentando a atividade antioxidante da
quercetina, enquanto baixos niveis de GSH aumentam os niveis de semiquinona da

quercetina causando dano celular, promovendo assim um efeito pro-oxidante [138].

2.6.1.4. Quercetina e estresse oxidativo

A estrutura quimica dos flavonoides, incluindo a quercetina, faz deles substancias
capazes de estabilizar elétrons livres obtidos dos radicais livres tais como ROS em
sistemas in vitro. Flavondides com estruturas particulares podem também inibir a
producdo de ROS com habilidade de quelar ions metalicos que contribuiriam para a
producdo desses radicais livres [139].

Além disso, esses compostos flavondides, incluindo a quercetina, sdo conhecidos
por inibir a producdo do anion superoxido pela xantina oxidase [140]. Esses flavonoides
mostraram muitos efeitos nas células in vitro, aumentando o entendimento de como os
nutrientes afetam o organismo na salde e doenca [141].

Heijnen et al. mostraram que grupos hidroxila, em particular, sdo relacionados
positivamente as habilidades dos flavondides de sequestrar radicais livres [142]. Tanto a
configuracdo como o numero total de grupos hidroxila influenciam substancialmente o
mecanismo de atividade antioxidante da quercetina para a eliminacdo de ROS [143].

A presenca de um inerente numero de grupos hidroxila livres no esqueleto
quimico da quercetina desempenha um importante papel na sua atividade antioxidante
[143]. Uma vez que a quercetina inibe os sistemas enzimaticos responsaveis pela geracao
de ROS (ciclooxigenase, lipoxigenase e xantina oxidase), liga-se aos anions O%, oxigénio
singlete (O?) e radicais hidroxila e, como consequéncia, reduz a peroxidacéo lipidica,

quela metais de transicdo como ferro e cobre e inibe a atividade da aldose redutase [144].
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As propriedades antioxidantes da quercetina sdo consideradas benéficas a satde
humana, enquanto que a contribuicdo direta dos polifenois para a redugdo do estresse
oxidativo é controversa devido a presenca de antioxidantes endégenos mais abundantes,
como o acido Urico, que € maior no plasma que os polifendis. Curiosamente, no entanto,
os polifendis promovem a producédo de 6xido nitrico (NO) através da reducdo do nitrito
da dieta e provavelmente na circulagio. O NO gerado pode modular as funcdes
fisioldgicas dos tecidos de forma direta e indireta (na circulagéo, existe como derivado
nitroso), enquanto que a alta poténcia redutora da quercetina parece causar uma

diminuicdo da biodisponibilidade de nitrito com menor efeito na fungéo vascular [145].

2.6.1.5. Principais funcdes da quercetina

A principal funcéo da quercetina é eliminar radicais livres de oxigénio prevenindo
o0 dano oxidativo e reduzindo a producéo de hidroperdxido lipidico, sendo conhecida por
seu forte poder antioxidante e anti-inflamatorio [146]. Além disso, a quercetina também
apresenta acOes antioxidante através da capacidade de eliminar radicais livres e pela
interacdo com enzimas antioxidantes, tais como a heme-oxigenase-1, 0s quais protege
contra a apoptose causada pelo estresse oxidativo e induzidos pelo H2O; e reduz a
producdo intracelular de ROS e a disfuncdo mitocondrial. Assim, a quercetina mostra
acOes anti-hipertensivas através de mecanismos dependentes das vias anti-inflamatérias
e antioxidantes, como prote¢do de células cardiovasculares associadas a uma diminuicao
da concentracdo de triacilglicerol e aumento da concentracdo de colesterol lipoproteina
de alta densidade (HDL), vasodilatacdo dependente do endotélio devido a uma maior

producdo de NO e prevencdo da apoptose das células endoteliais [120].
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A quercetina também atua aumentando a resisténcia das células ao estresse
oxidativo induzido por oxidantes como o H>O3, hidroperdxido e moléculas neurotdxicas,
seja por meio de sua atividade antioxidante direta ou indireta, reduzindo o estresse
oxidativo, inflamag&o e o dano neuronal. O aumento da sobrevivéncia neuronal mediado
pela quercetina ocorre através da reducdo da expressdo de uma variedade de agentes
oxidativos como citocinas pré-inflamatorias, quimiocinas, a cicloxigenase, e também
mitigando as les6es neuronais mediadas por ROS [123].

As propriedades anti-necrdticas e anti-inflamatorias tém sido associadas a
habilidade da quercetina em bloquear o fator pré-inflamatério mais importante, o NF-xB,
modulando importantes citocinas envolvidas na necrose e inflamagédo como IL-18 e IL-
10 [147]. Assim como, o efeito anti-inflamatério da quercetina desempenha papel
fundamental na reducéo de fatores de risco cardiovascular como fibrinogénio e proteina
C reativa humana [148].

A substancia quercetina, conhecida por sua forte capacidade antioxidante e anti-
inflamatoria, possui também efeito anti-fibrotico. Esse efeito se deve a capacidade da
quercetina de inibir a ativacdo de fibroblastos, a fibrose hepética e também a inibicdo da
ativacdo e infiltracdo de macrofagos hepaticos e da modulacdo de macréfagos polarizados
M1 que possuem propriedades inflamatérias, protegendo o 6rgdo da inflamag&o excessiva
e da fibrose [149].

Essa substancia também atua como um potente agente anticancer por atenuar
processos relacionados aos tumores como estresse oxidativo, apoptose, proliferacdo e
metastase [150]. Estudos in vitro e in vivo mostraram que a quercetina em baixas doses,
através de suas propriedades antioxidantes e anti-apoptoticas inibe o crescimento de
células cancerigenas, atuando como potente agente anticancerigeno e atenuando

processos relacionados ao tumor, incluindo estresse oxidativo, apoptose, proliferacao e

53



metastase. Porém, a quercetina em altas doses possui efeito pré-apoptoético agindo
especificamente contra células tumorais, aumentando a atencdo sobre o uso da quercetina
como um adjuvante em quimioterapia [151,152].

Por fim, a quercetina regula a adipogénese e a apoptose reduzindo a agédo das
enzimas relacionadas & adipogénese na obesidade, reduzindo o nimero de células que
armazenam gorduras (adipdcitos). A quercetina atua blogueando as a¢Ges de adipogénese
através do estimulo da via de sinal p38MAPK. Simultaneamente, essa substancia induz a
apoptose de adipocitos maduros, controlando as importantes vias quinase reguladas pela

sinalizagéo extracelular (ERK) e JNK [125].

2.6.1.6. Quercetina e outras funcgdes

A quercetina também protege contra a DAC atraves da prevencao da oxidacao do
colesterol lipoproteina de baixa densidade (LDL), prevenindo a formacdo da placa
aterosclerotica e a agregacao plaquetaria, assim como promove o relaxamento do musculo
liso cardiovascular, ocasionando os efeitos anti-hipertensivo e antiarritmico [153]. A
capacidade de inibir a proliferacdo e migracdo das células do musculo liso adrtico e a
agregacdo plaquetaria (efeitos antitrombdticos), juntamente com a inibicdo da
fosforilacdo da MAPK, a torna uma substancia capaz de prevenir disturbios
cardiovasculares [148].

A quercetina foi observada ser eficaz contra uma ampla variedade de virus, como
0 virus T-linfotrépico humano, por meio de suas propriedades anti-infecciosas e anti-
replicativas. Além disso, essa substancia também potencializa a acdo antiviral contra o
virus da encefalomiocardite e o virus do tipo herpes simples (HSV) induzindo a producéo

de TNF e aumentando assim a producgédo de IFN-§ [123].
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Em disturbios cerebrais, a quercetina possui efeitos neuroprotetores, através da
atividade direta de eliminacdo de radicais livres e quelagédo de metais, os quais podem
efetivamente inibir o dano neuronal mediado pelo estresse oxidativo. Apesar da sua
atividade antioxidante direta, a quercetina pode também atenuar o estresse oxidativo por
inibir efetivamente as enzimas xantina oxidase e oxido nitrico sintase [155].

Em resumo, a quercetina é um flavondide com propriedades antioxidantes, anti-
inflamatorias e anti-fibréticas, exercendo muitos efeitos benéficos para a salde, como a
protecdo contra varias doencas, incluindo osteoporose, cancer e doencas
cardiovasculares. Ainda ndo existem estudos sobre os efeitos da quercetina em doencas
autoimunes especificas como a nefrite lipica, mas considerando a amplitude de seus
efeitos sistémicos seria uma estratégia a ser explorada tanto em modelos animais quanto

em estudos clinicos.

2.6.2. Melatonina

A melatonina (N-acetil-5-metoxi-triptamina) foi isolada em 1958 da glandula
pineal bovina pelo grupo de Lerner [156]. Essa substancia esta presente em diversos
fluidos bioldgicos, tecidos e compartimentos celulares (saliva, urina, fluido
cerebroespinhal, foliculo pré-ovulatorio, fluido seminal, liquido amnidtico e leite). O pico
da secre¢do pineal ocorre a noite, com niveis plasméaticos maximos por volta das 3:00 —
4:00 horas da manha, enquanto os niveis durante o dia sdo baixos ou até mesmo néo
detectaveis [157].

Atualmente, a melatonina € mais comumente usada para corrigir disturbios do
sono, devido a sua funcdo central regulatéria. Apesar da falta de efeitos colaterais

aparentes, o uso de melatonina no tratamento de outras patologias ainda permanece em
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estudo pois descrevem-se varios beneficios atribuidos a doses farmacoldgicas dessa
neuroindolamina, que provavelmente afeta fungdes fisioldgicas por acdo localizada [158].

A melatonina é uma molécula altamente lipofilica, mas também possui
propriedades hidrofilicas; ao invés de ser armazenada no Orgdo secretor, apos a
biossintese, ¢ liberada para capilares, onde até 70% esta ligada a albumina. Os niveis de
melatonina detectados nos fluidos bioldgicos usando técnicas atuais sao eliminados pela
pinealectomia, o que sugere que o alto nivel de melatonina é associado a glandula pineal

[159]. A estrutura quimica da melatonina esta representada na figura 2 [160].
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Figura 2. Estrutura quimica da melatonina.

A producdo humana enddgena de melatonina é aproximadamente 30 pg/dia
associada com niveis plasmaticos de 100-200 pg/ml. Esses valores sdo muito variaveis e
reduzem com a idade. O extravasamento de melatonina do trato gastrointestinal e de
outros 6rgéaos pode ser responsavel pelas concentragcGes normais baixas de melatonina no
plasma durante o dia, uma vez que a producao de melatonina fora da glandula pineal ndo

esta sob o controle circadiano do sistema nervoso central [161].
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2.6.2.1. Biossintese

Inicialmente, a melatonina foi isolada e identificada na glandula pineal bovina
como a indolamina N-acetil-5-metoxitriptamina. A substancia foi chamada de
"melatonina” por sua capacidade de afetar os melanoforos da pele das rés e pela sua
relagdo quimica com a serotonina (5-hidroxitriptamina), sendo a melatonina o mais
importante e melhor neurotransmissor estudado de todos os produtos provenientes da
glandula pineal, embora outros indoles e peptideos sejam sintetizados e secretados pela
glandula pineal dos mamiferos [159]. Essa substancia é sintetizada em varios 6rgaos,
incluindo retina, glandulas de Harder, mucosas gastroentéricas, megacariécitos e
plaquetas, sendo que as taxas, quantidades, modalidades e as condigdes variam em relagao
aos respectivos orgaos [157].

Resumidamente, os pinealécitos absorvem o triptofano do sangue e o convertem
em serotonina através de hidroxilacdo e descarboxilacdo. A serotonina € entdo convertida
em N-acetil serotonina pela enzima N-acetil transferase (NAT); a N-acetil-serotonina é
metilada em melatonina pela enzima hidroxindole-O-metil transferase (HIOMT). A
melatonina também pode ser formada através de O-metilacdo da serotonina e posterior
N-acetilagdo de 5-metoxitriptamina, ou por O-metilacdo de triptofano seguido de
descarboxilacdo e N-acetilacdo [162]. Além disso, duas enzimas estdo envolvidas na
sintese da melatonina, a aril-alquilamina N-acetiltransferase (AANAT) e N-
acetilserotonina-O-metiltransferase (ASMT), as quais catalisam a conversdo de

serotonina em melatonina [163].
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2.6.2.2. Catabolismo

A melatonina é metabolizada principalmente no figado, mas também no rim,
submetida a hidroxilag&o e, em seguida, conjugacdo em sulfato e glicuronideo. Nos seres
humanos, o principal metabdlito é a 6-sulfatoximelatonina, sendo que sua concentracéo
urinaria representa até 90% da melatonina administrada. Além disso, a sua meia-vida no
sangue apos a infusdo intravenosa é de cerca de 30 minutos, porém foi observado um
padrdo de eliminacdo bifasico com meia-vida de cerca de 3 e 45 minutos apds a
administragao oral [159].

A principal via de degradagdo da melatonina consiste de 6-hidroxilagéo seguida
de conjugacédo e eliminacdo renal. A concentracdo do metabdlito urinario primério da
melatonina, a 6-sulfatoximelatonina, reflete a quantidade de melatonina plasmaética
noturna no corpo, sendo que a sua avaliagcdo quantitativa na urina é considerada um
método pratico para determinar a fase circadiana, uma vez que representa a quantidade
de melatonina enddgena e, apesar de uma grande variabilidade na melatonina, sua faixa
permanece relativamente estavel no mesmo individuo [164].

Finalmente, a degradacdo da melatonina ocorre através de varias vias principais,
como a via de degradacdo hepatica classica que gera 6-hidroximelatonina, a via indélica
alternativa que produz 5-metoxindole acético ou 5-metoxitriptofol, a via quinurgica que
produz N1-acetil-N2-formil-5-metoxicinuramina e sua conversdo para metabdlitos

funcionais apds remocéo de radicais [162].
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2.6.2.3. Receptores e mecanismos de acéo

As multiplas a¢bes da melatonina envolvem mecanismos dependentes de
receptores assim como processos que sdo independentes de receptores. Trés diferentes
subtipos de receptores de melatonina, denominados receptores melatonérgicos do tipo 1,
2 e 3 (MT1, MT2 e MT3), foram identificados e demonstraram mediar 0 componente
vascular interagindo com a melatonina. Além dos seus efeitos enddcrinos classicos, a
melatonina funciona como um eliminador direto de radicais livres [165].

A melatonina exerce seus efeitos através de receptores especificos acoplados a
proteina G e caracterizadas por um dominio que abrange sete trans-membranas. Os
estudos de clonagem identificaram os receptores melatonérgicos de membrana:
receptores MT1, que sdo expressos no nucleo supraquiasmatico do hipotalamo e
paratuberalis da hip6fise, receptores MT2, localizados principalmente no cérebro e retina,
e 0s receptores MT3, que ndo sdo expressos em mamiferos, mas encontrados em peixes,
anfibios e aves. Os receptores MT1 e MT2 séo expressos em testiculos de roedores,
incluindo camundongos, ratos e hamsters. A melatonina também exerce os seus efeitos
ligando-se a receptores nucleares como o0s receptores 6rfaos retindides e os receptores Z
retindides (ROR/RZR), e proteinas intracelulares tais como calmodulina [166].

Os receptores MT1 e MT2 sdo expressos nos cardiomiocitos do ventriculo
esquerdo. Esses receptores também foram identificados nas artérias coronarias do corpo
humano atraves de amostras provenientes de patologias e também de controles saudaveis.
Alguns estudos sugerem que a melatonina possui efeitos diferentes na vasculatura,
dependendo do tipo de receptor especifico que foi ativado, com vasoconstri¢cdo ocorrendo
apos a ativacdo do receptor MT1 e vasodilatacdo apds a ativacdo do receptor MT2

[161,167]. Alguns mecanismos mediados pelo receptor MT1 podem proteger contra a
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inflamacdo dos vasos e a subsequente rigidez arterial, além de processos patogenéticos
que modulam a transdug&o de sinal através de terminacGes nervosas simpéticas [162].
Por fim, os grupos de receptores ROR/RZR séo distribuidos de acordo com seu
subtipo: ROR € expresso em niveis particularmente altos em linfécitos T, linfécitos B,
neutrofilos e monacitos, enquanto RZR é encontrado no cérebro e glandula pineal,
intermediando a acdo de enzimas antioxidantes. Através da sua membrana e de receptores
nucleares, a melatonina exerce efeitos generalizados sobre a secre¢do de mediadores

endocrinos e, direta ou indiretamente, influencia o sistema do ritmo circadiano [162].

2.6.2.4. Melatonina e estresse oxidativo

O desequilibrio entre a producdo de ROS, espécies reativas de nitrogénio e a
utilizacdo ineficiente de oxigénio molecular pelas células levam ao estresse oxidativo. As
ROS incluem o radical anion O%, radical hidroxila, H202 e 0 oxigénio singlete, que séo
gerados como subprodutos da respiracdo celular e de outras condi¢6es fisioldgicas, que
incluem o envelhecimento, a inflamac&o, doencas cardiovasculares e neurodegenerativas
danificando componentes celulares, os quais incluem DNA/RNA, proteinas e os lipidios
[13,144].

Algumas substancias podem detoxificar radicais livres ou substancias associadas,
como a melatonina, protegendo contra o estresse oxidativo nas células. As acdes
antioxidantes da melatonina sdo observadas em diferentes niveis incluindo atenuacao na
formacé&o de radicais livres, inducéo da expressdo de enzimas antioxidantes e reducédo da
ativacgdo de enzimas pro-oxidantes [168].

Enquanto a acédo direta da melatonina em sequestrar radicais livres é independente

de receptores, a funcao antioxidante indireta pode ser mediada por receptores, localizados
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nas membranas das células ou dentro dos nucleos. A melatonina é uma substancia
altamente lipofilica e também solivel em meio aquoso, podendo entrar facilmente e
distribuir-se amplamente em todas as células e compartimentos subcelulares em maiores
concentragOes, além de, possivelmente, estar presente nos nucleos celulares e nas
mitocondrias pela capacidade de atravessar as barreiras morfofuncionais [169].

A eficiéncia da melatonina em neutralizar o radical &nion O% da-se pelo sequestro
desse reagente em um sistema quimico puro, e também é auxiliada pela evidéncia de que
a melatonina reduz sutilmente o sinal de ressonancia de rotacéo eletrénica utilizando o
aduto 5,5 dimetil-1-pirrolina-N-6xido (DMPQO) como capturador de espécies radicais
(spin trap). Recentemente, tem-se documentado que o precursor imediato de &nion
hidroxila (OH), o H202, também é eliminado pela melatonina, que é apenas um agente
fraco de oxidacdo e reducdo e nao tem carga elétrica [170].

A melatonina também suprime a formacdo do oxigénio singlete, ap6s a auto-
oxidacdo da riboflavina pela exposicdo a luz, que é formada em células pela reacdo de
fotossensibilizacdo de substratos, como corantes e pigmentos biol6gicos. Além disso, a
melatonina desintoxica 0 monéxido de nitrogénio e o anion peroxinitrito atuando como

um importante antioxidante [169].

2.6.2.5. Principais funcdes da melatonina

A melatonina reduz a geragdo de ROS, por ser um potente sequestrador de ROS,
assim como de radicais hidroxila, radicais peroxido, anion 0% e H20, [162]. Além disso,
a melatonina também atua como um antioxidante indireto devido a sua habilidade de

estimular a sintese e, consequentemente, melhorar 0s niveis de enzimas antioxidantes,
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tais como a superoxido dismutase (SOD), glutationa peroxidase e catalase (CAT),
enquanto aumenta os niveis de GSH e reduzir os de enzimas prd-oxidantes [171,172].

Apesar dos numerosos relatos da atividade anti-inflamatoria da melatonina e de
seus metabdlitos, a informagao sobre os mecanismos que determinam essa atividade ainda
ndo estd bem definida [14]. Sabe-se que a melatonina também desempenha um papel
importante como modulador de um grande ndmero de citocinas pro-inflamatérias e reduz
os efeitos mediados pela prostaglandina e, em particular, os efeitos exercidos pela ciclo-
oxigenase-2 [173].

Mayo et al. demonstraram que a melatonina inibiu 0 aumento da expresséo da
proteina ciclo-oxigenase-2 em um modelo de macrofagos estimulado por LPS bacteriano
[174]. Uma vez que os radicais livres estdo envolvidos no processo inflamatorio, a
melatonina é um bom candidato como agente anti-inflamatério, o que complementa suas
acOes antioxidantes e de eliminagéo de radicais livres [169].

Em doencas inflamatoérias, tais como a aterosclerose, a ciclofilina A atua como
uma citocina pré-inflamatdria e ativa células endoteliais e células da musculatura lisa
vascular (CMLV) para produzir mediadores inflamatorios, como as selectinas e
moléculas de adesdo [175], levando a formacdo de placa aterosclerdtica. Em pesquisas
recentes, foi demonstrado em camundongos deficientes de apolipoproteina E tratados
com melatonina a inibicdo da expressdo de ciclofilina A, além da modulacdo das
moléculas de adesdo celular e também reducdo na expressdo de outras citocinas pro-
inflamatorias, migracdo de CMLYV, estresse oxidativo e reducdo no extravasamento de
celulas inflamatorias [176].

A melatonina provoca efeitos pré e anti-inflamatorios dependendo do estado
celular. Os efeitos cito-protetores da melatonina envolvem varias vias e moléculas

proeminentes associadas a inflamacao, tais como o fator nuclear NF-xB, TLR, MAPK,
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mediadores inflamatérios da via do acido araquidénico incluindo ciclooxigenase e
lipoxigenase, RNAs ndo codificantes e metaloproteinases de matriz. Aparentemente, a
sinalizacdo de NF-kB € central para todas essas vias relacionadas a inflamacao e, mais
importante, os amplos efeitos antioxidantes e anti-inflamatdrios da melatonina
eventualmente podem bloquear a via de sinalizacdo NF-kB. O NF-kB é um fator de
transcricdo onipresente sensivel ao estresse oxidativo, o qual possui papel primario na
sobrevivéncia celular e nas respostas imunes e anti-inflamatorias [177].

A melatonina protege contra varias comorbidades e concomitantemente contra o
dano mediado por radicais livres de oxigénio ou oxiradicais, inflamagéo, doenca
microvascular e risco aterotrombdtico. Além disso, a melatonina é uma substancia com
perfil altamente seguro, baixa toxicidade e geralmente é muito bem tolerada em doses
muito altas, diferindo assim de diversos produtos farmacéuticos mais comumente
utilizados [178].

A apoptose € o resultado de diversas atividades bioldgicas e tem sido associada
ao estresse oxidativo e ao desequilibrio entre a geracdo de oxidantes, como a produgéo de
ROS, e mecanismos de defesa antioxidante [171]. Kaur et al. relataram que o tratamento
com a melatonina reduziu a apoptose de oligodendrécitos, degeneracdo de ax6nios e 0
dano vascular endotelial na massa branca no cérebro de ratos neonatais ap6s uma lesao
por hipoxia [15].

Um mecanismo molecular capaz de explicar a atividade anti-apoptética da
melatonina poderia ser a capacidade da melatonina de preservar os niveis de cardiolipina
mitocondrial, pela capacidade de manter a homeostase mitocondrial, uma vez que as
caracteristicas bioquimicas e a estrutura da funcao protetora dependente de cardiolipina
foram relatadas em mitocondrias expostas isoladamente ao H20. [179].

Consequentemente, a melatonina pode interferir nas vias celulares apoptoticas em
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diferentes niveis, prevenindo a morte celular por apoptose e, eventualmente, levando a
protecdo de células contra a disfuncdo mitocondrial [171].

O uso de antioxidantes, especialmente a melatonina, contribui para a prevencao e
controle da fibrose, consequéncia do desenvolvimento do excesso de tecido conectivo, o
qual estd associado com infeccdo, inflamacdo e estresse oxidativo [180,181]. A expressao
exacerbada dos receptores de melatonina € encontrada em fibroblastos no tecido humano
com cicatrizacao hipertréfica, mas ndo na pele normal, sugerindo que a melatonina regula
a formacao de cicatriz e a fibrose [182].

Em geral, a melatonina possui uma acdo protetora contra fibrose que envolve
todos os 6rgdos e a sua deficiéncia causa defeitos na formacéo dssea e favorece 0 excesso
da formacédo de fibrose tecidual [16]. Como um beneficio das ac¢Ges anti-fibroticas, a
melatonina reduz a lesdo nas células epiteliais, incluindo alteracbes apoptoticas e
necroticas e infiltracdo de células inflamatorias, além de atenuar a ativacao e proliferacdo
de células efetoras fibrogénicas, reducao dos marcadores fibroticos, especialmente TGF-
B, bem como o estresse oxidativo e a reagdo inflamatoria, reduzindo assim a deposi¢ao
de matriz extracelular, incluindo glicosaminoglicanos e colageno [182].

Sendo assim, a capacidade de melatonina para limitar a fibrose é atribuida a
inibicdo do estresse oxidativo e da sinalizacdo inflamatéria. Em algumas situacdes, a
fibrose é necessaria e benéfica para a cicatrizacdo de feridas, e a melatonina promove esse
processo, porém os efeitos anti-fibréticos da melatonina podem variar com o curso do
tratamento. O restabelecimento do ciclo claro/escuro e do ritmo circadiano para aumentar
0s niveis de melatonina pode ser uma abordagem terapéutica ndo invasiva benéfica para

a fibrose e a protecéo da fisiologia dos 6rgdos [182].
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2.6.2.6. Melatonina e outras funcdes

Sabe-se que a acdo benéfica da melatonina se deve a propriedade de sequestrar
radicais livres e a ativacdo das enzimas de defesa antioxidante, normalizando o perfil
lipidico e a pressdo arterial, e aumentando a biodisponibilidade do 6xido nitrico. A
melatonina apresenta diversas funces que sdo protetoras do endotélio, por exemplo,
protecdo contra o dano endotelial, a vasoconstri¢do, a agregacao plaquetéria e a infiltragdo
de leucdcitos, contribuindo para os efeitos benéficos contra a lesdo por isquemia e
reperfuséo [165].

Em mamiferos, a melatonina representa o sinal bioldgico da escuriddo, pois a sua
liberagdo é proporcional a duracdo da noite. Atua como regulador do sono, e inibe a
liberagdo de dopamina no hipotadlamo e na retina. Esta envolvida no processo de
envelhecimento e desenvolvimento da puberdade, controle de presséo arterial, eliminagéo
de radicais livres e também regulacdo da resposta imune [165].

Estudos recentes documentaram que alguns dos efeitos antioxidantes da
melatonina sdo, na verdade, devido aos seus metabdlitos, que sdo gerados quando a
melatonina interage com os radicais livres. Além disso, a capacidade de melatonina para
inibir enzimas pro-oxidantes é mediada por um metabdlito terciario de melatonina, o N1-
acetil-N2-formil-5-metoxicinuramina. A capacidade da molécula precursora, a
melatonina, bem como de seus metabdlitos, atua na desintoxicacdo radical, aumentando
sua capacidade de limitar agcOes oxidantes em diversos niveis dentro das células [169].

A melatonina também possui propriedades cardioprotetoras através de sua agéo
direta de eliminar radicais livres e sua atividade antioxidante indireta, juntamente com
suas propriedades anti-inflamatdrias [161,169]. Essa indolamina pode também regular a

pressdo arterial e possui importante efeito anti-aterogénico [169,176]. Alem disso, a
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melatonina atenua a fibrose cardiaca ao reduzir a expressao do mRNA de genes
associados a hipertrofia cardiaca, como o fator de crescimento tumoral-B (TGF-) e
suprime a ativacgdo transcricional do NF-kB na hipdxia em ratos isquémicos [183].

Em resumo, a melatonina é uma neuroindolamina que apresenta importantes
propriedades antioxidantes, anti-inflamatorias, anti-apoptoticas e anti-fibroticas, podendo
além de controlar distarbios do sono, proteger o organismo contra diversas doengas como
as doengas cardiovasculares, neurodegenerativas e outras associadas ao processo de
envelhecimento. Existem muitos estudos sobre os efeitos da melatonina nessas condigdes,
mas ainda ndo foram descritos os efeitos especificos da melatonina em doencas
autoimunes como a nefrite IUpica, o0 que precisa ser investigado em modelos animais e

também em estudos clinicos.
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3. Marco Conceitual

O LES é uma doenca que apresenta diversas manifestacbes clinicas e afeta
maltiplos 6rgdos, uma das manifestagdes mais graves é a NL, sendo relacionados a
alteracdes no sistema imune. A presente pesquisa avaliou novas terapias com 0 uso de
substancias naturais levando em consideragdo que o desenvolvimento do LES tem relacéo
direta com estresse oxidativo e com uma intensa reacdo pro-inflamatéria do sistema
imune contra células de defesa do organismo. Nesse contexto, buscou-se avaliar o efeito
protetor dessas substancias na expressdo de enzimas antioxidantes e nas alteracfes
teciduais associadas com inflamacé&o, apoptose e fibrose renal.

A pesquisa de novas terapias do LES e de suas manifestacGes sistémicas tem
potencial de induzir o controle da doenga e também reduzir os efeitos colaterais causados
pela terapia farmacoldgica convencional. E notavel o papel dos antioxidantes alimentares,
como polifenois, flavondides e melatonina incluidos na dieta através de vegetais, frutas,
cereais, vegetais e bebidas como o cha e vinho. Crescentes evidéncias mostram que a
ingestdo de diferentes nutrientes apresenta efeitos benéficos derivados de suas
propriedades antioxidantes, anti-inflamatorias e imunomoduladoras.

A figura 1 representa esquematicamente o marco conceitual do estudo. Esse
esquema foi elaborado com o objetivo de apresentar a base tedrica que sustenta a
investigacdo da pesquisa, utilizando o modelo experimental de camundongos induzidos

com pristano.
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Figura 3. Mapa conceitual do estudo.
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4. Justificativa

A nefrite lapica (NL) é uma doenca que acomete cerca de 50% dos pacientes
portadores de LES, e dependendo da gravidade da leséo o paciente pode evoluir para
insuficiéncia renal cronica terminal e necessidade de didlise ou transplante, gerando
custos elevados para o sistema de salide no Brasil. O modelo animal de LES é um
experimento que reproduz a doenga em humanos, induzindo uma variedade de auto-
anticorpos, alteracdes laboratoriais e histopatolégicas caracteristicas da nefrite lUpica na
sua forma proliferativa.

O uso desse modelo experimental pode permitir uma melhor compreensdo da
fisiopatologia do LES, apontando possiveis novas terapias para a nefrite, uma vez que 0s
tratamentos com essas substancias - a quercetina e o melatonina - mostraram eficacia em
modelos experimentais de outras doencas, inclusive outras nefropatias como a nefropatia
diabética.

Esse estudo se justifica pela necessidade de aprofundar a investigacdo do efeito
nefroprotetor, antioxidante, anti-inflamatério, anti-fibrético e anti-apoptético da
quercetina e da melatonina sobre o tecido renal lesado. Agregamos a essa pesquisa a
investigacdo da injdria da celula epitelial podocitaria do glomérulo renal, através do
estudo da expressdo das proteinas do podécito em nivel molecular e da ultraestrutura
nesse modelo experimental, avaliando o potencial efeito de recuperacéo da estrutura do

podacito induzido por quercetina.
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5. Objetivos

5.1. Objetivo Geral

Investigar os efeitos protetores do tratamento com quercetina e melatonina no tecido

renal do modelo animal de nefrite lUpica induzido por pristano.

5.2. Objetivos Especificos

- Analisar alteracGes morfoldgicas renais usando a coloracdo de hematoxilina-eosina
(HE) e do &cido periddico de Schiff (PAS);

- Quantificar a fibrose no tecido renal através do método de Sirius Red;

- Realizar avaliacdo ultraestrutural por microscopia eletrdnica de transmissdo de
organelas citoplasmaticas (mitocondrias), do mesangio, da membrana basal e dos
poddcitos glomerulares;

- Detectar a expressdo de marcadores especificos de apoptose, como o Bax no tecido renal
por imunofluorescéncia;

- Detectar a expressdo de antioxidantes enddgenos (como catalase e superoxido
dismutase), no tecido renal por imunofluorescéncia;

- Quantificar os produtos de aldeidos gerados pela peroxidacédo lipidica no tecido renal
através da reacdo do acido tiobarbitirico (TBARS);

- Detectar a expressdo do marcador relacionado a fibrose (TGF-B1), no tecido renal por
imunofluorescéncia;

- Avaliar alteragcGes moleculares no tecido renal de proteinas associadas ao poddcito por

PCR em tempo real nos camundongos tratados com quercetina.
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Abstract

Introduction: Lupus nephritis (LN) is one of the most severe complications of systemic
lupus erythematosus. As murine models of LN are valuable tools to better understand its
pathophysiology and to search for new effective treatments, we investigated the effects
of the bioflavonoid quercetin on pristane-induced LN mice through also
histomorphological analyses.

Methods: Immunofluorescence and biochemical assays were used to evaluate the
expression of markers of inflammation (Interleukin-6, IL-6; tumor necrosis factor-a,
TNF-a), oxidative stress (catalase, CAT; superoxide dismutase 1, SOD1,; thiobarbituric
acid reactive substances, TBARS), apoptosis (Bax), and fibrosis (transforming growth
factor-B1, TGF-B1). Glomerular and tubular ultrastructure was analyzed, and tissue
messenger RNA of podocin, podoplanin and a3p31-integrin were quantified using the real-
time polymerase chain reaction.

Results: Pristane-induced LN mice showed severe kidney injury, characterized by
increased proteinuria, glomerular mesangial expansion and inflammation, high
expression of the pro-fibrotic, apoptotic and prooxidant markers, and reduction of
antioxidants. In the kidney ultrastructure, foot process (FP) effacement, apoptotic
mesangial cells and abnormal mitochondria with disrupted cristae were observed, along
with suppressed tissue mRNA of podocin, podoplanin and a3B1-integrin. Treatment with
quercetin in the pristane-induced LN mice model was nephroprotective, decreasing
proteinuria levels and significantly lowering tissue expression of IL-6, TNF-a, TGF-B1,
Bax, and TBARS. Simultaneously, quercetin significantly increased CAT and SOD1
expressions in these mice. In addition, it was observed improvement of the kidney
ultrastructure, and tissue mRNA of podocin, but not podoplanin and a3p1-integrin, was

restored to the levels found in the control mice.
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Conclusion: In conclusion, these findings provide experimental evidence of the
renoprotective effects of quercetin in the pristane-induced LN mice model. We suggest
that quercetin effectively ameliorates the kidney damage caused by pristane, a

bioflavonoid to be further evaluated as a new therapeutic strategy in this disease.

Key words: lupus nephritis, pristane, quercetin, inflammation, oxidative stress, podocyte
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Introduction

Systemic lupus erythematosus (SLE) is a multisystemic disease that can affect any
organ, and is associated with significant morbidity and mortality. It is an autoimmune
condition characterized by loss of tolerance to nuclear self-antigens, B and T cells
hyperactivity, production of autoantibodies which deposit in tissues as immune
complexes causing injury, failure in the apoptotic and clearance mechanisms, and
overproduction of oxidative stress [1,2].

Lupus nephritis (LN) affects approximately half of SLE patients, with a wide
spectrum of clinical presentations including hematuria, proteinuria and loss of renal
function, potentially leading to end-stage kidney disease if renal fibrosis is not prevented
by effective therapies that induce disease remission [2—4]. Full successful management
of LN is an unattained goal, considering both immunosuppressive drugs (corticosteroids,
cyclophosphamide, azathioprine, mycophenolate) and new biological agents (rituximab,
belimumab) that have been tested, at the cost of substantial toxicity to patients [5]. Thus,
the search for more effective and less toxic therapeutic alternatives to treat LN has to be
explored.

Spontaneous and induced murine models of SLE have provided a better
understanding of autoimmunity in this disease. Specifically, the pristane (2,6,10,14-
tetramethylpentadecane) induced model reported by Satoh et al [6] demonstrated that
Balb/c female mice, after the injection of pristane into the peritoneal cavity, developed
SLE-like features in the kidney. It was described proteinuria, 1IgG and complement
glomerular deposits, tissue inflammation, mesangial expansion, endocapillary and tubular
cell proliferation, and overproduction of interferon-o and 3 and other pro-inflammatory
cytokines [6,7]. Other findings were glomerular podocyte fusion and effacement, with

altered podocyte phenotype, cytoskeleton reorganization, disrupted slit diaphragm with
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enlarged pores, and apoptosis which induce proteinuria and later chronic kidney damage
[8].

Natural compounds are being reported as promising alternatives to control and
reverse kidney injuries, protecting against kidney failure as seen in animal models [9,10].
Quercetin, a polyphenolic bioflavonoid found in many consumed foods, has multifaceted
therapeutic applications. It has been extensively tested in animal models and in humans
for its antiallergic, anti-inflammatory, antioxidative, antitumoral, antiviral, and
angioprotective properties [11]. In rats with induced diabetic nephropathy, oral quercetin
showed to be renoprotective as it has anti-oxidative, anti-fibrotic and anti-apoptotic
effects [12-14]. Quercetin inhibits enzyme systems that induce reactive oxygen species
(ROS), binds to superoxide anions and singlet oxygen radicals reducing lipid peroxidation
and preventing oxidant injury. Among others, these protective actions were demonstrated
in diabetic nephropathy [14] and in obesity-induced oxidative stress and inflammation,
both in humans [15] and in experimental models [16]. Quercetin also inhibits proliferation
and migration of aortic smooth muscle cells, acting as vasodilator in blood vessels [17].

In SLE murine models, other antioxidants have been tested such as N-
acetylcysteine and cysteamine [18] and quercitrin [19], demonstrating kidney protection
through suppression of anti-DNA antibody formation and reduced tissue inflammation
and fibrosis. Recently, we have demonstrated the protective effects of melatonin on the
pristane-induced LN where inflammation, oxidative stress and pro fibrotic markers
significantly improved [20]. However, there is a paucity of studies evaluating the
potential beneficial effects of quercetin in the pristane-induced LN mice model. In this
study we evaluated the protective and modulating effects of quercetin on kidney of the

pristane-induced LN mice model, assessing renal morphology and ultrastructure together
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with biochemical and immunofluorescence evaluations of specific markers of

inflammation, oxidative stress, apoptosis and fibrosis.

Materials and Methods
Animals

Female mice BALB/c at 8 weeks of age were obtained from the Federal University
of Pelotas (Pelotas, RS, Brazil). The animals were housed in the Animal Experimentation
Unit at Hospital de Clinicas de Porto Alegre (HCPA, Porto Alegre, RS, Brazil) and
maintained in a standard 12-hour light/dark cycle, with controlled temperature (22+2°C)
and free access to food and water. The present study was approved by the Animal Ethics
Committee of HCPA and was conducted in accordance with National Institutes of Health

guidelines.

Experimental design

Forty female BALB/c mice were randomly divided into following four groups
(ten animals per group): 1) Control mice: received 500 pl of saline 0.9% intraperitoneally
injected once (pristane vehicle) and received daily carboxymethylcellulose 1% (quercetin
vehicle) by gavage for five months; 2) Pristane-induced LN mice: received a single dose
of 500 pl of pristane (Sigma Aldrich, St Louis, MO, USA) intraperitoneally injected,
according to Satoh et al. [6], and received daily carboxymethylcellulose 1% by gavage
for five months; 3) Control + quercetin mice: received daily quercetin (50 mg/kg/day),
suspended in carboxymethylcellulose 1%, by gavage for five months [21]; 4) Pristane-
induced LN + quercetin mice: received a single dose of 500 pl of pristane (Sigma Aldrich,
St Louis, MO, USA) intraperitoneally injected and received daily quercetin (50

mg/kg/day), suspended in carboxymethylcellulose 1%, by gavage for five months,
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starting one month after pristane injection. Six months after pristane administration, all
mice were Kkilled and the kidneys were removed for morphometrical, ultrastructural,

immunofluorescence and biochemical analysis.

Quantification of urinary protein

At the first, third and sixth months of pristane induction the animals were placed
in individual metabolic cages for urine collection for a period of 2 to 3 hours. Urine
samples were analyzed using urine test strips (Roche Diagnostics, Basel, Switzerland) to

measure total protein level. The results were expressed as mg/dL.

Sample processing

One kidney of each mouse was processed for morphometrical and
immunofluorescence assays and a part of the second kidney was treated for ultrastructural
analysis. Briefly, one kidney of each experimental animal model was fixed in 10%
buffered paraformaldehyde, dehydrated in ethanols and then embedded in paraffin wax.
Serial kidney paraffin sections (7 um thick) of each sample were cut with a microtome
and then used for morphometrical evaluations and immunofluorescences analyses
[20,22].

For the ultrastructural investigation, a part of the other kidney samples were fixed
in 2.5% glutaraldehyde in cacodilate buffer 0.1 M (pH 7.4) for 3 hours and post-fixed in
2% osmium tetroxide in cacodilate buffer for 1 hour, dehydrated in ethanol and embedded
in Epon resin. Finally, these samples were cut with an ultramicrotome (Ultracut E,
Reichert-Jung, Germany) using glass or diamond blades (Microstar, USA) obtaining both

semithin (1 um thick) and ultrathin (800 nm thick) sections [9,23].
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Kidney injury score and morphometrical analyses

Kidney embedded-paraffin sections were stained with hematoxylin-eosin,
according to standard protocol, and then were observed with an optical microscopy
(Olympus, Hamburg, Germany) at a final magnification of 400x. Two independent
observers, blinded to the treatment, defined the kidney injury scores through the
glomerular and tubular morphometrical analyses of inflammatory cells infiltration,
glomerular hypercellularity, epithelial tubules alterations, tubular lumen narrowing and
proximal tubules brush border detachment. Details about glomerular and tubular injury

scores assessment have been previously reported by dos Santos et al. [20].

Ultrastructural analysis

Semithin sections were stained with toluidine blue and then observed with an
optical microscopy (Olympus, Hamburg, Germany) at final magnification of 1000X.
Whereas, ultrathin sections were double stained with uranyl acetate and lead citrate
solutions [24] and observed using a transmission electron microscopy (CM10 FEI,

Boston, MA, USA) set at 80 kV.

Immunofluorescence analyses of pro-fibrotic, pro-inflammatory, pro-apoptotic and
antioxidant markers

Kidney embedded-paraffin sections were dewaxed, rehydrated using graded
ethanols and then incubated in 1% bovine serum albumin in phosphate buffered saline for
1 hour in a humid chamber. Subsequently, the kidney sections were incubated 1 hour at
room temperature and overnight at 4°C with the following primary antibodies: anti-mouse
transforming growth factor beta-1 (TGF-f1) diluted 1:250; anti-goat interleukin-6 (IL-6)

diluted 1:200; anti-tumour necrosis factor-alpha (TNF-a) diluted 1:200; anti-rabbit Bax
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diluted 1:200; anti-rabbit superoxide dismutasel (SOD1) diluted 1:200 and anti-goat
catalase (CAT) diluted 1:200 (all primary antibodies were from Santa Cruz
Biotechnology Inc., Dallas, TX, USA). After rinsing with phosphate buffered saline, the
kidney sections were labelled using specific Alexa Fluor 488 or 543 conjugated secondary
antibodies (diluted 1:200). Finally, the sections were counterstained with 4',6-diamidino-
2-phenylindole (DAPI), mounted and observed with a fluorescent microscope (i50
Eclipse, Nikon, Germany) at a final magnification of 400x, according to Agabiti-Rosei et
al. [25] and Favero et al. [22]. Fifteen fields (area of which was 0.04 mm?), randomly
selected, from each kidney section were analyzed and the immunopositivity for each
primary antibody was quantified using an imaging analyser program (Image Pro Premier
9.1; Media Cybernetics Inc., Rockville, USA) and finally expressed as arbitrary unit
(AU). All quantitative analyses were performed by two independent observers blinded to
the treatments, whose evaluation was assumed to be correct if the values were not

significantly different.

Enzymatic analysis of lipid peroxidation

The amount of aldehyde products generated by lipid peroxidation was quantified
in kidney tissue by the enzymatic reaction of thiobarbituric acid through determination of
thiobarbituric acid reactive substances (TBARS) [26]. A small fragment of the kidney
(100 mg) was separated, added to 0.9 ml of buffer (140 mM KCI, 20 mM phosphate, pH
7.4) and homogenized the microtubes IKA T10 basic (IKA Works, Inc., Wilmington,
USA). After centrifugation at 2150.4 G for 10 minutes in a cooled (4° C) centrifuge, the
pellet was discarded and the supernatant was used for analysis. The absorbance was
determined in the supernatant at 535 nm, and the results of TBARS were expressed as

nmol/mg protein.
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Quantification of podocyte-associated mRNAs in kidney tissue

Podocyte-associated messenger RNA (mRNA) of podocin, podoplanin and a331-
integrin were quantified using real-time polymerase chain reaction (RT-PCR) in mice
tissue. The expression of these mMRNAs in kidney tissue was defined in relation to the
MRNA levels detected in control mice. As described previously [27], mRNA was
extracted from tissue samples using the QlAamp® RNA Blood Mini Kit (Qiagen Inc.
Chatsworth, CA, USA), and the reverse RNA transcription was performed using the
High-Capacity cDNA Kit (Applied Biosystems, Foster City, CA, USA) in accordance
with manufacturer’s instructions. The final volume of 20 puL purified RNA was stored at
—20°C. RT-gPCR was performed using a TagMan® Universal PCR Master Mix. Specific
primers (Applied Biosystems, Foster City, CA, USA) to the following genes were used:
NPHS2, podocin (ID: Mm01292252_m1); podoplanin (ID: Mm00494716_m1); a3p1-
integrin (ID: Mm00442910_m1). Additionally, 18s rRNA (TagMan® PDAR, Foster City,
CA, USA) was used as an endogenous control to assess variations in the samples. RT-
gPCR was performed in duplicate in 48-well plates containing 2 uL cDNA. Data were
collected in a Step One™ real Time PCR systems (Applied Biosystems, Foster City, CA,
USA) using the following cycling parameters: 95°C for 10 minutes, followed by 40 cycles
at 95°C for 15 seconds and 60°C for 60 seconds. Relative quantification of target gene
expression was performed using the 2"24¢t comparative method, in which threshold cycle
numbers (CT) were determined by the point at which a statistically significant increase in

fluorescence was detected.

Statistical Analysis
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Normality for continuous variables was determined by the Shapiro-Wilk test, and
data are expressed as median and interquartile intervals. The data about morphometrical
and immunohistomorphometrical evaluations were pooled to represent a mean
valuetstandard deviation and statistical significance of differences among the
experimental groups was evaluated by one-way analysis of variance corrected by
Bonferroni test. Mann Whitney test was used for pairwise comparisons of mMRNA values
of podocyte proteins which were log-transformed to reduce asymmetry. The change in
proteinuria levels at three time points was compared using the generalized estimating
equation (GEE) model with normal distribution, by group, time point and group-time
point interaction. These results were expressed as meanzstandard error (95% confidence
interval) and p values determined by post hoc Bonferroni test. All analyses were
performed using SPSS for Windows (version 21.0, SPSS Inc., Chicago, IL, USA). The

level of significance was set at p<0.05.

Results
Proteinuria

As there were no statistical differences in proteinuria levels comparing control
mice and control + quercetin groups, only control mice were considered in this analysis.
At the three time points of measurement, proteinuria remained stable for control mice (1%
month 7,1+3,4 vs. 6™ month 6,6+2,4; p=1.00), as shown in Figure 1. For pristane-LN
mice proteinuria increased significantly comparing the first and sixth months (25,0+2,4
vs. 57,0+17,2; p=0.002), suggesting injury to the glomerular filtration barrier induced by
pristane. In contrast, for pristane-LN + quercetin, it was observed a significant reduction
in urinary protein comparing the first and sixth months (13,3+2,8 vs. 3,4+2,0; p<0.001),

indicating that quercetin induced a protective effect, improving the permeability of the
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glomerular filtration barrier. In the pairwise comparisons between groups at each time
point, pristane-LN mice had higher urinary protein levels compared to control mice at the
first (p<0.001), third (p=0.046) and sixth (p=0.012) months; compared to pristane-LN +
quercetin, pristane-LN mice showed higher proteinuria at the first (p=0.005) and sixth
months (p=0.006), but not at the third month (p=1.00) (Figure 1). These results
demonstrate that the behavior of the groups differs over time.

100 aControl mice

90 O Pristane-LN mice

80 <  @EPristane-LN + guercetin mice
70

o0 4

30

40 4

Proteinuria mg/dL

30 4

First month Third month Sixth month

Figure 1. The graph shows proteinuria levels at first, third and sixth months after pristane induction of control, pristane-
LN and pristane-LN + quercetin groups. Comparisons between groups at the three time points: pristane-LN vs control
mice: p<0.001 (1% month), p=0.046 (3" month), and p=0.012 (6™ month); pristane-LN vs pristane-LN + quercetin:
p=0.005 (1% month), p=1.00 (3™ month), and p=0.006 (6™ month). Intragroup comparison in the first vs third month,
in the third vs sixth month, and in the first vs sixth month respectively: control mice: p=1.00; p=0.867 and p=1.00;
pristane-LN: p=0.069, p<0.001 and p=0.002; and pristane-LN + quercetin: p=0.401, p<1.00 and p<0.001.

Kidney injury score and morphometrical analyses

As for proteinuria level analyses, also the renal morphological and ultrastructural
evaluations showed no significant difference between control mice and control treated
with quercetin mice, so these experimental groups are defined generically as “control
mice” for the following analysis.

As recently reported by dos Santos et al. [20], control mice showed almost normal
features of glomeruli, proximal and distal tubules; in particular, intra-glomerular
mesangial cells and proximal and distal tubular epithelial cells were well organized and

intact brush borders are maintained in the proximal tubules (Figure 2A,D). Conversely,
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pristane-LN mice presented severe kidney damage characterized by glomerular
mesangial cell proliferation and matrix expansion, inflammatory cell infiltration,
podocyte hypertrophy, enlarged tubular epithelium and proximal tubules filled with brush
border debris in the lumen (Figure 2B, E). Interestingly, quercetin treatment of pristane-
LN mice significantly reduced the glomerular and tubular alterations demonstrating a
significant improvement of the renal cytoarchitecture (Figures 2C, F). All these

observations were confirmed also by kidney injury scores summarized in Table 1.

Table 1. Glomerular and tubular kidney injury scores and percentage of renal

inflammation of all experimental groups.

Experimental Group Inflammation (%) Glomeruli Tubules
Control 0.51(0.35-2.42)*2 +/- -
Control + quercetin 0.82 (0.0-1.36) +/- +/-
Pristane-LN 7.42 (5.31-8.43)° 4+ +++
Pristane-LN + quercetin ~ 4.23 (2.12-6.94)* ++ ++

Morphological injury score: (-): no change; (+/-) weak change, (+): mild change, (++): moderate change, (+++): marked
change. *Median and interquartile range. 2p<0.001 vs pristante-LN mice; 3p=0.041 vs pristane-LN + quercetin mice;
4p=0.012 vs control mice.

Furthermore, as showed previously by dos Santos et al. [20], the ultrastructural
analyses confirmed that control mice presented a well-defined renal ultrastructure (data
not shown) respect to pristane-LN mice that showed foot process effacement, a typical
morphological hallmark of proteinuria, glomerular basement membrane thickening
(Figure 2G), apoptotic mesangial cells and abnormal mitochondria with disrupted cristae
in proximal tubules (Figure 21). Remarkably, the ultrastructural evaluation of pristane-
LN mice treated with quercetin showed recovered podocytes foot processes with scarce
focal fusion (Figure 2H), and proximal tubule with scattered small mitochondria with

regular cristae and inner matrix density (Figure 2J).
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Figure 2. Photomicrographs show glomeruli (hematoxylin-eosin) and proximal tubules (toluidine blue staining) of
control mice (A, D), pristane-LN mice (B, E) and pristane-LN mice treated with quercetin (C, F). In detail, pristane-
LN mice shows mesangial matrix expansion, mesangial hypercellularity, capillary wall thickening, and podocyte
hypertrophy (B), and proximal tubules with cell detachment, cytoplasm engulfed by numerous lysosomal dense bodies,
and brush border detachment (E). After quercetin treatment, reduced mesangial hypercellularity and mild expansion
were observed (C), and more preserved proximal tubules brush border (F). (g): glomerulus; (pt): proximal tubule. Bars
A-C: 20 um, D-F: 10 pm. Photomicrographs show kidney ultrastructure of pristane-LN mice (G, 1) and pristane-LN
mice treated with quercetin (H, J). In detail, diffuse podocyte foot process effacement and basement membrane
tickening (G); well preserved podocytes with scarce focal fusion (H). Abnormal mitochondria with disrupted cristae
(1); proximal tubule with scattered small mitochondria with regular cristae (J). (p): podocyte; (fp): foot processes; (mit):
mitochondria; (pt): proximal tubule. Bars: 500 nm (I); 1 pm (J); 2 um (G, H).

Immunofluorescence analysis of the pro-fibrotic transforming growth factor-betal
marker

Control mice showed an absent/very weakly TGF-B1 expression (Figure 3A)
respect to kidney of pristane-LN mice that showed a significant increased expression
(moderate/strong) (p=0.009) (Figure 3B). In pristane-LN treated with quercetin, it was
observed a significant reduction of renal TGF-B1 expression (p=0.003 compared to
pristane-LN mice), showing a weak expression (Figure 3C) that was still higher than in
control mice (p=0.028). Relative immunopositivity evaluation of each experimental

group is plotted in Figure 3D.
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Figure 3. Photomicrographs showing
transforming growth factor-betal
(TGF-B1) (green staining)
immunofluorescence of control mice
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Immunofluorescence analysis of the pro-inflammatory interleukin-6 and tumor necrosis
factor-alpha markers

IL-6 and TNF-a (green stainings) were evaluated as pro-inflammatory markers
involved in LN pathogenesis [28]. In particular, kidney of control mice showed
absent/very weak expression of I1L-6 (Figure 4A) compared with a moderate/strong
expression in pristane-LN mice (p=0.009) (Figure 4B). In pristane-LN mice treated with
quercetin, the IL-6 expression was very weak and so significantly lowered compared to
pristane-LN mice (p=0.016), as shown in Figure 4C. Furthermore, the evaluation of the
pro-inflammatory TNF-a marker showed a trend similar to that observed for IL-6. In other
words, kidney of control mice showed a very low TNF-a expression (Figure 4D) respect
to pristane-LN mice that presented a moderate/strong expression (Figure 4E). Kidney of
pristane-LN mice treated with quercetin showed a significant reduced expression of TNF-
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a (Figure 4F), respect to untreated pristane-LN mice (p=0.007). Relative
immunopositivity evaluations of kidney IL-6 and TNF-o are respectively plotted in

Figures 4G and 4H.

Figure 4. Photomicrographs showing
interleukin-6 (IL-6, green staining) (A-
C) and tumour necrosis factor-alpha
(TNF-0, green staining) (D-F)
immunofluorescence of control mice
(A, D), pristane-LN mice (B, E) and
pristane-LN  mice treated with
quercetin (C, F). Bar equals 20 um. The
graphs summarize IL-6 (G) and TNF-a
H) immunohistomorphometrical
analysis of all experimental groups. IL-
6: *p=0.009 (control vs pristane-LN
mice); #p=0.016 (pristane-LN vs
pristane-LN  + quercetin  mice);
§p=0.021 (control mice vs pristane-LN
treated with quercetin mice). TNF-a:

$ *p=0.013 (control vs pristane-LN
H mice); #p=0.007 (pristane-LN vs
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Immunofluorescence analysis of the pro-apoptotic Bax marker

The analyses of the pro-apoptotic marker Bax (red staining) showed that control
mice presented an absent/very weak expression (Figure 5A) compared to a higher and
moderate/strong kidney expression of pristane-LN mice (p=0.009) (Figure 5B).
Remarkably, after quercetin treatment of pristane-LN mice Bax expression was
significantly reduced, showing a weak expression (Figure 5C), reaching value similar to
control mice (p=0.006 vs. pristane-LN; p=0.117 vs. control mice). Relative

immunopositivity evaluation of each experimental group is plotted in Figure 5D.
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Figure 5. Photomicrographs
showing Bax (red staining)
immunofluorescence of control
mice (A), pristane-LN mice
(B) and pristane-LN mice
treated with quercetin (C). Bar
equals 20 um. The graph (D)
summarizes the Bax

immunohistomorphometrical
analysis of all experimental
groups. *p=0.009 (control vs
pristane-LN mice); #p=0.006
(pristane-LN vs pristane-LN +
— e quercetin mice).
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Oxidative stress evaluation
Immunofluorescence analyses of the superoxide dismutasel and catalase antioxidant
markers

The expression of the endogenous antioxidant enzymes SOD1 (identified in green,
Figures 6A-C) and CAT (identified in red, Figures 6D-F) showed that control mice
presented a moderate/strong renal expression of both enzymes (Figures 6A, D). Kidney
of pristane-LN mice showed, compared to control mice, a significant reduction in the
expression of both SOD1 (p=0.001) and CAT (p=0.001) (weak expressions), as shown in
Figures 6B, E. After quercetin treatment of pristane-LN mice, the expression of both
antioxidants increased significantly compared with pristane-LN mice (SOD1: p=0.001;
CAT: p=0.003) reaching value similar to control mice (Figures 6C, F). Relative
immunopositivity evaluations of kidney SOD1 and CAT are respectively plotted in

Figures 6G and 6H.

Prooxidant TBARS
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Evaluation of lipid peroxidation by the expression of TBARS in kidney tissue
showed in control mice and pristane-LN mice respectively: 0.27(0.24-0.34) and
0.55(0.42-0.65) nmol/mg protein (p=0.001) (Figure 61). Treatment with quercetin
lowered this expression to 0.29(0.22-0.32) nmol/mg protein that was statistically different

from pristane-LN mice (p=0.002), and did not differ from control mice (p=0.894).

Figure 6. Photomicrographs
showing superoxide dismutasel
(SOD1) (A-C; red staining) and
catalase (CAT) (D-F; green
staining) immunofluorescence of
control mice (A, D), pristane-LN
mice (B, E), pristane-LN mice
treated with quercetin (C, F). Bar
equals 20 um. The graphs
summarize SOD1 (G) and CAT
(H) immunohistomorphometrical
analysis of all experimental
groups. SOD1: *p=0.001 (control
vs pristane-LN mice); #p=0.003
(pristane-LN vs pristane-LN +
quercetin mice). CAT: *p=0.001
(control vs pristane-LN mice);
#p=0.001 (pristane-LN Vs
: x : —— pristane-LN + quercetin mice).
e quéroetin i s LT e miee | The differences in the expression
G H | of TBARS (I) in kidney tissue
were:  *p=0.001 (control vs
pristane-LN  mice); #p=0.002
(pristane-LN vs pristane-LN +

: quercetin mice).
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Expression of podocyte-associated mRNAs in kidney tissue

Glomerular podocyte mRNA expression was measured for podocin, podoplanin
and a3p1-integrin genes in the kidneys of the three mice groups. Comparing control mice
to pristane-LN mice, a significant difference was found in the expression of the podocyte-
associated mRNAs, in that the injury induced by pristane on glomerular epithelial cells
significantly suppressed mRNA expression of podocin (p<0.001), podoplanin (p=0.009),
and a3p1-integrin (p=0.005), as shown in Figure 7. These findings suggest the loss of

podocyte cytoarchitecture integrity and function in pristane induced mice, similarly to
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what was described in the ultrastructural analysis of the glomerular podocytes. After the
treatment with quercetin, there was a significant increase in podocin mMRNA expression
compared to pristane-LN mice (p<0.001); however, no difference was found in the
mRNA of podoplanin (p=0.514) and of a3B1-integrin (p=0.102). Comparing pristane-LN
+ quercetin to control mice, mRNA levels of a3p1-integrin, podoplanin, and podocin in

kidney tissue were similar (p>0.05) (Figure 7).

Figure 7. Expression of podocyte-
associated messenger RNA in
kidney tissue of pristane-induced
LN compared to control mice and
pristane-induced LN treated with
quercetin.  Podocin:  *p<0.001
(control vs pristane-LN mice); #p
< 0.001 (pristane-LN vs pristane-
LN  +  quercetin mice).
Podoplanin: *p=0.009 (control vs
pristane-LN  mice); p=0.514
(pristane-LN vs pristane-LN +
quercetin mice). a3fB1 integrin:
*p=0.005 (control vs pristane-LN
Control mice Pristane-LN miice Pristane-LN + quercetin ml_ce); p=0.102 (prlsyane-_LN Vs
loe pristane-LN + quercetin mice).
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Discussion

In this pristane-induced LN mice model, the administration of the bioflavonoid
quercetin was protective against the induced kidney damage, showing anti-inflammatory,
anti-oxidative, anti-apoptotic, and anti-fibrotic effects. Histomorphometrical and
immunofluorescence findings in this pristane model revealed glomerular and tubular cell
inflammation, exacerbated oxidative stress, activation of apoptosis and of pro-fibrotic
markers as seen in human proliferative LN. As reviewed by Reeves et al [29], primarily
IgG autoantibodies induced by pristane intra-peritoneal injection can promote kidney
injury through direct or indirect pathways. Autoantibodies are directly targeted to a
variety of nuclear components including dsDNA, single-stranded DNA, chromatin, Sm,
U1 small nuclear RNP (U1snRNP), Su, and ribosomal P. A single dose of pristane leads

to autoantibodies against the UlsnRNP, RNP, Sm, and Su antigens in 50— 90% of these
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mice over 4— 6 months, and against dsSDNA at 6—10 months [6,30]. However, the
mechanisms behind the anti-inflammatory properties of quercetin are poorly understood.
Although there is no evidence for a local renal effect of quercetin to inhibit autoantibody
production and immune complex deposition, we can speculate that quercetin protection
might be related to indirect actions that modulate inflammation. Quercetin and its
metabolites suppress cytokine production (ie, IL-la, IL-6, IL-8, TNF-o) and
downregulate ~ adhesion  molecules (ICAM-1, VCAM-1) involved in
monocyte/macrophage recruitment [11,14,16,28,30]. This bioflavonoid also inhibits
enzymes usually induced by inflammation like cyclooxygenase and lipoxygenase, as well
as lipopolysaccharide induced nitric oxide synthase expression and nitric oxide
production, that acts as a pro-inflammatory mediator [31,32]. Recently, toll-like receptors
7 and 8 (TLR7, -8) have received attention for their ability to recognize endogenous
nucleic acids and to produce type | interferon [29]; TRL7, -8 are activated by Fcy
receptors on plasmacytoid dendritic cells mediating the transport of DNA- or RNA-
containing immune complexes into endosomes, with generation of autoantibodies against
anti-RNA containing auto-antigens [33]. Quercetin action on this pathway was not yet
investigated.

We did not evaluate serum or tissue levels of autoantibodies in the pristane mice
model, as we focused our investigation primarily on markers of kidney damage in
response to immune complexes deposition, such as inflammation, oxidative stress,
apoptosis, and tissue fibrosis to search for potential protective effects of quercetin on the
pristane-LN mice model. Previous studies used the pristane-induced LN mice model to
demonstrate the protective effects of different therapeutic interventions, reporting
reduced production of autoantibodies and immune complex deposition, less inflammation

and fibrosis [20,30,34,35]. Dos Santos et al [20] showed that oral supplementation of
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melatonin partially restored the kidney cytoarchitecture related to tubular degeneration,
glomerular hypercellularity, mesangial expansion, and interstitial inflammation in the
pristane-induced LN mice model. Treating female BALB/c mice with melatonin, Zhou et
al [34] also demonstrated reduced production of IgM anti-ssDNA and histone
autoantibodies, decreased IL-6 and I1L-13, and attenuation of the renal lesions induced by
pristane. In an interesting study with resveratrol, an activator of silent mating type
information regulation 2 homolog 1 (SIRT1) whose deficiency induces immune complex
glomerulonephritis, Wang et al [35] showed attenuation of proteinuria, of
immunoglobulin 1gG and IgM deposition, and of induced CD4+ T cell apoptosis;
moreover, a significant reduction in proliferative glomerular lesions and mononuclear cell
infiltration was observed.

In the present study, we reproduced the set of kidney injuries of the pristane-
induced LN mice model, both at glomerular and tubular level. In mice and in humans
with active LN, IL-6, TNF-a and IFN-y are overexpressed in kidney tissue, correlating
with inflammatory injury scores relative to glomerular mesangial and proximal tubular
epithelial cells [36]. Giving oral quercetin, we found a significant reduction in proteinuria,
in the percentage of glomerular and tubular inflammation, and in the tissue expression of
IL-6 and TNF-a. These findings were not previously described using quercetin for renal
protection in LN, as they have been for other substances [30].

As emphasized by Hsieh et al [37] not only glomerular but tubulointerstitial
inflammation and fibrosis determine prognosis and patient outcomes in LN, being an
independent predictor of progressive loss of renal function and end-stage renal disease.
Tubular epithelial-mesenchymal transition is induced by TGF-B1 and perhaps by ROS
through the phosphorylation of Smad proteins and mitogen-activated protein kinases,

inducing the expression of collagens I, 111, and IV [38]. In our study the pristane-induced
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LN mice model showed a marked overexpression of TGF-B1 in kidney tissue that was
attenuated by quercetin. It is important to note that quercetin ameliorated renal fibrosis
not only in SLE but also in diabetic nephropathy, either by inhibiting mTORC1/p70S6K
signaling-mediated renal tubular epithelial-mesenchymal transition in diabetic renal
cortex [39] or by reducing the expressions of pro-fibrotic TGF-p1 and connective tissue
growth factor in streptozocin-induced diabetic rats [13].

Lupus nephritis has been associated with intraglomerular cell apoptosis in which
apoptotic nucleosomes bind to the glomerular basement membranes, being inducers and
at the same time targets for the circulating autoantibodies to deposit in kidney tissue [40].
Furthermore, obesity and ROS are also potent mediators of apoptosis as both induce renal
mitochondrial dysfunction and consequent release of cytochrome C, Bax and caspases
which result in apoptotic cell death. As demonstrated by Stacchiotti et al [9] these
mitochondrial alterations were modulated by melatonin supplementation in obese mice,
changing mitochondria shape and cristae organization of proximal tubules and enhancing
the expression of mitofusin-2, which in turn modulated the progression of the
mithocondria-driven intrinsic apoptotic pathway. Our results with the pristane-induced
LN model are in line with Stacchiotti’s findings, where quercetin partially restored the
cytoarchitecture of mitochondria, proximal and distal tubules as seen in the ultrastructural
images of quercetin treated mice.

Pro apoptotic Bax and Fas-L are constitutively expressed in normal tubular
epithelium, but in human LN the mRNA transcription of both proteins are increased in
glomerular cells in correlation with higher inflammatory activity indexes [41]. Similar
findings were described by Cui et al [42] who reported in LN increased expression of
FasL, Bax and caspase-3 and apoptosis in glomerular, tubular epithelial, and

inflammatory cells. We found an overexpression of Bax in the kidney tissue of pristane-
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induced LN mice which was significantly reduced after administration of quercetin, in
agreement with other authors treating alloxan-induced diabetic nephropaty with quercetin
in dyslipidemic rats [12] and also in streptozocin-induced diabetic nephropathy in the
C57BL/6J mice model [14].

Quercetin reduced the increase of oxidative stress mediated by pristane, restoring
both higher levels of the antioxidants CAT and SODL in kidney tissue, and at the same
time reducing lipid peroxidation, as measured by lower levels of TBARS. As a
bioflavonoid, quercetin prevents the formation of ROS and consequent oxidant injury by
diverse mechanisms, such as direct interaction with superoxide anions, by forming
hydroxyl radicals chelating metal ions, and by scavenging oxygen radicals during lipid
peroxidation [43]. Moreover, quercetin may increase the activity of SOD, CAT and
glutathione peroxidase thus promoting radical scavenging, as demonstrated in
experimental models of streptozocin-induced diabetic nephropathy [10,11,14], and in
drug-induced renal injury in rats [44].

In pristane-induced lupus mice severe alterations in the kidney ultrastructure were
found, and we highlight podocyte fusion and podocytopenia, damaged mithocondria,
mesangial cell apoptosis and tubular oxidative damage. As compared to control mice, we
found reduced tissue mRNA of podocyte proteins after pristane induction, however after
quercetin treatment podocin mMRNA expression was close to the levels found in control
mice. Messenger RNA of podoplanin and of a3p1-integrin was also higher expressed in
quercetin treated mice compared to pristane-induced mice, but these differences were not
statistically significant. Growing evidence suggests that biomarkers of podocyte stress
are associated with the progression of glomerular diseases, including LN, as observed in
experimental [45] and clinical studies [46]. In both proliferative and non-proliferative

forms of LN tissue mRNAs of podocyte proteins decrease in parallel with the increased
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excretion of podocyte byproducts in urine [27], even in the early stages of LN [47], which
are strong evidence of severe glomerular epithelial cell disarrangement. An abnormal
release of pro inflammatory cytokines from aberrant T cells with a cytokine-related injury
intrinsic to SLE was postulated as a pathogenic mechanism [48].

The wide spectrum of quercetin protective actions in animal models and in human
disease have been extensively investigated in several scenarios [11]. Despite this, we did
not found studies testing the effects of quercetin on pristane-induced LN mice model
which emphasizes the need to further explore the potential of quercetin in this disease. To
conclude, in this pristane-induced LN model quercetin treatment ameliorated kidney
inflammatory cell infiltration, oxidative stress, apoptosis, fibrosis, and produced a
significant recovery of glomerular podocytes, abnormal mithocondria, and mesangial cell
apoptosis. Not only the therapeutic applications of quercetin have to be further evaluated,
but also its metabolism, the interaction with other drugs, and the potential toxicity it may

have in the long term.
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Abstract

Aims: Since lupus nephritis (LN) etiopathogenesis is not fully understood, herein we
investigated the morphological basis of LN in mice induced with pristane.

Main methods: To evaluate the melatonin effects in these animals, we studied the renal
cytoarchitecture by means of morphological analyses, immunofluorescence expression of
specific markers related to fibrosis, oxidative stress, inflammation and apoptosis.

Key findings: We observed that pristane-LN mice have serious alterations in the kidney
cytoarchitecture, i.e. tubular degeneration, glomerular hypercellularity, matrix mesangial
expansion and interstitial inflammation. The pristane-induced LN mice treated with
melatonin exhibited a well preserved cytoarchitecture.

Significance: Our results document that LN etiopathogenesis is related to both tubular
damage and glomerular lesions. We suggest that it is essential to take in consideration
both these lesions for LN diagnosis and classification. Clearly, we show that the use of
melatonin may be a possible therapeutic strategy for improvement the renal injury in this

disorder.
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Introduction

Lupus nephritis (LN) is one of the most severe complications of systemic lupus
erythematosus (SLE), occurring in approximately half of SLE patients with high
morbidity and mortality [1]. LN is characterized by proteinuria, hematuria and cellular
casts, potentially leading to end- stage renal failure and to the requirement for dialysis or
renal trans- plantation [2,3]. LN without treatment damages the kidney parenchyma
which is then replaced by fibrotic tissue [4]. Moreover, LN has also been associated with
an imbalance between oxidative and anti- oxidative activities leading to oxidative stress
as a result of reactive oxygen species and reactive nitrogen species overproduction [5].

The current therapies used to treat SLE, including glucocorticoids and
cyclophosphamide, suppress humoral immunity and the production of autoantibodies as
well as helper T cells and B lymphocytes [6]. The objective of recent studies has been to
treat patients in a personalized strategic manner that ameliorates long-term outcomes.
Thus, efforts to identify and promote new therapeutic strategies that improve the course
of disease or reverse its activity period, without causing col- lateral damage to unaffected
tissues and organs, are urgently needed [7]. There are several SLE animal models that
play an important role in investigating the mechanisms of this disease. One model is the
pristane- induced lupus mouse model; these animals exhibit many clinical features of
human lupus [8,9], developing significant proteinuria and kidney alterations consistent
with the diffuse proliferative form of LN [9-11]. These symptoms observed in pristane-
induced LN animal model lead to a significant alteration of renal function [12,13]. In
detail, these mice have disparate T cell requirements of two subsets of lupus-specific
autoantibodies as well as the toll-like receptor 7 (TLR7)-dependent and Fcy receptor-
independent production of type | interferon [7,10]. TLR7 is strictly involved in the

production of autoantibodies and the development of LN [6,11]. Moreover, consistent
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with the findings in humans, CD41 T cells and cytokines, play a pro-inflammatory role in
pristane- induced LN [14]. Furthermore, a wide variety of autoantibody re- activity has
been detected in patients with SLE [15] and the pristane- induced LN mice showed
elevations in autoantibodies against many RNA-associated antigens, such as U1-snRNP
complexes and RiboP [9]. Therefore, the pristane-LN mice model has important
relevance to human disease [8,15].

Melatonin is a suitable and useful therapy for many conditions be- cause of its
multitasking properties [16]. Melatonin is a proven safe and remarkably well-tolerated
indolamine particularly known for its antioxidant properties [16—18]. In addition to its
antioxidant properties, melatonin also is antifibrotic and modulates apoptosis [19,20].
Melatonin has been used for the treatment of various experimental fibrotic diseases,
including fibrotic renal diseases [21-23], pulmonary hypertension [24], liver fibrosis [22]
and hypertrophic scar [21]. Interestingly, melatonin not only significantly attenuates
fibrosis, but also improves organ physiology [21]. Accompanying the inhibition of renal
fibrosis, melatonin also reduced leukocyte infiltration, via reduction in the expression of
pro-inflammatory markers [23], and significantly reduces the apoptotic mechanisms after
an acute unilateral ureteral obstruction [25] and in cardiorenal syndrome [26].
Ramamoorthy et al. observed that melatonin pretreatment inhibited NF-kB and protected
against tenofovir disoproxil fumavate-induced renal damage [18].

Since the LN etiopathogenesis is not fully understood, we investigated its
morphological basis; to do so, we examined the involvement of fibrosis, oxidative stress,
inflammation and apoptosis in this disease at the level of the kidney. Then, we evaluated
whether melatonin is effective and its possible mechanism(s) of action in LN treatment.

The findings provide evidence that melatonin restores renal morphological

alterations preventing induction of fibrosis, oxidative stress and inflammation.
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Interestingly, regarding the effect of melatonin on apoptosis, we demonstrate that it
modulates differently the apoptotic pathway in glomerular and tubular cells. Thus, we
suggest that melatonin may be a valuable therapeutic alternative strategy for minimizing

the kidney injury related to LN pathological processes.

Materials and methods

2.1. Experimental design

Fifty female mice BALB/c, at 8 weeks of age, were obtained from Federal
University of Pelotas (Pelotas, Brazil). The care of animals used in the present study
followed local and international guidelines in accordance also with the recommendations
by the Research and Ethics Committee on Health Research Group and Graduate Studies
of Clinical Hospital of Porto Alegre (Brazil).

BALB/c mice were randomly divided into the following five groups (ten animals
per group): 1) Pristane-induced LN mice, which received 500 ul of pristane (Sigma
Aldrich, MO, USA) intraperitoneally [11-13]; 2) Control mice, which received 500 ul of
saline intraperitoneally (pristane vehicle); 3) Melatonin vehicle mice treated for six
months with 1% ethanol dissolved in drinking water; 4) Melatonin control mice treated
for six months with melatonin (10 mg/kg/day) dissolved in 1% ethanol and then in
drinking water; 5) Pristane-induced LN mice treated for six months with melatonin (10
mg/kg/day) dissolved in 1% ethanol and then in drinking water; melatonin treatment
began one day after pristane induction.

Animals were killed and the kidneys were removed for the following
morphological, immunofluorescence, immunoenzymatical and ultra- structural analysis.

For morphological and immunofluorescence analyses, the kidneys were dehydrated in
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ethanol and embedded in paraffin wax, following standard protocol. Then, the samples
were sectioned using a microtome (7 um of section thick). Moreover, for the ultra-
structural analysis pieces of renal tissue were removed and fixed in 2.5% glutaraldehyde
in cacodylate buffer 0.1 M and post-fixed in 1% osmium tetroxide, dehydrated in graded

ethanol, incubated in propylene oxide and finally embedded in Epon mixture resin.

2.2. Hematoxylin staining

Histomorphological analysis of kidneys can be used to confirm and characterize
nephritis severity [15,27]. Alternate paraffin-embedded sections were deparaffined,
rehydrated and finally stained with hematoxylin-eosin staining, according to standard
procedures. The stained sections were observed with a light microscopy (Olympus,
Germany) at a final magnification of 400%, then the histopathological glomerular injury
score was obtained, as reported by Furumoto et al. [28]. To this score we added also the
assessment of tubular alterations. A minimum of 30 random kidney areas for each
experimental animal were analyzed and for each section a score from (—) to (++++) was
assigned separately for glomeruli, proximal and distal tubules: (—): no alteration; (+/-)
weak alteration, (+): mild alteration, (++): moderate alteration, (+++): marked alteration
and (++++): extreme alteration. Scores from each individual mouse were averaged to
yield the glomerular, proximal and distal tubules morphological injury scores of each
experimental group.

The percentage of inflammatory infiltration at 100 random kidney fields was also
calculated for each experimental animal. Furthermore, the glomerular cellularity was
quantified by counting the total cell nuclei per glomerulus (at least 30 glomeruli for 5

sections for each experimental animal) and also a minimum of 50 randomly chosen
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glomeruli were evaluated to detect the class of LN lesion, following the LN classification
proposed by Weening et al. [29]. All measurements and analyses were performed in a
blind fashion and using an image analyzer (Image Pro Premier 9.1, MediaCybernetics
Inc., Rockville USA). Finally, pristane induction of LN was monitored histomorpho-
logically in each experimental groups assigning an histological grade of progression from
0 to 4, as previously reported also by Bender et al. [15]. Key points of the
histomorphological grading system were as follows: grade 0-1: normal renal
cytoarchitecture; grade 2: minimal change characterized by weak glomerular
hypercellularity, mesangial matrix broadening, capillary alterations and inflammatory cell
in- filtration; grade 3: moderate to marked change of much greater severity than grade 2,
often affecting the majority of glomeruli together with moderate tubular dilatation and
protein casts and grade 4: severe changes affecting the majority of glomeruli (often

accompanied by glomerulosclerosis) and tubules.

2.3. Picrosirius red staining

Picrosirius red staining was used to quantify renal interstitial collagen deposition
[30]. Randomly chosen 50 renal fields for each experimental animal were observed with
a light microscopy (Olympus, Germany) at a final magnification of 400 x and in a blind
manner. The determination of the different types of collagen content (percentage of area)
was calculated using a computerized image analysis system (Image Pro Premier 9.1,
Media Cybernetics Inc., Rockville USA), as previously reported by Bonomini et al. [31]

and Rizzoni et al. [32].
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2.4. Periodic acid Schiff (PAS) staining

Alternate embedded-paraffin sections were stained with PAS staining to detect
intraglomerular mesangial proliferation and also proximal tubule brush boarder
alterations [30,33]. For each experimental animal, a minimum of 50 randomly chosen
renal fields were analyzed with a light microscopy (Olympus, Germany) at final magni-
fication of 400 x and, using a computerized image analysis system (Image Pro Premier
9.1, Media Cybernetics Inc., Rockville USA), we measured the pink staining separately
at glomerular and proximal tubules level. All measurements and analysis were performed

in a blind fashion.

2.5. Immunofluorescence analysis

Kidney sections were processed for the immunofluorescence analyses of these
primary antibodies (Santa Cruz Biotechnology, Inc., USA): anti-rabbit superoxide
dismutasel - SOD1 (diluted 1:200), anti-goat catalase - CAT (diluted 1:200), anti-mouse
tumor growth factor-beta 1 - TGF-1 (diluted 1:250), anti-goat interleukin-6 - 1L-6
(diluted 1:200) and anti-rabbit Bax (diluted 1:200), following the immunofiuorescence
protocol and the histomorphometrical analysis reported previously by Agabiti-Rosei et

al. [34] and Oliveira et al. [35].

2.6. Kidney interleukin-6 (IL-6) evaluation
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The kidneys were homogenized, lysated and so subjected also to analyses of the
levels of IL-6 using a specific ELISA assay kit and following the manufacturer's

instruction (Abcam, Cambridge, UK).

2.7. Ultrastructural analysis

Ultrathin sections (70-80 nm of section thick) were processed for ultrastructural
analyses using a transmission electron microscopy (TEM CM10 FEIl), as previously

reported by Favero et al. [36] and Stacchiotti et al. [37].

2.8. Statistical analysis

The data are expressed as mean + standard error of the mean (SEM). Data for
multiple variable comparisons were analyzed by one- way analysis of variance (ANOVA
corrected Bonferroni test). p < 0.05 is considered significant for all statistical analysis

performed in this study.

3. Results

3.1. Hematoxylin staining

We detected pathologic nephritic features at both the glomerular and tubular level,
through the assessment of glomerular hypercellularity, renal inflammation and tubular
degeneration characterized by also loss of epithelial cells or by proteins and/or

mononuclear cells deposition in and narrowing the tubular lumen.
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In the control groups treated with saline (vehicle of pristane) or treated with
melatonin or melatonin vehicle (1% ethanol) there were no obvious kidney alterations.
These results underline that these experimental groups are similar, so they are defined
generically as “control mice” for the following morphological, histomorphometrical,
immunoenzymatical and ultrastructural analysis.

There were also no differences in the renal cytoarchitecture between pristane-LN
mice treated or not with 1% ethanol. So, both experimental groups are considered
generically as  “pristane-LN  mice” for the fol- lowing morphological,
histomorphometrical, immunoenzymatical and ultrastructural analysis.

Pristane-LN mice exhibited kidney morphological damage relative to control
mice. The damage observed in kidneys of pristane-LN mice involved inflammatory
infiltration, glomerular mesangial cell proliferation, sclerosis of glomerular tuft (Fig. 1A),
enlarged tubular epithelium, tubular lumen filled with protein aggregates and proximal
tubules were often devoid of a brush border (Fig. 1B) with respect to kidneys of control
mice (Fig. 1C, D). Kidneys of pristane-LN mice treated with melatonin showed a
significant improvement of the cytoarchitecture, at both glomerular (Fig. 1E) and
proximal and distal tubular (Fig. 1F) level.

The glomerular and tubular morphological injury scores are summarized in Table
1. Since there are no significant morphological differences between proximal and distal
tubules, we show the overall scores titled generically as “tubules”.

Kidney of pristane-LN mice showed also a significant percentage of
inflammatory cell infiltration (Fig. 1A, B) relative to those in kidneys of control mice
(Fig. 1C, D); the latter showed absent/very weak inflammatory infiltration. Kidneys of
pristane-LN mice treated with melatonin had a significant reduction of inflammatory

infiltration (Fig. 1E, F). These observations are summarized in Table 2.
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Pristane-LN mice showed significant increased of glomerular cellularity after 6
months of LN induction with compared to control mice. The treatment of pristane-LN
mice with melatonin reduced significantly the glomerular hypercellularity. These
observations are summarized in Fig. 1G.

Kidneys of pristane-LN mice exhibited mesangial broadening followed by global
endo- or extra-capillary glomerulonephritis involving > 50% of total glomeruli. These
observations consisted of diffuse proliferative LN, identify as Class IV-G LN.
Interestingly, kidneys of pristane-LN mice treated with melatonin showed only mild
mesangial broadening and few isolated subendothelial deposits, as typical of Class Il LN.

Remarkably, pristane-LN mice exhibited a histomorphological profile of nephritis
progression characterized by marked renal alterations, identified with grade 3, significant
higher respect the degree of injury observed in the control mice (grade 0). The treatment
with melatonin of pristane-LN mice showed a significant reduction of this

histomorphological score, showing a histomorphological degree of LN progression < 2.

3.2. Sirius red staining

Sirius red morphometrical evaluation revealed that kidneys of pristane-LN mice
exhibited a significant increase of tubular interstitial collagen deposition relative to
kidneys of control mice, which showed absent/very weak interstitial collagen deposition.
Kidneys of pristane- LN mice treated with melatonin had a significant reduction of tubular
interstitial collagen deposition, restoring the ‘“normal” kidney collagen deposition.
Furthermore, we observed that type | collagen was significantly greater in kidneys of
pristane-LN mice with respect to kidneys of control mice and, as for total collagen

deposition, melatonin treatment showed a significant reduction of renal type I collagen.
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Type III collagen amount was not significantly different among the experimental groups

studied. The Fig. 2 summarizes the date reported above.

3.3. PAS staining

PAS staining revealed that kidneys of pristane-LN mice had an intense
intraglomerular mesangial cell broadening (Fig. 3A) and proximal tubules devoid of
brush border. Moreover, both proximal and distal tubules showed a reduction of epithelial
cells (Fig. 3B). Kidneys of control mice exhibited absent/very weak mesangial matrix
expansion (Fig. 3C) and normal cytoarchitecture of proximal and distal tubules; in detail,
proximal tubules showed regular PAS-positive brush border (Fig. 3D). Interestingly,
mesangial cell expansion was significantly reduced in kidneys of pristane-LN mice
treated with melatonin (Fig. 3E). Melatonin prevented also the major alterations in
proximal tubules, preserving the brush border that had a moderate PAS-positive staining
like normal structures. Moreover, melatonin decreased the reduction of epithelial cells
both in proximal and distal tubules (Fig. 3F). The Fig. 3G summarizes the morphometrical
analysis of both intraglomerular mesangial matrix and proximal tubules brush border
PAS-positive stainings.

Kidney expression of TGF-B1 (green staining) was evaluated to better investigate
the pro-fibrotic pathway involved in LN kidney in- jury. Kidneys of pristane-LN mice
showed a moderate/strong expression of TGF-B1, respectively, at glomerular and both
proximal and distal tubules level (Fig. 4A), compared to kidneys of control mice that

showed absent/very weak expression at glomerular, proximal and distal tubules (Fig. 4B).
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Fig. 1. Kidney morphology.
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On the other hand, melatonin treatment of pristane- LN mice induces a significant renal
reduction of the expression of this pro-fibrotic marker, showing very weak/weak

expression at glomerular, proximal and distal tubular level (Fig. 4C).
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Fig. 2. Kidney interstitial fibrosis.
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These observations were confirmed also by the histomorphometrical analysis at
glomerular, proximal and distal tubular level (Fig. 4D). Since there were no significant
differences between TGF-f1 proximal and distal tubular expressions, we show in the
graph the mean value define generically as “tubules”.

Immunofluorescence analysis of CAT (identified in green) showed a significant
reduction of its expression in kidneys of pristane-LN mice at glomerular, proximal and
distal tubules level (weak expression) (Fig. 5A) with respect to kidneys of control mice
showing weak/moderate expression at glomerular level and strong expression at both
proximal and distal tubular level (Fig. 5B). Furthermore, kidneys of pristane-LN mice
treated with melatonin showed a significant increase of CAT expression at glomerular,
proximal and distal tubular level (Fig. 5C).

We investigated also the antioxidant enzyme SODI1 (identified in red) and we
observed a trend similar to that observed for CAT. In other words, kidneys of pristane-
LN mice had a weak SOD1 expression at glomerular and tubular level (both proximal
and distal tubules) (Fig. 5D) with respect to kidneys of control mice showing
weak/moderate expression at glomerular level and strong expression at both proximal and
distal tubular level (Fig. 5E). Kidneys of pristane-LN mice treated with melatonin showed
a significant increase of SOD1 expression at glomerular, proximal and distal tubular level
(Fig. 5F). CAT (Fig. 5G) and SOD1 (Fig. 5H) at glomerular, proximal and distal tubular

level. Since there were no significant differences between both CAT and SOD1 proximal
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and distal tubular expressions, we display in the graphs the mean values define generically
as “tubules”.

To investigate also inflammation and apoptosis in LN pathogenesis, the kidney
expression of IL-6 (green staining) and Bax (red staining) are evaluated. Kidneys of
pristane-LN mice showed a moderate/strong expression of IL-6 inflammatory enzyme at
glomerular and both proximal and distal tubules level (Fig. 6A) with respect to kidneys
of control mice (absent/very weak expression) (Fig. 6B). Melatonin treatment of pristane-
LN mice exhibited a significant reduction of the renal expression of IL-6 at glomerular
and tubular level (both proximal and distal tubules), (Fig. 6C).

Kidneys of pristane-LN mice also had a moderate/strong expression of the pro-
apoptotic marker Bax at glomerular and tubular level (both proximal and distal tubules)
(Fig. 6D), with respect to kidneys of control mice that showed absent/weak expression at
glomerular, proximal and distal tubules level (Fig. 6E). Interestingly, kidneys of pristane-
LN mice treated with melatonin showed a weak expression of Bax at both proximal and
distal tubular level, but a moderate expression at glomerular level (Fig. 6F).

These observations were confirmed also by the histomorphometrical analysis of
renal 1L-6 (Fig. 6G) and Bax (Fig. 6H) at glomerular, proximal and distal tubular level.
Since there were no significant differences between both IL-6 and Bax proximal and distal
tubular expressions, we show in the graphs the mean values define generically as

“tubules”.

3.4. Kidney interleukin-6 (IL-6) evaluation

As summarized in Fig. 7, the ELISA evaluation of kidney I1L-6 con- firmed the data

obtained through the histomorphometrical analyses. In brief, pristane-LN mice showed a
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higher IL-6 kidney concentration respect to control mice, that had weak renal IL-6 level.
Remarkably, melatonin treatment of pristane-LN mice reduced significantly kidney IL-6,

reaching concentration value comparable to kidney of control mice.

3.5. Ultrastructural analysis

Using ultrastructural analysis, we evaluated glomerular, proximal and distal
tubular features in different experimental groups. Kidneys of pristane-LN mice showed
important glomerular damage: evident foot process effacement, basal membrane
thickening, apoptotic mesangial cells with condensed nuclei, typically of apoptotic cells,
and matrix broadening (Fig. 8A). Ultrastructural features of tubular oxidative da- mage
and interstitial fibrosis were apparent in kidneys of pristane-LN mice together with
apoptotic cells in both proximal and distal tubules (Fig. 8B). In the proximal tubules we
noted also brush border detachment and, in particular, abnormal mitochondria with
disrupted cristae, as it is evident in Fig. 8C. Also, distal tubules showed basal labyrinth
folding often filled with round mitochondria devoid of cristae and an amorphous matrix
(data not showed). On the other hand, kidneys of control mice presented well-defined
renal ultrastructure showing also, in proximal and distal tubules, that the mitochondrial
shape was elongated and the cristae were well preserved (data not showed). When we
analyze kidney of pristane-LN mice treated with melatonin the glomerular tuft showed
almost regular organization, well preserved foot processes of podocytes, limited
mesangial matrix broadening, but also apoptotic mesangial nuclei (Fig. 8D). Remarkably,
proximal and distal tubules showed a “normal” ultrastructure features and, in particular,
proximal tubules have a regular and continuous brush border (Fig. 8E). Furthermore,

proximal and distal tubules showed numerous, well preserved and elongated
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mitochondria with clear cristae. Fig. 8F shows restored proximal tubular mitochondria.

4. Discussion

The renal alterations induced by pristane in this mouse model were severe and were
significantly reduced by melatonin co-treatment. We evaluated the renal alterations
caused by a single intraperitoneal pristane injection, through morphological analyses and
immunohistochemical expression of specific markers related to fibrosis, oxidative stress,
inflammation and apoptosis.

We observed that pristane-LN mice have serious alterations in the kidney
cytoarchitecture and confirmed that these animals exhibit many features of human LN
[8]. Similar results have been recorded in previous studies in which LN mice had
morphological alterations such as glomerulonephritis, characterized by mesangial
broadening, hyper-segmentation and sclerosis of glomerular tufts [9,33,34]. In particular,
according to Gardet et al. the lesions are related to prominent kidney interstitial
inflammation and fibrosis, which were both associated with poor prognosis in human LN
[38]. These data confirm the sharing of many histopathologic features of human LN
[8,39].

Significant tubular injury, ranging from enlarged epithelial cells to interstitial
fibrosis, was observed in the current study. Tubular epithelial cells interact with

inflammatory cells secreting pro-inflammatory mediators, including monocyte chemo-
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Fig. 3. Intraglomerular mesangial
matrix and proximal tubules brush
border. Photomicrographs showing
glomeruli, proximal and distal
tubules PAS staining of pristane-LN
mice (A, B), control mice (C),
pristane-LN  mice treated with
melatonin (E, F). Bar equals 20 um.
The graph (G) summarizes the
morpho-  metrical analysis  of
intraglomerular mesangial matrix and
proximal tubules brush border PAS-
positive stainings. p =< 0.05 vs
pristane-LN mice. (G): glomerulus;
(imc):  intraglomerular mesangial
cell; (pt): proximal tubule; (dt): distal
tubule.

attractant protein 1, CD40, and Toll-like receptor 9 [40] eliciting a variety of responses

to protein overload. In fact, an increasing amount of data supports that tubular lesions are

predictive of progression in renal disease strongly indicating the decline in the function

of the organ [41,42]. Further, these latter authors highlighted the importance of interstitial

processes in determining prognosis of this disease. Paradoxically, these tubular lesions

are not considered in the current classification of Weening et al. [29], as also previously

reported [43]. So, we suggest that it is very important to take in consideration not only

glomerular lesions, but also tubulointerstitial alterations in predicting renal outcome.

LN involves the release of pathogenic mediators which worsen glomerular

mesangial and tubular epithelial cell damage, such as inflammatory cytokines and reactive
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oxygen species [5,40]. The role of these pathological processes in the triggering of the
LN disease is yet to be determined. Regarding these findings, we observed a significant
reduction of the expression of CAT and SOD1 antioxidants in pristane- LN mice, these
data are in agreement with human clinical evidences that showed an increase of reactive
oxygen species production and an inadequate endogenous antioxidant defense of patients
with LN [44]. Furthermore, we noted in pristane-LN mice a significant rise of TGF-p1
and IL-6 expressions at both glomerular and tubular levels, as also previously observed
also in human [45-47]. These authors demon- strated that, in chronic progressive renal
disease, TGF-B1 and IL-6 signaling are part of a conceptual framework consolidating
patho-mechanisms of the progression of glomerular and tubulointerstitial disease.

It is known that TGF-B1 is considered as a main factor in the promotion of
epithelial-to-mesenchymal transdifferentiation, which induces renal fibrosis [48].
Moreover, glomerular morphological injury is a potent inducer for IL-6 generation in
tubular epithelial cells, which presents one aspect of glomeruli-tubules cross talk [49].
The inflammatory infiltration in the tubular interstitium and in the glomeruli, a prominent
feature in both human and mice LN, induces the secretion of inflammatory cytokines and

chemokines that contribute to the apoptosis of both glomerular mesangial cells and

tubular epithelial cells [10,50,51].

Fig. 4. Kidney tumor growth factor-
betal (TGF-B1) evaluation.
Photomicrographs showing renal
TGF-B1 (green staining)
immunofluorescence of pristane-LN
mice (A), control mice (B) and
pristane-LN mice treated with
D melatonin (C). Bar equals 20 um. The
graph (D) summarizes the TGF-B1
histomorphometrical analysis of all
experimental groups. p < 0.05 vs
pristane-LN mice. (G): glomerulus;
z ® z (pt): proximal tubule; (dt): distal
— — tubule. (For interpretation of the
PR EN g sl il references to colour in this figure
e legend, the reader is referred to the
web version of this article.)

-

16:41 (AU)

BGlomeruli BTubules
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Considering the critical role of apoptosis in the development and outcomes of
kidney diseases [50,52], we investigated also Bax, a pro- apoptotic marker [53,54]. In
pristane-LN mice Bax expression was elevated in renal tubular epithelial cells and
moderately in glomerular mesangial cells, with respect to control mice who showed very
weak renal Bax expression. These data are in agreement with the previous study of Cui
et al. who observed a Bax expression in glomerular parenchymal cells and tubular

epithelial cells of LN patients [55].

Fig. 5. Kidney catalase (CAT) and
superoxide dismutasel (SOD1)
evaluation. Photomicrographs showing
renal CAT (A- C; green staining) and
SOD1 (D-F; red staining)
immunofluorescence of pristane- LN
mice (A, D), control mice (B, E),
pristane-LN mice treated with melatonin
(C, F). Bar equals 20 pm. (G):
glomerulus; (pt): proximal tubule; (dt):
w distal tubule. The graphs summarize the
CAT G) and SOD1 (H)

x . .

«< histomorphometrical analysis of all
experimental groups. p =< 0.05 vs

B pristane-LN mice. (For interpretation of

o -l the references to colour in this figure

GAT (AU)
B 3
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In addition to an adequate LN animal model that is needed for the identification of
markers related to pathogenesis, increasing research efforts are required to understand the
molecular mechanisms under- lying Kidney injury to identify new therapeutic approaches.
Thus, the present study also evaluated the effects of melatonin treatment against kidney
injury induced by LN. Melatonin treatment of pristane-LN mice lessened morphological
lesions caused by LN pathogenesis, restoring a “normal” renal morphology and
cytoarchitecture. In fact, pristane-LN mice treated with melatonin showed a significant
increase of the expression of CAT and SODL1 at proximal and distal tubular level. We

suggest that the treatment suppressed kidney LN alterations through indirect inhibition
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Fig. 6. Kidney interleukin-6
(IL-6) and Bax evaluation.
Photomicrographs  showing
renal IL-6 (green staining)
and Bax (red staining)
immunofluorescence of
pristane- LN mice (A, D),
control mice (B, E), pristane-
LN mice treated with
melatonin (C, F). Bar equals
20 pm. The  graphs
summarize the IL-6 (G) and
Bax (H) histomorphometrical
analysis of all experimental
H  groups. p < 0.05 vs pristane-
LN mice and #p < 0.05 vs

5 40| 240 control mice. (G):
< x . glomerulus; (pt): proximal
3 1 L. tubule; (dt): distal tubule. (For
: % . . interpretation of the

- . .
o' | 1w | e e, e reer i
Pristane-LN  Control  Pristane-LN + Pristane-LN  Control  Prstane-LN + % q 9 h ' b - f

mice mice  melatonin mice | mice mice  melatonin mice re_erre_ to the web version o

SGiomerull ® Tubules 5 Glomeruli ® Tubules: this article).

oxidative injury of tubules, due to the well-known antioxidant melatonin ability
[13,14,56].

Melatonin treatment also significantly lowered TGF-B1 expression and,
consequently, reduced the mesangium broadening and hampered tubular apoptosis and
interstitial fibrosis. These observations are in agreement with previous reports indicating

that melatonin has important antifibrotic effect in various experimental fibrotic conditions

[21,22].
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Fig. 7. Kidney interleukin-6 (IL-6)
concentration. The graph summarized
the IL-6 renal concentrations
expressed in pg/ml. p < 0.05 vs
pristane-LN mice.
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We observed also that melatonin treatment determined a significant renal decrease
of the IL-6 expression and a specific Bax modulation. These results are consistent with a
previous report of Zhou et al., which showed that pristane-induced lupus mice display an
imbalance of cytokine network with increasing level of IL-6 that, in turn, induces B cells
to secret more antibodies and promote the development of nephritis [57]. Furthermore,
these authors showed that the downregulation of IL- 6 production by melatonin was
helpful in inhibiting renal damage in this animal model. The effect on Bax expression
could be due to its direct anti-apoptotic properties [20,25,26,33,56] or to its indirect action
in counteracting, as previously reported, inflammation and fibrosis that, in turn, does not
promote the apoptotic pathway. It is important to underline that melatonin treatment of
pristane-LN mice showed, also, a moderate expression of Bax at glomerular level. This
is important because the defective clearance of apoptotic debris may sustain and
accelerate autoimmunity, mesangial broadening and kidney inflammation [18,28]. In
particular, the observation on Bax glomerular expression may be related on the melatonin
attempt to eliminate activated and proliferating mesangial cells through apoptosis,
allowing the return of the “normal” renal cytoarchitecture due to the multitasking
melatonin properties [16,58].

Recently other novel approaches for the management of LN using antioxidant
compounds, such as salvianolic acid A and resveratrol, have been studied in the same LN
animal model [6,11]. These studies suggested the potential effects of these compounds in
alleviating LN renal dysfunction and histological damages mainly at glomerular level.
The current study provides convincing evidence about the efficacy of melatonin treatment
in attenuating and ameliorating the progression kidney LN-induced injury, showing that,
together with the important antioxidant melatonin mechanism of action, part of the

beneficial effects of this indolamine are due to the protection of also tubular epithelial
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Fig. 8. Kidney ultrastructural
evaluation.  Photomicrographs
showing glomeruli, proximal and
distal tubules and proximal
tubular mitochondria of pristane-
LN mice (A-C) and pristane-LN
mice treated with melatonin (D—
F). (dt): distal tubule; (e):
erythrocyte; (imc):
intraglomerular mesangial cell;
(m) mitochondria; (p): podocyte;
(pt): proximal tubule and
arrowhead indicates mesangial
matrix broadening. Bars A, D: 1
pum; B, E: 2 um; C, F: 200 nm.

cells and to its particular pro- and anti-apototic effects. This was especially obvious

considering that melatonin-induced apoptosis at mesangial cell level may be a response

to counteract mesangium proliferation in LN. These results underline the fundamental

opposite pro- and anti-apoptotic melatonin effects as previously reported by also Bizzarri

et al. [59] and Reiter et al. [16]. These authors suggest that melatonin has a pro-apoptotic

action against cancer cells but also a diametrically opposite anti-apoptotic function in

normal cells.
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Fig. 9. Lupus nephritis kidney injury
and melatonin effects. Schematic
representation of lupus nephritis
kidney injury at glomerular, proximal
and distal tubules and of melatonin
effects against lupus nephritis renal
alterations. It is important to underline
that this indolamine is able to
modulate differently the apoptotic
pathway in glomerular and tub- ular
cells. The red arrows indicate the effect
of pristane injection, whereas the blue
arrows  denote  the  significant
melatonin treatment effects. CAT:
catalase; IL-6: interleukin-6; LN:
lupus nephritis; SOD1: superoxide
dismutasel; TGF-B1: tumor growth
factor-betal. (For interpretation of the
references to colour in this figure
legend, the reader is referred to the
web version of this article.)
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Conclusions

In summary, we suggest that melatonin oral treatment, at the final dose of 10
mg/kg/day, via its important antifibrotic, antioxidative, anti- inflammatory and dual and
opposite pro- and anti-apoptotic effects may block LN-related kidney injury (Fig. 9).
However, further studies are necessary to establish the more effective dose of melatonin

and to better understand the melatonin mechanism(s) of action and regulating processes.
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Abstract

Obijectives: Systemic lupus erythematosus (SLE) is an autoimmune inflammatory disease
with renal involvement in over half of the cases. In lupus nephritis (LN), podocytes are
injured at the structural and molecular level. Spontaneous or induced animal models of
SLE can reproduce the glomerular damage, similar to what is observed in humans. In this
review, murine models focusing the podocyte injury were summarized, and therapeutic
strategies to protect the podocyte cell were explored.

Methods: Using the PubMed and MEDLINE databases from 1950 to 2015, literature
search was conducted by article title and abstract, combining the following key words:
“systemic lupus erythematosus”, “lupus nephritis”, “animal model”, “podocyte injury”,
and “treatment”.

Results: Published or in-press eligible studies that were published as full-length articles
in English-language journals were considered. Articles were summarized according to
podocyte structure and function, the podocyte injury resulting from spontaneous (NZB/W
F1 hybrid, MRL/Ipr, BXSB-Yaa mice) or induced (chronic graft-versus-host disease,
pristane) mice models of LN, and the protective effects of drug treatments on podocyte
cell structure and function reported in these models.

Conclusions: Murine models of SLE have proven useful for better comprehension of the

multiple mechanisms involved in systemic autoimmunity that leads to LN. These critical

tools should be considered when target therapies are designed to control this disorder.
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Introduction

Podocytes play an important role in the development and maintenance of the
glomerular barrier. The glomerular filter has selectivity to macromolecules based on
electric charge and molecular size, but we now know that this process is more complex
and involves podocyte cells to maintain the integrity of the barrier, thus avoiding urinary
protein loss [1].

Podocytes are terminally and highly differentiated epithelial cells unable to
undergo cell division in vivo, except under special conditions. Embryologically, they
derive from mesenchymal cells, and the mature podocyte cell body lies at the luminal side
of the glomerular tuft. From the cell body, primary foot processes (FP) split into
secondary and tertiary processes, which are microtubule-rich structures containing an
actin-based cytoskeleton. The apical and basal membrane domains and the slit diaphragm
are structurally and functionally connected to the cytoskeleton, and any disarrangement
in one of these domains will remodel the parallel contractile actin bundles into a dense
network as a defense reaction [2,3]. Many signaling pathways take part in the
reorganization of the cytoskeleton, which ultimately leads to podocyte effacement, loss
of the interdigitating pattern, and proteinuria. Three major pathological podocyte
phenotypes are described in proteinuric glomerular diseases: effacement, apoptosis, and
proliferation [4,5].

Different injuries to podocytes result in glomerular pathology, as in primary
diseases minimal change disease (MCD), focal segmental glomerulosclerosis (FSGS),
membranous nephropathy, or secondary forms when associated with systemic diseases,
such as diabetes mellitus, systemic lupus erythematosus (SLE), obesity or virus infections
[6]. Several experimental models of glomerular injury have shown the central role of the

epithelial cells in the pathophysiology of many glomerulopathies [7]. In this review, we
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will focus on animal models of lupus nephritis, presenting the molecular targets that were
used, the main pathophysiological mechanisms involved and the final outcomes that in
conjunction help provide a better understanding of the physiopathology of lupus nephritis

and provide tools for discovering new therapeutic targets to induce disease remission.

Literature search

Original and review articles including clinical research and spontaneous or
induced experimental mice models of SLE and lupus nephritis (LN) assessing podocyte
injury and immune and non-immune mechanisms of glomerular damage were identified.
We conducted electronic literature searches of PubMed and MEDLINE from 1950 to
2015 by article title and abstract. Published or in-press eligible studies that were published
as full-length articles in English-language journals were considered. If the paper was
retained, the full text was assessed in details.

Two authors (MS and FVV) performed data extraction and independently
assessed methodological quality. Data about quantification of podocyte messenger RNA
(mRNA) or protein expression in kidney tissue and urine in LN, analysis of inflammatory
mediators, immune complex tissue deposition and podocyte damage, and newer stress
biomarkers of LN were extracted. In experimental mice models, the search included data
on development of spontaneous (NZB/W, MRL/lpr, and BXSB-Yaa) and induced
(cGVHD and pristane-exposed) murine models of SLE and LN, expression of podocyte-
specific proteins, cytokines and other inflammatory mediators, and drug treatment
approaches to induce podocyte protection, antioxidant, and anti-inflammatory effects in

the spontaneous and induced models.

1. The podocyte cell and its components
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Podocytes are polarized and negatively charged cells, the peculiar shape of which
Is dynamically modifiable due to a cytoskeleton rich in microfilaments of F-actin and
myosin. They perform an important role in the glomerular filtration and formation of
glomerular filtrate on urinary Bowman's space. Podocytes’ complex architecture of
proteins is required for these highly specialized cells to perform the following functions:
barrier integrity maintenance in size and charge to proteins, maintenance of the shape of
the glomerular capillary loop, opposition to the pressure produced inside the glomerulus,
synthesis and maintenance of the glomerular basement membrane (GBM) and production
and secretion of vascular endothelial growth factor (VEGF) required to maintain the
integrity of epithelial cells in glomerular capillaries [2,3,8]. Changes in one or more of
these functions after podocyte injury results in proteinuria, nephritic syndrome and the
loss of renal function. Several proteins, such as synaptopodin, which is located on the
luminal membrane and alpha-actinin-4 near the basement membrane, maintain the

podocyte architecture via connections with actin, as illustrated in Figure 1 [9].

Figure 1. Podocyte complex architecture and the diversity of receptors, membrane proteins, and ion channels that are
connected to actin via adaptor and effector proteins, which preserve their normal structure. CSK: cytoskeleton; SD: slit
diaphragm; GBM: glomerular basal membrane; BD: basal domain; E: endothelium; TRPC6: transient receptor potential

channel 6; CD2AP: CD2-associated protein; FAT: nonclassical giant protocadherin.
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The slit diaphragm (SD) is an electron-dense membrane that spans the 30-50 nm
space between interdigitating FP, forming a bridge that connects two podocytes, and has
pores that likely constitute the limiting barrier structure to macromolecules. Slit
diaphragm proteins such as nephrin, podocin, CD2-associated protein (CD2AP), FAT,
Neph-1, and P-cadherin, function as a complex acting in intracellular signaling and
mechanosensation, adapting FP shape and length [10,11]. Nephrin is a transmembrane
protein that interacts with the actin cytoskeleton through Nck adapter proteins and the
Neph-1 activating the Arp2/3 complex, a major regulator of actin dynamics [12]. Podocin
is a hairpin-like protein associated with the lipid component of the SD that interacts with
nephrin and CD2AP facilitating nephrin, signaling to the actin filaments and stabilizing
the structure of the SD (Figure 1) [13].

Transient receptor potential canonical (TRPC) is a transmembrane protein of ion
channels that is located in the podocyte cell membrane adjacent to the SD. TRPC5 and
TRPC6 are channels potentially associated with the nonselective cationic conductance in
podocyte plasma membrane that increase intracellular Ca®* and stabilize the podocyte
actin cytoskeleton [14,15].

The apical membrane domain of the podocyte is negatively charged due to the
presence of anionic sialoproteins such as podocalyxin, podoplanin and podoendin. These
proteins retain the negative charge of the GBM, limiting the passage of albumin,
maintaining the physical separation of adjacent podocytes and preventing the adhesion of
parietal cells of the Bowman's capsule to the capillary wall [16]. Another molecule in the
luminal membrane is GLEPP-1, which plays a role in regulating glomerular pressure and
filtration through an effect on podocyte structure and function [17].

The podocyte is anchored to the GBM through its basal domain, where cell adhesion

proteins aaPi-integrin, ovBa-integrin, and a-B-dystroglycan are tightly connected to
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basement membrane components such as collagen 1V, fibronectin, laminin and endactin,
and proteoglycans. This complex structure of the GBM restricts the passage of
macromolecules through the glomerular capillary wall into the Bowman’s space
[2,3,18,19]. Cell adhesion and remodeling of the extracellular matrix involve
bidirectional signaling physical linkage between the extracellular matrix, integrins, and
the actin cytoskeleton [20].

Podocytes have specialized functions owing to their complex architecture and the
diversity of receptors, membrane proteins, and ion channels that are connected to actin
via adaptor and effector proteins, which preserve their normal structure. Podocyte
architecture can be restored after initial damage if the actin cytoskeleton is repaired. As
recently reviewed by Reiser and Altintas [21], many pathways of injury can directly or
indirectly target the podocytes to cause damage at the molecular level. On the
background, genetic mutations and deletions, direct toxicity, immunologic events
inducing inflammation, charge distortion, and signaling pathway activation, among
others, operate individually or in conjunction to alter podocyte morphology, function, and
survival. The effects of many soluble and cellular products, including toxins, reactive
oxygen species, complements, and antibodies lead to structural changes in podocytes, as
well as glomerular epithelial cell differentiation, phenotypic conversion, and death. As
examples, angiopoietin-like3 (ANGPTL3) [22], B7-1/CD80 [23], and TRPC5/TRPC6
[15] induce podocyte foot process effacement and disruption and reorganization of actin
cytoskeleton. Angiotensin-II is related to podocyte autophagic processes [24], and both
endothelin-1 [25] and TGFp1 [26] can lead to phenothypic conversion of podocyte cells,
inducing epithelial-mesenchymal transition. ANGPTL3 is also involved in the puromycin
aminonucleoside-induced podocyte loss by affecting detachment and apoptosis in vitro

[27] and TGFp; also can promote apoptosis in conditionally immortalized podocytes
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derived from CD2AP-/- mice, as CD2AP is a selective mediator of anti-apoptotic
phosphatidylinositol 3-kinase [28].

Persistent injuries to podocyte cells lead to permanent glomerular loss through
dysregulation, inflammation or degeneration [6]. In the former, podocytes suffer a process
of cell dedifferentiation, reacquiring the proliferative capacity of the embryonic period by
inhibiting the mechanisms responsible for preventing cell mitosis. In some specific
conditions, such as in human immunodeficiency virus 1 infection, the negative factor
protein (NEF) induces a podocyte proliferative response with loss of differentiation
markers, including synaptopodin, WT-1, and GLEEP-1. Subsequentely, proliferation
markers are expressed in podocytes, such as Gi cyclin, cyclin A, cyclin D1, and Ki-67
[29]. The dedifferentiation and consequent uncontrolled proliferation leads to
hypercellularity, as seen in collapsing and crescentic glomerulonephritis [6,30].

Inflammatory pathways lead to fixation of podocytes to the Bowman’s capsule,
where they proliferate with the parietal cells, resulting in cellular crescents that become
fibrotic and segmental glomerulosclerosis [6]. In the degenerative form podocyte cell
body, attenuation and hypertrophy, podocyte detachment from GBM and synechiae
formation are commonly observed, which ultimately leads to glomerulosclerosis and
kidney failure [6,31].

Epithelial-mesenchymal transition is another process that follows podocyte injury,
where the podocyte cells suffer a phenotypic conversion losing their epithelial expression
of nephrin, P-cadherin, and ZO-1. In turn, these cells begin to express matrix-producing
fibroblasts and myofibroblasts which induce renal fibrosis, such as desmin, fibroblast-

specific protein-1, a-smooth muscle actin, vimentin, type I collagen, and fibronectin [32].

2. Podocyte injury in lupus nephritis: clinical approaches
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Systemic lupus erythematosus (SLE) is a disease characterized by loss of immune
tolerance, and its etiology is associated with different factors such as environment,
hormones, genetics, and epigenetics [33]. Several factors are involved in the
pathophysiology of SLE, including failure in the apoptotic mechanisms [34], failure in
removing autoreactive B [35] and T cells [36], increased production and release of pro-
inflammatory cytokines [37] and deposition of immune complexes in various tissues [38].

Lupus nephritis (LN) is one of the most severe visceral complications of SLE,
occurring in approximately half of SLE patients. LN occurred in 38.8% of SLE patients
in a large multicenter and multi-ethnic inception cohort from Europe, North America, and
Central America, and was associated with end-stage renal disease and death in almost 5
years of follow-up [39]. In Brazil, 50 and 70% of SLE adults and children, respectively,
presented with nephritis in a retrospective cohort survey [40]. Clinically, LN is
characterized by proteinuria, hematuria, cellular casts, and renal failure, potentially
leading to end-stage kidney disease and the need for dialysis or renal transplantation [39—
41].

Immune complex deposits in the kidney activate complement, pro—inflammatory
pathways and resident renal cells triggering tissue damage and the development of
nephritis. Inflammatory cells are recruited via engagement of Fc and Toll-like receptors
in the background of cytokine, chemokine and growth factor overexpression [42].
Specific patterns of glomerular injury occur depending on the site of immune complex
binding. Mesangial and subendothelial deposits are associated with a vigorous
inflammatory response and consequent tissue infiltration of immune cells, endocapillary
proliferation, and segmental necrosis, whereas subepithelial and podocyte deposits result
in a non-exudative and non-proliferative lesion, with foot process effacement and

detachment, and immune deposits predominating in the subepithelial space of the

158



glomerular basement membrane. Thus, the site of accumulation of immunoglobulins, and
also their antigenic specificity, their capacity to bind complement proteins, and their
ability to induce an anti-inflammatory response lead to different patterns of renal tissue
damage [41-43].

In SLE, self-reactive T- and B-cells produce proinflammatory cytokines and
antibodies to specific nuclear antigens, which have cross-reactivity to podocyte antigens
such as alpha-actinin [43]. It has been demonstrated that anti-dsDNA antibodies bind to
glomerular structures in vivo, including podocytes [44]. Clinical [45,46] and
experimental [47] studies correlate the activity of LN to structural damage of SD and
other podocyte components, even in the early stages of the disease. The clinical
presentation of LN is likely to correlate with the severity of histopathology, but at the
molecular level, our understanding of the extent of podocyte damage is less clear. Recent
investigations suggest a correlation between more severe histology (i.e., proliferative
forms of LN) and greater intensity of podocyte injury where inhibition of renal tissue
mMRNA of podocyte molecules, podocyturia, and distorted SDs on electron microscopy
(EM) are found [47-50].

Two patterns of podocyte lesions are suggested in LN: injuries involving immune
complex deposition with structural podocyte damage, as is found in focal and diffuse
proliferative LN, where endocapillary proliferation, necrosis and inflammation are
predominant; and injuries presenting with diffuse podocyte FP effacement and
dysfunction without inflammation, as in non-proliferative forms of LN [48]. The latter
represents a lupus-related podocytopathy manifesting as nephrotic proteinuria and diffuse
visceral epithelial cell FP effacement in the absence of peripheral glomerular immune
aggregate deposition [51,52], as reported in minimal change, mesangial proliferative and

pure membranous LN [48,51-54]. It is probable that in these forms of LN podocyte
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functional alterations predominate rather than structural damage induced by immune
complex deposits in the kidney. An abnormal release of cytokines from aberrant T cells
with a cytokine-related injury intrinsic to SLE was postulated as a pathogenic mechanism
[51].

The diagnostic and prognostic potential of podocyte stress biomarkers for the
activity and progression of LN may be greater than traditional parameters, such as
proteinuria and glomerular filtration rate, as suggested by previous experimental [55] and
clinical studies [56]. In both proliferative and non-proliferative forms of LN, diffuse
podocyte FP effacement [51,53,54], reduced expression of podocyte proteins in the
kidney as detected by immunohistochemistry [48], and/or decreased podocyte-associated
tissue mRNAs in parallel with increased excretion of podocyte byproducts in urine
[45,46,49,50] are strong evidence of glomerular epithelial cell disarrangement.
Reorganization of actin cytoskeleton and SD complex dysfunction, followed by failure
of intracellular signaling and altered podocyte phenotype, are consequences of podocyte
injury, leading to severe loss of function, distorted cell architecture, and apoptosis [4].

Other less-investigated kidney tissue and urine biomarkers are being studied in
LN [57]. Growth factors such as VEGF and transforming growth factor  (TGFp), the T
regulatory cell gene forkhead box P3 (FOXP-3), and chemokines (CXCR3) have been
correlated with podocyte damage, histological class activity and the severity and the
prognosis of LN [49,58-60]. Recently, microarrays have also been studied. For example,
microRNA 26a (miR-26a) regulates podocyte differentiation and cytoskeletal integrity,
and in a mouse model of autoimmune glomerulonephritis, the silencing of miR-26a
decreased the expression of genes linked to podocyte differentiation and cytoskeleton
formation [61]. Furthermore, overexpression of miR-150 in renal biopsy of patients with

LN significantly reduced the expression of the antifibrotic protein suppressor of cytokine
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signaling 1 (SOCS1) through the upregulation of profibrotic proteins such as TGFp, a
cytokine that promotes renal fibrosis [62]. These new biomarkers may be useful in clinical
practice for monitoring disease activity and evaluate the clinical response to therapeutic

protocols.

3. Podocyte injury in mice models of lupus nephritis: experimental approaches
Spontaneous murine models of SLE include the F1 hybrid between the New
Zealand Black (NZB) and New Zealand White (NZW) strains (NZB/W F1) [63], the
MRL/lpr [64], and BXSB/Yaa strains [65], as shown in Table 1. The pristane-exposed
model [66] and the chronic graft-versus-host-disease models (cGVHD) [67] are induced
models. These mice have uncontrolled proliferation of T cells and an impaired response
to T cell mitogen, and they produce autoantibodies against nuclear antigens, including
DNA [68-70]. Several kidney alterations have been reported in these animals, such as

podocyte loss, FP effacement, and GBM thickening [71-73].
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Table 1: Main characteristics of the mice models of lupus nephritis currently studied

Type of
Mice model disease Autoantibody profile Main clinical manifestations
development
Severe LN, lymphadenopathy,
ANA, anti-dsDNA, anti-Ro, hemolytic anemia,
NZB/W F1 Spontaneous anti-La, anti-Sm and anti- Hypergammaglobulinemia,
RBC and
splenomegaly
Severe LN, dermatitis,
serositis, sialoadenitis,
ANA, anti-Sm/RNP, anti- lymphadenopathy,
dsDNA, anti-ssDNA, anti- polyarthritis,vasculitis,
MRL/lpr Spontaneous Ro, anti-La, rheumatoid hypergammaglobulinemia,
factor and anti-RBC splenomegaly,
neuropsychiatric features,
conjunctivitis, and band
keratopathy
Severe LN, lymphoid tissue
hyperplasia, monocytosis,
ANA, anti-dsDNA and anti- leukocytosis,
BXSB-Yaa Spontaneous erythrocyte antibody hypergammaglobulinemia,
splenomegaly, and
neuropsychiatric features
Chronic ANA, anti-dsDNA, anti- Proteinuria and
Induced chromatin, anti-Sm and anti- o
GVHD glomerulonephritis
RBC
Models ANA, anti—Sm/R_NP, anti- ProteinL_Jr_ia, N
induced by Induced rlposomal P_, antl—(_jsDNA, glomerulpnephrlt_ls_, arthritis,
pristane anti-Chromatin, anti-U1RNP anemia, serositis, and

and anti-histone

lung hemorrhage

Abbreviations: ANA (antinuclear antibodies); dsDNA (double-stranded DNA); LN (lupus nephritis); RBC

(red blood cell); ssDNA (single-stranded DNA).

3.1. The NZB/W mice model

Developed in the early 1960s, the NZB/W F1 hybrid is a reliable model for

studying SLE and its renal lesions [63]. They show susceptibility to autoimmunity, high
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serum levels of antinuclear, anti dsSDNA, anti-Ro, anti-La, and anti-Sm antibodies, that
are characteristic in human SLE. These mice develop progressive proteinuria and
glomerulonephritis with immune complex deposits in mesangium, tubular casts and
crescent formation, besides of diffuse proliferation of glomerular cells (Table 1). Overall,
NZB/W F1 strain has been used to study the genetics underpinning of SLE and its
characteristics, and also to study the etiopathogenesis of immune complex mediated
glomerulonephritis involving the deposition of anti-dsDNA and other autoantibodies
[74].

In 1- to 3-month-old NZB/W mice, glomerular protein expression of nephrin and
podocin are significantly reduced, and the histological presentation is equivalent to the
human mild mesangial LN. This alteration becomes more pronounced in older animals
(6-9 months old) with advanced histological alterations, corresponding to the focal or
diffuse proliferative LN [47]. It has been demonstrated that treatments with
glucocorticoids and cyclophosphamide in experimental LN increase mRNA levels and
expression of nephrin and podocin. Daily treatment with dexamethasone during 3 or 6
consecutive months resulted in a significant increase of nephrin and podocin tissue
MRNA levels, as well as post-translational protein expression. Pharmacological treatment
halted the histological alterations associated with LN, preserving podocyte FP effacement
as found in EM, as shown in Table 2. These findings in EM and mRNA expression were
inversely associated with both nephrin and podocin expression. Similar results were
obtained with intraperitoneal injection of cyclophosphamide every 10 days for 3 or 6
consecutive months [75].

In addition to cyclophosphamide, other immunosuppressive or anticancer drugs
have protective effects against podocyte damage in the NZB/W mice model. The

urokinase receptor (UPAR) is expressed in podocytes, and its signaling induces FP
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effacement, loss of podocyte-associated proteins, and proteinuria by promoting epithelial
cell motility and GBM permeability in the glomerulus [76]. Daily oral administration of
mycophenolate mofetil (60 mg/kg) for 30 weeks in NZB/W mice model downregulated
the mRNA and protein tissue levels of uPAR (Table 2) [77]. In another study, the
administration of the proteasome inhibitor bortezomib, a drug used to treat multiple
myeloma, in NZB/W F1 hybrid mice led to protection against podocyte injury. The
treatment was given in two different stages: at 18 weeks of life (before the onset of
proteinuria) and at 23 weeks of life (when proteinuria was detectable). When both groups
were compared to PBS-treated animals, increased preservation of nephrin and
synaptopodin and a higher number of Wilms’ Tumor (WT-1)-positive podocytes
indicating viable cells were detected, indicating preventive and protective effects of

bortezomib against damage to the glomerular structure, as described in Table 2 [71].
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Table 2: Immunosuppressive and experimental drug approach for podocyte protection

in animal models of systemic lupus erythematosus

Treatment

Mice model Drug/dose Outcomes Reference
protocol
Dailv in Tissue protein expression of nephrin and podocin were
drinkinywater higher after 3 and 6 months and after 3 months of
Dexamethasone g treatment, respectively. In addition, podocytes FP and Moysiadis et al
for3or6 L :
0.4 mg/kg . SD were well maintained with less effacement. [75]
consecutive . : .
Nephrin and podocin mRNAs increased after 3 and 6
months L . -
months of dexamethasone administration, respectively.
Tissue protein expression of nephrin and podocin were
Cyclophosphamid Every 10 days  higher after 3 and 6 months of treatment, respectively.
NZB/W e for3or6 Podocytes FP and SD were morphologically regular ~ Moysiadis et al
50 mg/kg consecutive with sporadic effacements. Nephrin and podocin [75]
months mRNAs increased after 3 and 6 months of
cyclophosphamide administration, respectively.
Mvcophenolate Dailv oral In immunofluorescence staining, the rate between
ycopner ally oral UPAR intensity and synaptopodin level decreased in Cheng et al
mofetil/ administration
60 mg/kg during 30 weeks the tfeat?d group. [77]
UPAR mRNA expression in the kidney was reduced.
. . The podocyte markers nephrin, WT-1 and synaptopodin
Bortezomib Twice aweek at oo preserved in this model compared to PBS-treated Hainz et al
0.75 mg/kg age 18 weeks - - .
mice. There was a higher number of podocytes in the [71]
and at 23 weeks
treated group.
Daily treatment
for 60 days in
SD3651 slow release There was no foot process effacement or Njoku et al
(NOS inhibitor) subcutaneous capillary endothelial cell tumescence in the NOS2—/— [82]
30 mg/kg pellets from 10 SD-3651-treated mice.
to 24/25 weeks
of age
MRL/lpr Daily Tacrolimus improved the synaptopodin expression and
Tacrolimus intragastric podocyte number. In addition, in the treated groups, Liao et al
0.1 mg/kg administration podocyte apoptosis was reduced, and FP effacement [85]
for 8 weeks was inhibited
Pyrrolidine Twice weekly
dithiocarbamate intraperitoneal ~ PDTC reduced the podocyte foot process effacement in Zhai et al
(PDTC) injections for up pretreated groups [86]
60 mg/kg to 14 weeks
Model Recombinant B7-  Injection in tail Podocyte fusion and formation of a false chorion on Huang et al
induced by 1 short hairpin vein on days 1 the surface of podocytes combined with GBM [g%]
pristane (B7-1 ShRNA) and 60 thickening

PDTC: Pyrrolidine dithiocarbamate; FP: foot process; SD: slit diaphragm; uPAR: urokinase receptor; WT1:
Wilms' tumor gene; B7-1 ShRNA: Recombinant B7-1 short hairpin; IC: immune-complex; IgG:
immunoglobulin G; dsSDNA: double-stranded DNA.
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3.2. The MRL/lpr mice model

Developed in the 1970s, the MRL/lpr mice strain model is a spontaneous recessive
mutation lpr (lymphoproliferation) and presents several features that reproduce the
alterations commonly found in patients with SLE, like glomerulonephritis mediated by
immune complex deposition, besides of B and T cells hyperactivity [74,78]. These
animals spontaneously develop autoantibodies such as anti-nuclear antibodies, anti-DNA
(dsDNA and ssDNA), anti-Ro, and anti-La (Table 1); they also experience
lymphadenopathy, damage to different organs, and premature death, but they have 50
percent mortality after 24 weeks of life [74].

The MRL/Ipr mice strain, as well as other SLE murine models, allows the study
of specific pathogenic mechanisms of kidney involvement in SLE [78]. It was
hypothesized that the cell membrane components of bacteria would aggravate LN
because these molecules are able to trigger and modulate innate and adaptive immune
responses. This hypothesis was tested in MRL/Ipr mice immunologically challenged by
pam3cys (P3C) and lipopolysaccharide (LPS) exposure. A reduction of nephrin levels in
kidney tissue and a redistribution of its localization from the FP of podocytes to the
perinuclear area was detected in these animals. Moreover, an increase in serum pro-
inflammatory cytokines levels, dsDNA antibodies, and the density of the cellular infiltrate
into the glomerular and interstitial compartments was noticed. Tumor necrosis factor alfa
(TNFa) and interferon-gamma (IFN-y) activated by bacterial lipopeptide induced Toll-
like receptor 2 (TLR2) mRNA expression in cultured podocytes and glomerular
endothelial cells, increasing membrane permeability to aloumin [72].

Several studies have demonstrated increased production of oxidative stress
markers in the renal tissue of SLE patients. In experimental lupus, the nitric oxide

synthase (NOS) inhibitor NG-monomethyl-L-arginine led to amelioration of proteinuria
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and glomerular inflammation in the MRL/Ipr mice model [79,80]. Considering this
evidence, it was hypothesized that the lack of the inducible nitric oxide synthase (iNOS)
gene in MRL/lpr mice would prevent the development of proliferative
glomerulonephritis, but this hypothesis was proven to be incorrect because these animals
were not different from their wild type littermates [81]. Later, it was demonstrated that
the NOS inhibitor SD-3651 could prevent the FP effacement and endothelial cell swelling
in MRL/lpr lacking iNOS (Table 2), suggesting that the protective effects of this
compound are independent of an INOS-mediated mechanism [82].

Activation of the type la angiotensin receptor (AT1a) by angiotensin Il induces
both hemodynamic and pressure-independent effects in glomeruli, resulting in FP
effacement and detachment, protein leakage, and the progression to FSGS [83]. However,
these data were not entirely reproduced in the MRL/Faslpr/Ipr mice lacking AT1a because
an ATla deficiency did not protect these animals against renal disease, manifested as
increasing proteinuria and worse renal pathology with higher mortality. Additionally,
ATla-deficient Ipr mice presented exaggerated AT1b receptor activation, which was
associated with podocyte injury and overexpression of inflammatory mediators. These
animals presented 80% of positive staining for desmin, a podocyte injury marker, while
the controls showed only 9% [84].

Different therapeutic approaches have been tested in these mouse models to
ameliorate LN-like features. Tacrolimus (TAC) was given to female MRL/lpr mice by
intragastric administration at a dosage of 0.1 mg/kg per day for 8 weeks. Whereas
synaptopodin expression significantly decreased in MRL/Ipr disease control mice that
showed increases in 24-h proteinuria and serum creatinine, in TAC-treated mice, an in
vitro decrease in TGF-B1-induced podocyte apoptosis, inhibition of FP fusion, and

preservation of podocyte numbers was observed. TAC administration reduced
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proteinuria, improved renal function, and restored synaptopodin expression (Table 2)
[85].

Drugs with antioxidant effects have also been tested in female MRL/Ipr mice.
Pyrrolidine dithiocarbamate (PDTC) exerted a protective effect in MRL/lpr mice kidney
pre-treated with this drug by reducing the number of infiltrating inflammatory cells, the
severity of autoimmune injury, the serum levels of anti-dsDNA, and podocyte FP
effacement (Table 2) These effects were mediated at least in part by the inhibition of the
NF-«xB and p38 MAPK signaling pathways. PDTC may prove efficacious for preventing

kidney fibrosis in lupus-prone mice [86].

3.3. The BXSB-Yaa mice model

The BXSB strain was developed in the 1970s from crossing C57BL/6J female and
SB/Le male mice. These animals present the Y-linked autoimmune accelerator (Yaa),
leading to increased autoimmunity and acute glomerulonephritis in males, which is
different from other models that affect females in a more pronounced way [65]. Clinically,
like in NZB/W strain, the BXSB model presents serum anti-DNA antibodies and severe
glomerulonephritis, as shown in Table 1. Moreover, they also have been used to study
genetic lupus and to investigate T-cell dependent pathways of injury [87,88].

In this lupus model, BXSB-Yaa mice presented overexpression of the TLR8 in
the glomerulus, inducing autoimmune responses. TLR8 mRNA expression was positively
correlated with urinary albumin levels but negatively correlated with mRNA levels of the
podocyte markers nephrin, podocin and synaptopodin, indicating structural damage to
epithelial cells. In this study, it was also shown that serum and glomerular levels of miR-
21, a ligand of TLR8 and another biomarker of glomerular damage, were expressed in

higher amounts in the BXSB-Yaa mice [89].
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Urinary mRNA podocyte markers such as nephrin, podocin, WT-1 and actinin-4
are upregulated in BXSB-Yaa mice and are associated with severe kidney damage [90].
This strain also develops membranoproliferative lupus nephritis (MPLN), podocyte
damage and FP effacement. Moreover, when BXSB-Yaa animals were compared to
BXSB, a decrease was detected in the mRNA expression of nephrin, podocin,
synaptopodin, actin-4, CD2ap, and podocalyxin [73]. Although severe
glomerulonephritis is reported only in male BXSB/MpJ-Yaa, female BXSB/MpJ mice
without Yaa can develop glomerular lesions in correlation with increased autoantibody
production and albuminuria, as demonstrated by Kimura et al. [87]. In BXSB/MpJ female
mice, these authors reported a mixed pattern of membranous and membranoproliferative

nephritis in association with T-cell infiltration and evidence of podocyte injury.

3.4. Induced mice models

Murine chronic graft-versus-host disease (cGVHD) is another induced murine
model of SLE in which the transfer of major histocompatibility complex (MHC)
mismatched cells results in an SLE phenotype (Table 1) [91]. Unfractionated peripheral
immune cells are adoptively transferred into non-irradiated host mice, and the balance
between CD4* and CD8" T cells actually determines the cGVHD phenotype. This
phenotype arises from the generation of autoantibodies directed against dsSDNA, ssSDNA,
and chromatin, inducing an immune-complex glomerulonephritis in humans and mice.
This animal model is characterized by lupus-like auto-immunity, with anti-DNA antibody
production, glomerulonephritis, and consequent proteinuria [92]. These autoantibodies
are detectable between 2 to 6 weeks after immune cells transfer, and proteinuria begins
to increase 7 weeks afterwards. More specifically, the peak of production of
autoantibodies against the SD protein nephrin occurs at week 2 or 4, before and during

proteinuria development. Microscopic analyses reveal a co-localization of IgG and

169



nephrin along the glomerular capillary walls of these animals [93]. Histologically, the
cGVHD model induces mesangial proliferative glomerulonephritis with focal crescent
formation, and also membranous or membranoproliferative nephritis as observed in
patients, being a good model where autoreactivity and autoimmunity associated with B
and T cell activation play a central role [94].

Pristane (2,6,10,14 - tetramethylpentadecane) is a hydrocarbon oil that causes
chronic inflammation in mice when introduced into the abdominal cavity [95]. In 1994,
Satoh et al. [66] reported that Balb/c female mice exposed to pristane presented several
SLE-like features. Since then, the pristane model has been used to study the
pathophysiology of this disease. Kidney damage is usually detectable 6 months after
pristane intraperitoneal injection, with mice developing proteinuria and tissue alterations
such as glomerular IgG and complement deposits, other immune complex deposition,
cellular proliferation, and podocyte FP fusion and effacement, as shown in Table 1. These
findings are consistent with the diffuse proliferative form of LN [96-98]. Pristane also
induces 1gG autoantibody production in association with active SLE, including ANA,
dsDNA, ssDNA, chromatin, Sm, RNP, Su, and ribosomal P. Moreover, clinical
manifestations of SLE have been found in this animal model, such as immune complex-
mediated glomerulonephritis, and polyclonal hypergammaglobulinemia [66]. In addition,
overproduction of interferon-a and B, pro-inflammatory cytokines involved in SLE, also
can be detected in pristane lupus-like induced model as in serum of active SLE patients
[99].

The pristane model is an important tool that also allows the testing of novel
approaches to treat LN-like target organ manifestations, and differently from the
spontaneous models, it allows the study of the mechanisms involved at the onset of the

disease and the influence of an environmental trigger. Recently, treatment with
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resveratrol, a natural polyphenol, inhibited CD4" T cells and B cell proliferation in
pristane-exposed animals. This compound also reduced the production of antibodies
(IgG1, 19G2, 1gG2b, 1gG3, and IgA). The mechanism of action of resveratrol is not
completely understood, but its antioxidant and anti-inflammatory properties, as well as
its capacity to activate the silent mating type information regulation 2 homolog 1 (SIRT1),
are indicated as possible factors [100].

Melatonin is secreted by the pineal gland and has potent antioxidant activity by
scavenging free radicals, such as reactive oxygen species, and by inducing the activity of
endogenous antioxidants [101]. Zhou et al. [102] evaluated the effects of melatonin on
the BALB/c mice pristane model, showing a reduction of IgM anti-ssDNA and histone
autoantibodies, downregulation of interleukin-6 (IL-6) and IL-13 secretion, and
amelioration of the renal lesions such as the thickening of capillary walls, mesangial
expansion, and the interstitial inflammatory cell infiltrate. Despite these potential
beneficial effects in experimental LN, this substance deserves further investigation as a
novel therapy for inflammatory conditions such as SLE. Melatonin has been investigated
more often in models of experimental obesity [103,104], but in such models, the

protection against podocyte injury has not yet been explored.

4. Future directions

The availability of animal models for SLE allowed for better comprehension of
the etiopathogenesis of this complex disease that affects more than half of SLE patients,
with the potential to progress to chronic kidney disease and the need for renal replacement
therapy. A key issue in the understanding of the pathogenesis of SLE is how intracellular

antigens become exposed and targeted by the immune system. In this scenario, podocytes
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are a main glomerular target in lupus nephritis and have been the focus of intensive
research.

Animal models of SLE developed for these purposes have been the cornerstone to
the pathway of translational medicine. These strategies allowed the investigation of novel
therapies to target critical immune cells to effectively control disease activity, with the
potential for reducing chronic organ damage and offering better clinical outcomes to
patients with SLE.

Substances other than the conventional immunosuppressive drugs are being
reported as promising alternatives in the therapeutic management of NL, as they have
been shown to alleviate the damage to podocyte cells with complete or partial recovery
of morphology and function of the glomerular filtration barrier [71,82,86]. Similar to
resveratrol, quercetin has important properties, such as anti-oxidative and anti-
apoptotic effects [105]. It has been demonstrated that this bioflavonoid is renoprotective
and attenuates nephropathy in rats [106], but it remains to be tested in an SLE model.

The histamine receptor 4 (H4R), a member of the histamine receptor family with
selectivity over H1, H2, and H3 receptors, is involved in various inflammatory conditions.
The expression of HR4 mRNA was found to be significantly increased in patients with
SLE compared with controls [107]. Its antagonists, such as JNJ7777120, have shown
therapeutic potential in chronic inflammatory diseases by blocking histamine-induced
chemotaxis and calcium influx of bone marrow-derived mast cells and migration of
tracheal mast cells in an experimental mice model [108]. Considering the involvement of
H4R in immune regulatory functions, including chemotaxis and cytokine secretion [109],
this receptor and its antagonists should receive attention in further experimental studies
assessing LN and podocyte damage.

New perspectives in the treatment of glomerular diseases have emerged focusing
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on the podocyte as a therapeutic target. In a recent review [21] some treatment options
have been explored. Rituximab, besides recognizing CD20 on B-lymphocytes, might also
binds  sphingomyelin  phosphodiesterase-acid-like-3b  and  regulates  acid-
sphyngomyelinase activity, decreasing podocyte injury [110]. Abatacept, blocking the
transmembrane protein B7-1 associated with FP effacement, was demonstrated to protect
the podocyte [111]. Both drugs have been studied in lupus nephritis, but primary end
points in randomized clinical trials have not yet been achieved. Bis-T-23, a small
molecule that interferes with the regulation of actin cytoskeleton emerges as a potential
therapy, as Bis-T-23 restored the normal ultrastructure of podocyte foot processes,
lowered collagen 1V deposits in the mesangial matrix, diminished mesangial matrix
expansion, and lowered proteinuria in renal disease models [112]. Nevertheless,
information about the effects of new therapies is limited to experimental kidney disease
and cell culture, and their potential clinical efficacy after recovery of podocyte
architecture and function is not yet known.

In addition to these targets, others molecules may be further explored, especially
in the context of lupus nephritis, such as TGFB, CXCR3 chemokine receptor, ATla
receptor, TNFa and VEGF. Drugs recently studied in clinical trials of lupus nephritis,
such as Anifrolumab, Atacicept, Belimumab, Blisibimod, Epratuzumab, Ixazomib,
Laquinimod, Obinutuzumab, and Sirukumab still have an unknown role to protect
podocyte from injury and/or to induce morphological and functional cell recovery, and

they should be better studied.

5. Summary
Podocytes are glomerular epithelial cells that play an important role in the

glomerular filtration to urinary Bowman's space. Glomerular damage of different
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etiologies leads to injury to these cells in primary and secondary glomerular diseases.
Systemic lupus erythematosus is an autoimmune systemic inflammatory disease
characterized by renal involvement in over half of the cases. In lupus nephritis, podocytes
are damaged at the structural and molecular level, showing fusion and widening, with
foot process effacement and reduced expression of podocyte-specific proteins.
Spontaneous or induced animal models of SLE have been used to study the organ-specific
lesions that characterize this disease, and several kidney alterations, similar to what is
observed in humans, can be reproduced in these animals.

Spontaneous murine models of SLE include the NZB/W F1, MRL/lpr, and
BXSB/Yaa strains. The pristane-exposed model and chronic graft-versus-host disease are
induced models. These mice have uncontrolled proliferation of T cells and an impaired
response to T cell mitogen. Autoantibodies are produced against nuclear antigens
resulting in morphologic alterations in the glomerular filtration barrier, such as podocyte
cell loss, FP effacement, and GBM thickening. The NZB/W F1 model induces high serum
levels of antinuclear, anti dsSDNA, anti-Ro, anti-La, and anti-Sm antibodies, like in human
SLE. These mice develop progressive proteinuria and glomerulonephritis with immune
complex deposits. In the MRL/Ipr model, autoantibodies such as anti-DNA, anti-Ro, and
anti-La are produced, and the animals exhibit lymphadenopathy, glomerulonephritis,
damage to different organs, and premature death. The BXSB model presents serum anti-
DNA antibodies and severe glomerulonephritis, and BXSB also have been used to study
genetic lupus. Murine cGVHD is an induced model of SLE in which the transfer of major
histocompatibility complex (MHC) mismatched cells results in an SLE phenotype. This
animal model is characterized by lupus-like auto-immunity, with anti-DNA antibody
production, glomerulonephritis, and proteinuria. Pristane model is featured by 1gG

autoantibody production, including ANA, dsDNA, ssDNA, chromatin, Sm, RNP, Su, and
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ribosomal P. Moreover, clinical manifestations of SLE have been found, such as immune
complex-mediated glomerulonephritis and polyclonal hypergammaglobulinemia.

These experimental models have contributed to the current understanding of the
podocyte role in the pathophysiology of LN, shedding light on underpinning mechanisms
involved in the onset of this disease. Furthermore, exploration of these models to search
for novel therapeutic approaches for SLE and its systemic manifestations opens new
avenues to disease control. In addition to the conventional immunosuppressive drugs,
new substances are being tested as promising alternatives for the therapeutic management

of LN as they may protect podocytes and other kidney structures from damage.
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8. Consideracdes finais

As terapias imunossupressoras e 0s agentes biologicos atualmente empregados no
manejo do lUpus eritematoso sistémica e da nefrite lUpica controlam apenas parcialmente
a atividade da doenca renal, ndo impedindo a sua recidiva, uma vez que o tratamento pode
ser insuficiente ou até ineficaz, tanto na fase aguda quanto cronica, face a heterogeneidade
bioldgica e genética dos pacientes. O uso de novas terapias pode ser uma alternativa
promissora para o tratamento das manifestacoes sistémicas do LES, e esse novo contexto
inclui a terapia nutricional e o uso de substancias naturais. Essas substancias atualmente
estdo em investigacdo como vias alternativas para controle da doenca, podendo melhorar
a qualidade de vida dos pacientes, reduzir complicacbes e mesmo as comorbidades
decorrentes das complicacdes sistémicas do LES. No presente estudo, buscou-se analisar
o efeito desses novos tratamentos utilizando substancias antioxidantes, anti-inflamatorias
e anti-fibréticas como a quercetina e a melatonina sobre a nefrite lGpica induzida no
modelo de pristano.

Como fecho dessa tese, ponderamos que no modelo de pristano utilizado a
quercetina e a melatonina exerceram acgdes protetoras sobre a integridade do tecido renal,
reduzindo a infiltracdo celular inflamatoria, o estresse oxidativo, a apoptose, a fibrose

renal e também recuperando a estrutura e funcao dos podécitos glomerulares.
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9. Perspectivas

O LES € uma doenca que afeta maltiplos 6rgéos e uma de suas manifestagdes, a
NL, pode levar a perda da funcéo renal e afetar de forma significativa a qualidade de vida
de pacientes acometidos por essa doenca. Atualmente os tratamentos disponiveis nao
induzem uma resposta terapéutica completa, assim néo impedindo o desenvolvimento de
doenca renal cronica progressiva, além de apresentar efeitos adversos muitas vezes
graves, com potencial de morbi-mortalidade.

O espectro das acOes protetoras da quercetina e melatonina tém sido investigados
em modelos animais e em doencas humanas sob diversos aspectos. Ao concluir a presente
pesquisa, ressaltamos a importancia de que mais estudos testando essas substancias
devem ser estimulados, ndo s6 em modelos animais mas principalmente em humanos, e
ndo somente no LES mas também em outras doencas auto-imunes, em neoplasias, na
obesidade e na doenca vascular aterosclerotica. Os efeitos bioldgicos da quercetina e da
melatonina devem ser comparados aos tratamentos imunossupressores convencionais,
incluindo os agentes bioldgicos e o0s anticorpos monoclonais atualmente empregados no
manejo do LES. Devem ser investigados com maior detalhe as rotas metabolicas dessas
substancias naturais, a sua interagdo com outras drogas e o seu potencial de toxicidade

em longo prazo.
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10. Anexo

STROBE Statement - checklist of items that should be included in reports of

observational studies

Iltem
No.

Recomendacéo

Title and abstract

1

“Avaliagao dos efeitos do tratamento com quercetina e
melatonina em modelo animal de nefrite llpica
induzido por pristano”

A nefrite lupica (NL) é uma manifestagdo renal grave
do lapus eritematoso sistémico (LES), que pode levar
a perda de funcdo renal. O modelo animal de NL
induzido por pristano reproduz a doenca humana, em
que se detectam  autoanticorpos  causando
glomerulonefrite  com padrdo proliferativo e
inflamatorio, e a presenca de estresse oxidativo e de
marcadores pro-fibroticos. A quercetina e a melatonina
sdo substancias naturais que podem ser potenciais
alternativas para o tratamento da NL, devido ao seu
efeito anti-inflamatdrio, anti-oxidativo e anti-fibrotico.

Introduction

Background/rationale

Espera-se que o estudo com substancias antioxidantes
contribua como potenciais novas terapias para o LES
e suas manifestacbes com menos efeitos adversos

Obijectives

Objetivo Geral

Investigar os efeitos protetores do tratamento com
quercetina e melatonina no tecido renal do modelo
animal de nefrite lUpica induzido por pristano.

Obijetivos Especificos

Para amostras de camundongos tratados com
quercetina e melatonina no modelo de pristano;

- Analisar alteragbes morfologicas renais usando
coloracdo de hematoxilina-eosina (HE) e &cido
periddico de Schiff (PAS);

- Quantificar a fibrose no tecido renal usando o método
de Picrosirius Red;

- Realizar avaliagdo ultraestrutural, por microscopia
eletrénica, do nucleo e de organelas citoplasmaticas
dos podacitos;
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- Detectar a expressdo de marcadores especificos de
apoptose (tais como Bax e/ou caspase) no tecido renal
por imunofluorescéncia;

- Detectar a expressdo de antioxidantes end6genos
(como catalase e superdxido dismutase) no tecido
renal por imunofluorescéncia;

- Avaliar alteracGes moleculares no tecido renal de
marcadores do podocito por PCR em tempo real.

Methods

Desenho do estudo

Estudo em modelo experimental

Setting

Avaliar o efeito protetor da quercetina e da melatonina,
em camundongos induzidos por pristano que
desenvolveram NL, sobre a proteindria, marcadores de
inflamacdo, de estresse oxidativo e de fibrose, e sobre
a injaria estrutural e molecular das células epiteliais
podocitarias do glomérulo.

Participants

Camundongos fémeas Balb/C com 60 dias de idade

Variables

Desenvolvimento da nefrite foi variavel entre os
camundongos e variaveis pré-analiticas como coleta,
processamento e armazenamento das amostras podem
afetar a acuracia nas analises das amostras.

Data sources/
measurement

8*

Proteinas do poddcito — O RNA total das amostras do

tecido foi isolado utilizando o kit RNA Blood Mini kit
da Qiagen seguindo as orientacdes do fabricante. Apos
o isolamento realizou-se a sintese do DNA
complementar (cDNA) conforme orientacdo do
fabricante do kit e foi armazenado a -20°C. Em seguida
efetuou-se a analise molecular por PCR em tempo real
conforme o protocolo comercial do kit e utilizando o
equipamento StepOne™ Real Time PCR Systems
(Applied Biosystems). Analises de marcadores
inflamatorios, de estresse oxidativo, enzimas
antioxidantes, de apoptose e fibrose foram realizados
por histomorfologia, imunofluorescencia e analise
ultrasestrutural.

Bias

N/A

Study size

10

O célculo amostral foi baseado em dados da literatura,
utilizando-se o programa WinPepi. Para um intervalo
de confianca de 95%, com poder de 80%, o nimero de
animais necessarios para detectar diferenca de 30% de
aumento na expressdo do RNAm tecidual das proteinas
do podécito no rim do grupo tratado, sera de 8
camundongos por grupo, considerando a perda de 2
animais por grupo, serdo 10 animais por grupo.
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Quantitative variables

11

Variaveis assimetricas foram expressas como mediana
e intervalos interquartis e os dados sobre varidveis
simétricas como média + desvio padrao.

Statistical methods

12

A normalidade para variaveis continuas foi
determinada pelo teste de Shapiro-Wilk, e os dados
foram expressos como mediana e intervalos
interquartis. Os dados sobre avaliacbes imuno-
histomorfometria foram agrupadas para representar um
valor médio + desvio padrdo, e a significancia
estatistica das diferencas entre 0s grupos experimentais
foi avaliada por analise uma via de variancia corrigida
pelo teste de Bonferroni. O teste de Mann-Whitney foi
usado para pareamento e comparagfes de valores de
mMRNA das proteinas dos poddcitos que foram
transformados em log para reduzir a assimetria. A
mudanga nos niveis de proteindria em trés momentos
foram comparados com o modelo de equacdo de
estimacéo generalizada (GEE). Estes resultados foram
expressos como média = desvio padrdo (intervalo de
confiangca de 95%) e valores de p determinados pelo
teste post-hoc de Bonferroni. As analises foram
realizadas utilizando SPSS para Windows (verséo
21.0, SPSS Inc., Chicago, IL). O nivel de significancia
foi estabelecido em p <0,05.

Results

Participants

13*

(@) 10 animais por grupo

(b) N/A

(c) N/A

Descriptive data

14*

10 animais por grupo

Outcome data

15*

Camundongos induzidos por pristano apresentam
sérias alteracBes na morfologia renal em relacdo ao
grupo controle. O dano observado nos rins desses
camundongos envolveu a presenca de infiltrado
inflamatorio (quercetina 7,42% e melatonina 3,49%),
proliferacdo celular mesangial glomerular, esclerose
dos tufos glomerulares, alargamento do epitélio
tubular, lamen tubular preenchido com agregados
proteicos e tdbulos proximais apresentaram-se
frequentemente desprovidos de borda em escova.
Enquanto o grupo controle ndo apresentou alteragdes
renais, apenas 0,83% de inflamacdo. Além disso, 0s
camundongos induzidos por pristano apresentaram
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expansdo da matriz mesangial seguida por
glomerulonefrite endo ou extra capilar que envolveu
mais de 50% dos glomérulos apresentando um
aumento significativo de depdsito de coldgeno
intersticial comparado aos controles. Enquanto o0s
camundongos tratados com quercetina ou melatonina
tiveram uma reducdo significativa no depodsito de
colageno intersticial. Também houve reducdo de
enzimas antioxidantes no modelo induzido por
pristano, achatamento dos pedicelos do podécitos (FP),
espessamento da membrana basal glomerular e
reducdo da expressdo do RNAm das proteinas do
podocito (podocin, podoplanina e a3B1-integrinas).
Além disso, os camundongos induzidos por pristano
tratados com quercetina ou melatonina apresentaram
reducdo das lesdes renais incluindo a esclerose
glomerular, a expansdo da matriz mesangial, dano
tubular, fibrose intersticial, achatamento dos pedicelos
dos poddcitos, inflamacéo (4,23% para a quercetina e
1,2% para a melatonina), apoptose e ocorreu também o
aumento das enzimas antioxidantes.

Main results

16

Os resultados fornecem evidéncias de que a quercetina
e melatonina essas substancias restauram as alterac6es
morfoldgicas renais, reduzindo significativamente o
estresse oxidativo, a inflamacao e a extenséo da fibrose
intra-renal, além de restaurar a expressao do RNAm da
podocina do poddcito nos camundongos tratados com
quercetina e reduziu a fusdo podocitaria na analise
ultra-estrutural.

Other analyses

17

N/A

Discussion

Key results

18

Redugdo do estresse oxidativo, da inflamagédo e da
extensdo da fibrose intra-renal, além de restaurar a
expressdo do RNAm da podocina do poddcito nos
camundongos tratados com quercetina e reduzir a fusao
podocitaria na analise ultra-estrutural.

Limitations

19

Ndo houve analise de autoanticorpos no modelo
considerando que outros estudos comprovaram ser um
modelo que desenvolve uma doengca com
caracteristicas do lupus humano nos camundongos.

Interpretation

20

Com base nos achados, consideramos que a quercetina
e a melatonina podem ser uma alternativa terapéutica
promissora para minimizar a leséo renal relacionada
aos processos patologicos da NL, inclusive nos
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podaocitos glomerulares, com recuperacdo da barreira
do filtro glomerular.

Generalisability 21 Investigar novas substancias com potencial para
terapias alternativas afim de minimizar os efeitos
colaterais das atuais terapias disponiveis.

Other information

Funding 22  Este estudo foi financiado pelo Fundo de Incentivo a
Pesquisa do Hospital de Clinicas de Porto Alegre
(FIPE / HCPA), pela Universidade Federal do Rio
Grande do Sul (UFRGS), Brasil e pela CAPES/PDSE
(Programa de Doutorado Sanduiche no Exterior,
nimero 88881.134006 / 2016-01).

*Give information separately for cases and controls in case-control studies and, if
applicable, for exposed and unexposed groups in cohort and cross-sectional studies.

Note: An Explanation and Elaboration article discusses each checklist item and gives
methodological background and published examples of transparent reporting. The
STROBE checklist is best used in conjunction with this article (freely available on the
Web sites of PLoS Medicine at http://www.plosmedicine.org/, Annals of Internal
Medicine at http://www.annals.org/, and Epidemiology at http://www.epidem.com/).
Information on the STROBE Initiative is available at www.strobe-statement.org.
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