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EPIGRAFE

“S6 se pode alcancar um grande éxito quando nos mantemos fiéis a nés mesmos”

(Friedrich Nietzsche, 2010)



RESUMO

DELUQUE, Amanda Lima. Efeito do tratamento com paricalcitol (vitamina D ativa) na lesao renal
progressiva induzida por adriamicina em ratos. 2023. Tese (Doutorado em Ciéncias, area de
concentracdo: Fisiologia) — Faculdade de Medicina de Ribeirdo Preto, Universidade de Sao Paulo,
Ribeirao Preto, Sao Paulo, 2023.

A lesao renal progressiva € caracterizada pela lesdo das células endoteliais (CE) e
epiteliais renais por processos denominados de transigcdo endotelial-mesenquimal
(EndoMT) e transigéo epitélio-mesenquimal (TEM), respectivamente, resultando em
fibrose e inflamagao tecidual. A nefropatia induzida por adriamicina (ADR) é um
modelo experimental de lesao renal progressiva em roedores amplamente utilizado
para o estudo de mecanismos relacionados a progressao da glomeruloesclerose
segmentar e focal (GESF), que ocorre em humanos. A ativacdo do receptor de
vitamina D (VDR) pelo paricalcitol, um analogo da vitamina D (vit. D) ativa,
desempenha um papel crucial para a reducao da progressao da lesao renal, mediadas
pela modulagéo da funcao endotelial e epitelial nos processos de fibrose e inflamacao
renal. Este estudo teve como objetivo avaliar o efeito do tratamento prévio com
paricalcitol na lesao renal induzida por adriamicina em ratos e explorar os mecanismos
relacionados a angiogénese, fibrose e inflamagcdo renal. Ratos Sprague-Dawley
machos foram submetidos ao implante de minibomba osmotica contendo paricalcitol
(Zemplar®, 6 ng/dia) ou salina (veiculo; NaCl 0,9%). Dois dias apds o implante, os
ratos receberam injecdo intravenosa (i.v.) de adriamicina (Fauldoxo®, 3,5 mg/kg) ou
salina (veiculo; NaCl 0,9%). Os animais foram divididos em 4 grupos experimentais:
controle: ratos que receberam o veiculo pela minibomba osmética e por i.v., n=6;
paricalcitol: ratos que receberam paricalcitol pela minibomba osmética e injecao i.v.
de veiculo, n=6; ADR: ratos que receberam o veiculo pela minibomba osmética e
administracdo i.v. da adriamicina, n=7; ADR + paricalcitol: ratos que receberam
paricalcitol pela minibomba osmética e administracdo i.v. da adriamicina, n=7. A
ativacdo do VDR em nosso estudo foi demonstrada pelo aumento da expressao
proteica desse receptor bem como a maior disponibilidade de vit. D tecidual, avaliada
pela CYP24A1 no tecido renal apds o tratamento com paricalcitol. Os resultados
mostraram que o paricalcitol atenuou a leséao renal induzida pela ADR, reduzindo as
alteragbes de funcdo e estrutura renal, tanto glomerular quanto tubular. Os efeitos
benéficos da ativacdo do VDR nos animais tratados com ADR podem estar associados
a manutencdo da producdo de oOxido nitrico (NO), diminuicdo da expressao da
angiopoietina-2 (Ang-2; fator antiangiogénico) e aumento da expressao do receptor
tirosina quinase endotélio-especifico (Tie-2) observadas nas CE glomerulares,
corticais e medulares externas desses animais. A expressao do fator de crescimento
endotelial vascular (VEGF) e do seu receptor 2 (VEGFR2), fatores préangiogénicos,
também estavam desregulados nos animais com lesao renal induzida por ADR,
sugerindo um efeito modulador da angiogénese renal pelo paricalcitol via Ang-2/Tie-2
e VEGF/VEGFR2. A ativacao do VDR foi capaz ainda de suprimir a expressao dos
marcadores mesenquimais no tecido renal [desmina, alfa-actina de musculo liso (a-
SMA), vimentina, colageno |, fibronectina] e aumentar a expressao de podocina e
zonula occludens (ZO-1) pela atenuacao da proliferacédo celular associada ao antigeno
nuclear de células em proliferacado (PCNA) e redugéo da ativagéo da via do fator de
crescimento transformador beta 1 (TGF-B1)/Smadz3-dependente e independente; por
reducao da expressao do receptor para angiotensina |l tipo 1 (AT1) e de proteinas
quinases ativadas por mitdgeno (MAPK). O paricalcitol reduziu o processo inflamatério
observado pela menor secrecao de citocinas e de infiltrado de macrofagos pré-



inflamatoérios e maior expressao de macréfagos reparadores, processos relacionados
a maior inibicdo da translocacao nuclear do fator nuclear-kappa B (NF-kB) e reducao
da via do fator 1 alfa derivado de células estromais (SDF-1a) /receptor tipo 4 de
quimiocina C-X-C (CXCR4) /B-Catenina. Diante disso, nossos resultados mostraram
que o paricalcitol foi capaz de exercer papel renoprotetor pela modulacdo da
angiogénese, reducao da inflamacao e fibrose, evidenciando novos e potenciais alvos
para o tratamento da doencga renal progressiva.

Palavras-chave: paricalcitol; diferenciacao celular; angiogénese; inflamacao; fibrose;
doenca renal progressiva.



ABSTRACT

DELUQUE, Amanda Lima. Paricalcitol (activate vitamin D) treatment effects on adriamycin-
induced progressive kidney injury in rats. 2023. Thesis (Doctorate in Sciences, area of concentration:
Physiology) - Ribeirdo Preto Medical School, University of Sdo Paulo, Ribeirdo Preto, Sdo Paulo, 2023.

Progressive kidney injury is characterized by damage to endothelial cells (EC) and
renal epithelial cells by processes called endothelial-mesenchymal transition
(EndoMT) and epithelial-mesenchymal transition (EMT), respectively, resulting in
fibrosis and tissue inflammation. Adriamycin-induced nephropathy (ADR) is an
experimental rodent model of CKD widely used to study mechanisms related to the
progression of focal and segmental glomerulosclerosis (FSGS) in humans. Activation
of the vitamin D receptor (VDR) by paricalcitol, an analog of active vitamin D (vit. D),
plays a crucial role in reducing the progression of renal injury, mediated by modulation
of endothelial and epithelial function in the processes of fibrosis and renal
inflammation. This study aimed to evaluate the effect of prior treatment with paricalcitol
on ADR-induced kidney injury in rats and explore the mechanisms related to
angiogenesis, fibrosis and renal inflammation. Male Sprague-Dawley rats were
implanted with an osmotic minipump containing paricalcitol (Zemplar®, 6 ng/day) or
saline (vehicle; 0.9% NaCl). Two days after implantation, the rats received an
intravenous (i.v.) injection of adriamycin (Fauldoxo®, 3.5 mg/kg) or saline (vehicle;
NaCl 0.9%). The animals were divided into 4 experimental groups: control: rats that
received the vehicle via osmotic minipump and i.v., n=6; paricalcitol: rats that received
paricalcitol via osmotic minipump and i.v. injection of vehicle, n=6; ADR: rats that
received the vehicle via osmotic minipump and i.v. administration of adriamycin, n=7;
ADR + paricalcitol: rats that received paricalcitol by osmotic minipump and i.v.
administration of adriamycin, n=7. Activation of the VDR was demonstrated by
increased protein expression of this receptor as well as increased availability of tissue
vit. D, assessed by CYP24A1, in renal tissue after treatment with paricalcitol. The
results showed that paricalcitol attenuated ADR-induced kidney damage, reducing
alterations in renal function and structure, both glomerular and tubular. The beneficial
effects of VDR activation in ADR-treated animals may be associated with the
maintenance of nitric oxide (NO) production, decreased expression of angiopoietin-2
(Ang-2; anti-angiogenic factor), and increased expression of the endothelium-specific
tyrosine kinase receptor (Tie-2) observed in the glomerular, cortical and outer
medullary ECs of these animals. The expression of vascular endothelial growth factor
(VEGF) and its receptor 2 for VEGF (VEGFR2), pro-angiogenic factors, were also
downregulated in animals with ADR-induced CKD, suggesting a modulating effect of
renal angiogenesis by paricalcitol via Ang-2/Tie-2 and VEGF/VEGFR2. VDR activation
was also able to suppress the expression of mesenchymal markers in renal tissue
[desmin, alpha-smooth muscle actin (a-SMA), vimentin, collagen 1, fibronectin] and
increase of podocin and zonula occludens (ZO-1) expressions by attenuating cell
proliferation associated with proliferating cell nuclear antigen (PCNA) and reducing the
activation of the transforming growth factor-beta 1 (TGF-B1)/Smad23-dependent and
independent pathway; by reducing the expression of the receptor for angiotensin |l
type 1 (AT1) and mitogen-activated protein kinases (MAPK). Paricalcitol reduced the
inflammatory process observed by lower secretion of cytokines and infiltration of pro-
inflammatory macrophages and greater expression of repair macrophages, processes
related to greater inhibition of nuclear translocation of nuclear factor-kappa B (NF-kB)
and reduction of the stromal cell-derived factor 1 alpha (SDF-1a)/chemokine C-X-C
receptor type 4 (CXCR4)/B-Catenin pathway. Therefore, the results showed that



paricalcitol was able to play a renoprotective role by modulating angiogenesis,
reducing inflammation and fibrosis, and highlighting new and potential targets for the
treatment of progressive kidney disease.

Keywords: paricalcitol; cell differentiation; angiogenesis; inflammation; fibrosis;
progressive kidney disease.
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1 INTRODUCAO

1.1 Doenca renal crénica

A leséao renal progressiva ou Doencga Renal Crénica (DRC) é um problema de
saude publica, com morbimortalidade elevada, sendo esta associada ao maior risco
para doencas cardiovasculares (PAPAZOVA et al., 2015; TOMINO, 2014). A DRC é
definida como alteracées da estrutura ou de fungdo renal presentes a mais de 3
meses, identificadas pela presenca de albuminuria significativa e persistente,
anormalidades dos sedimentos urinarios, disturbios de eletrdélitos relacionados a lesédo
tubular, alteracdes histologicas e historico de transplante renal, associados com a
queda de taxa de filtracdo glomerular (TFG) (“CHRONIC KIDNEY DISEASE WORK
GROUP, KDIGO 2012 CLINICAL PRACTICE GUIDELINE FOR THE EVALUATION
AND MANAGEMENT OF CHRONIC KIDNEY DISEASE, 2012”, 2013), ou seja, € uma

lesdo progressiva e irreversivel da fungdo glomerular e tubular.

De 1990 a 2019, a DRC subiu da 192 para a 112 posicao entre as principais
causas de morte mundial, gerando numeros impressionantes de mais de 1,4 milhdes
de mortes em 2019 (FENG et al.,, 2023). Entre as causas sao apontados
envelhecimento e aumento dos fatores de risco da lesdo renal, incluindo diabetes e
hipertensao, que contribuem com mais da metade das mortes por DRC (KOMENDA
et al., 2014; LIU et al., 2023). Nos ultimos anos, 850 milhdes de pessoas sofreram de
alguma doenca renal, avaliadas em todos os estagios (ECKARDT et al., 2023). Isso
corresponde cerca de 1,5 vezes mais, do que pacientes que vivem com diabetes (537
milhdes) (ROSSING et al., 2022), qualquer tipo de cancer (LIU et al., 2023), ou das
pessoas que vivem com sindrome da imunodeficiéncia adquirida (AIDS)/virus da
imunodeficiéncia humana (HIV) (WYATT, 2017).

As formas utilizadas para entender, diagnosticar, prevenir ou retardar os
mecanismos envolvidos na progressdo da lesdo renal tém assumido grande
importancia e tem contribuido para o surgimento de novas terapias a fim de reduzir as
consequéncias clinicas e socioeconbmicas da lesdao renal como um todo
(CORTINOVIS; RUGGENENTI; REMUZZI, 2016; PAPAZOVA et al., 2015). Varios
modelos experimentais de lesao renal progressiva tém sido utilizados para identificar
possiveis biomarcadores e 0os mecanismos envolvidos na patogénese da DRC. O
modelo experimental de nefropatia induzida por Doxorrubicina ou Adriamicina (ADR)
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€ um dos mais relevantes e reproduziveis para o estudo desses mecanismos. A ADR
é um antineoplasico utilizado para o tratamento de cancer como leucemia aguda,
linfoma, mieloma e sarcoma. Seu mecanismo de agao é intercalar bases na fita de
acido desoxirribonucleico (DNA) fazendo complexos ADR-DNA e inibindo a enzima
topoisomerase Il, o que reflete na ativacdo de vias apoptoticas das células
cancerigenas (MATT; HOFMANN, 2016; RENU et al., 2018) e estresse oxidativo
mitocondrial (WALLACE; SARDAO; OLIVEIRA, 2020). Este quimioterapico é
metabolizado e estocado principalmente no figado e rins devido as suas atividades de
depuracao (BOENO et al., 2023) e também no coragdo (GENG et al., 2021). Embora
a ADR seja um potente antitumoral, seu uso € limitado devido a diversos efeitos
citotéxicos (BOENO et al., 2023), principalmente por apresentar cardiotoxicidade (HE
et al., 2020; WALLACE; SARDAO; OLIVEIRA, 2020), hepatoxicidade (PIPPA et al.,
2020), e nefrotoxicidade (BOENO et al., 2023; FALEIROS et al., 2017; PIPPA et al.,
2020).

1.2 Nefropatia induzida por adriamicina

Os mecanismos envolvidos na lesdo renal induzida por ADR tém sido
estudados desde a década de 1970 (BERTANI et al., 1982, 1986; BUCCIARELLI E,
BINAZZI R, SANTORI P, 1976; STERNBERG, 1970). Esse modelo em roedores é
semelhante a glomeruloesclerose segmentar e focal (GESF) que ocorre em humanos,
apresentando caracteristicas morfoldgicas de lesdo de uma porgéao (segmentar) dos
capilares glomerulares em uma minoria (focal) dos glomérulos (DE MIK et al., 2013;
FOGO, 2015; JEFFERSON; SHANKLAND, 2014). A GESF é caracterizada por lesao
de podécitos com perda dos processos podais, encurtamento da membrana basal
glomerular, colabamento das alcas capilares e adesao do tufo glomerular com a
capsula de Bowman (JEFFERSON; SHANKLAND, 2014). Todas essas alteracdes
resultam em disfuncdo renal, fibrose glomerular, albumindria progressiva (SIMIC;
TABATABAEIFAR; SCHAEFER, 2013), acompanhadas de inflamacédo tubulo-
intersticial, provocada pelo maior aporte de proteinas que chegam aos tubulos para
serem reabsorvidas (BRYANT et al., 2022).

Uma unica injecao de ADR em ratos provoca aumento da creatinina sérica,
queda da TFG, dislipidemia (hipercolesterolemia e aumento de triglicerideos) (KAUR,;
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KRISHAN, 2020; QIAO et al., 2018; TAN et al., 2020; XU et al., 2016), albumindria
progressiva por lesdo estrutural das algcas capilares glomerulares (FENG et al., 2022;
SUN et al., 2013), proliferacdo da matriz mesangial glomerular, espessamento da
membrana basal, deposicdo de complexos imunes e infiltrado inflamatério (FENG et
al., 2022). A leséao glomerular e a proteinuria, somadas ao efeito primario e direto da
ADR nas células tubulares (LI et al., 2019), resultam em esclerose glomerular e fibrose

tubulo-intersticial.

A proteindria inicia uma semana apo6s a administracdo de ADR e aumenta
progressivamente (MIAO et al.,, 2018) devido a perda da seletividade do filtro
glomerular relacionada ao peso molecular e a carga proteica (RUSSO et al., 2018).
Essas alteragcdes ocorrem com maior gravidade apdés 4 semanas, devido a leséao
histopatolégica observada nas estruturas da barreira de filtracdo glomerular (LEE;
HARRIS, 2011). Anteriormente, a lesédo renal causada pela ADR era atribuida somente
as alteragbes dos poddcitos, células epiteliais dos capilares glomerulares. Os
poddcitos sao células terminalmente diferenciadas, que fazem parte da barreira de
filtracdo glomerular, juntamente com a membrana basal glomerular e a camada de
endotélio dos capilares glomerulares (HE et al., 2020). Estes sao interligados por
proteinas do diafragma da fenda que mantém a integridade estrutural e funcional da
barreira de filtracdo glomerular, como a nefrina, podocina, sinaptopodina, entre outras
(MAEDA et al.,, 2018; WANG et al., 2016). Alteracoes associadas a perda das
proteinas diafragmaticas tém sido demonstradas no modelo de nefropatia induzida por

ADR em ratos, o que contribui para a perda de fungao glomerular (WANG et al., 2016).

A ADR desencadeia a ativacdo de mecanismos para geracao de espécies
reativas de oxigénio (EROS), caracteristicas do estresse oxidativo tecidual (GAO et
al., 2014; WU et al., 2021), além de alta atividade pro-inflamatéria em resposta a
toxicidade desse quimioterapico (ZHOU et al., 2022). Esses efeitos evidenciam que
agentes com atividade antioxidantes e anti-inflamatérias podem ter um papel
importante para retardar a progressao da nefrotoxicidade (WU et al., 2021). Trabalhos
demonstraram que a inflamacéo tdbulo-intersticial decorrente da proteinudria excessiva
no modelo de nefropatia induzida por ADR (SUN et al.,, 2013; ZOJA; ABBATE;
REMUZZI, 2015) resulta em recrutamento de células imunes que secretam citocinas
pré-inflamatérias e pré-fibréticas como o fator de crescimento transformador beta
(TGF-B), fator de necrose tumoral alfa (TNF-a) e interleucina 1 beta (IL-1B) (WU et al.,
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2021). Adicionalmente, a via de proteinas quinases ativadas por mitégeno (MAPK)
também participam da lesao tubular induzida por ADR para induzir a proliferacéo e
diferenciacdo celular descontrolada em resposta a estimulos extracelulares e
intracelulares (LI et al., 2019). Esses fatores corroboram para a formacéao e deposi¢ao

de matriz extracelular (MEC), contribuindo para a fibrose tecidual.

Sun et al. (2013) observaram que as alteracées das células endoteliais (CE)
dos capilares glomerulares precedem as alteracées dos podécitos em ratos nocautes
para 6xido nitrico sintase endotelial (eNOS), enzima responsavel pela producédo de
oxido nitrico (NO). Estudos posteriores mostraram que a diminuigdo na espessura da
camada superficial endotelial glomerular desencadeia a albuminuria na lesdo induzida
por ADR em camundongos com ativacao de vias fibréticas especificas em poddcitos,
evidenciando o crosstalk desses dois tipos celulares para a manutencéo da estrutura
renal (EBEFORS et al., 2019). Em concordancia com esses achados, foi demonstrado
que a alteracdo da funcdo da CE resultou em lesdo dos poddcitos e esclerose
glomerular, aumento da expressdo de moléculas de adesdo celular, ligacdo de
leucécitos ao endotélio, congestdao vascular, infiltracdo de células inflamatérias e
fibrose tubulo-intersticial (FALEIROS et al., 2017; SUN et al., 2013).

1.3 Participacao do endotélio na lesao renal progressiva

O endotélio renal tem diferentes estruturas e fun¢ées de acordo com o local em
que esta inserido. Temos endotélio dos grandes e médios vasos, que sao continuos e
conectados por juncdes intercelulares. Nos glomérulos, o endotélio é fenestrado e
coberto por uma camada luminal de glicocalix (proteinas que conferem a carga
negativa a essa membrana), formando os capilares glomerulares. Nos capilares
peritubulares, o endotélio também possui fenestracdes, as quais sdo cobertas por
glicosaminoglicanos, que facilitam juntamente com as células epiteliais, a reabsorg¢ao
e secrecado de fluidos e moléculas para células localizadas na regiao cortical e
medular, principalmente externa, onde formam também os vasos retos (JOURDE-
CHICHE et al., 2019; KIDA, 2020).

A manutencdo da integridade das CE pode reduzir ou prevenir as lesbes
estruturais causadas em decorréncia da injuria renal. A disfuncao da microvasculatura
glomerular e peritubular, podem refletir em alteragdes da TFG e fornecimento de
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oxigénio para o tdbulo e intersticio renal. Sun et al. (2013) e Tan et al. (2020)
observaram que a deficiéncia da expressdo da eNOS causa esclerose glomerular e
fibrose tubulo-intersticial, resultando em reducao da perfusédo vascular por perda de
capilares glomerulares e peritubulares, classificando o endotélio como biomarcador
para a gravidade da lesdo renal (SUN et al., 2013; TAN et al., 2020).

Em rins saudaveis, a homeostase vascular renal se faz pelo equilibrio entre
fatores pr6 e antiangiogénicos. As angiopoietinas 1 e 2 (Ang-1 e Ang-2), uma familia
de fatores de crescimento vascular, desempenham papel significativo na manutencao
da vasculatura renal. A ligagdo da Ang-1, produzida por constituintes do tecido
muscular liso (pericitos) e poddcitos, ao dominio extracelular de seu receptor tirosina
quinase com dominios semelhantes a imunoglobulina e ao fator de crescimento
epidermal-2 (Tie-2, especifico da célula endotelial, também conhecido como TEK)
resulta em dimerizagéo do receptor, permitindo sua autofosforilagéo e assim ativando
sua propriedade quinase, desencadeando atividades anti-inflamatorias [inibicdo de
fator nuclear-kappa B (NF-kB)] e pré-angiogénicas [fosfatidilinositol 3-quinase (PI3K)/
Proteina quinase B (Akt)/eNOS)] (GNUDI et al., 2015). A auséncia de Ang-1 resulta
em rarefacdo de capilares peritubulares (LOGANATHAN et al., 2018). A Ang-2 tem
efeitos opostos, atuando de forma antagbnica a Ang-1, inibindo a sinalizacao de Tie-
2, 0 que desestabiliza as jungdes celulares, e a fosforilagdo de Tie-2 para a formacéao
de novos vasos (GNUDI, 2016). Clinicamente, o aumento da Ang-2 plasmatico esta
associado a maior excrecao de albumina, menor TFG e aumento de citocinas pro-
inflamatdrias em pacientes com lesao renal progressiva em estagios avancados. Além
disso, na DRC a les&o da microvasculatura glomerular e peritubular contribui para a
maior secrecao de Ang-2, maior albuminuria e dano endotelial, formando um ciclo de
leséo para o tecido renal (CHANG et al., 2013).

As angiopoietinas juntamente com o fator de crescimento endotelial vascular
(VEGF) estéo relacionados com o crescimento renovascular, possuindo funcbées na
diferenciacao e sobrevivéncia endotelial (GNUDI et al., 2015). O VEGF é secretado
principalmente por podécitos e células tubulares, possuindo agbes autécrina e
paracrinas para as células adjacentes, contribuindo para a manutencao da estrutura
da fenda diafragmatica da barreira de filtracao glomerular e crosstalk com as células
epiteliais (HARVEY; ENGEL; CHADE, 2016). A ligacdo entre o VEGF com seu
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receptor de membrana da célula endotelial dos capilares glomerulares, denominado
de receptor 2 para VEGF (VEGFR2), leva a dimerizacao e fosforilagdo da tirosina
ativando vias de sinalizacao relacionadas a efeitos de reparo endotelial, ativacdo de
eNOS e a disponibilidade de NO, proliferacao, migracdo e diferenciacdo de CE,
angiogénese e permeabilidade vascular (ABHINAND et al., 2016; EBEFORS et al.,
2019; SIMONS; GORDON; CLAESSON-WELSH, 2016; ZHANG et al., 2020) (Figura
2). Dessa forma, a secrecao de VEGF por poddcitos e a expressao de VEGFR2 por
CE é um mecanismo celular importante a ser estudado, visando a manutencao da

funcéo glomerular, dos capilares glomerulares e peritubulares.
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Figura 1 - Equilibrio entre fatores pr6- e antiangiogénicos. A Ang-1 é liberada pelos pericitos ancorados
na célula endotelial do capilar peritubular. Esta se liga ao receptor Tie-2 da célula endotelial
desencadeando ativagdo de manutencdo e sobrevivéncia celular. A Ang-2, quando liberada pelos
corpusculos de Weibel-Palade, antagoniza a ligagao da Ang-1, desestabilizando as jungdes celulares.
O VEGF-VEGFR2 agem para a ativagcao de eNOS e producéo de NO tecidual. Ang-1, angiopoietina-1.
Ang-2, angiopoietina-2. Tie-2, receptor endotélio especifico. VEGF, fator de crescimento endotelial
vascular. VEGFR2, receptor tipo 2 para fator de crescimento endotelial vascular. eNOS, 6xido nitrico
sintase endotelial. NO, 6xido nitrico. Fonte: propria autoria. Baseado em AUGUSTIN et al., 2009; VAN
MEURS et al., 2009.

No modelo de cardiotoxicidade induzida por ADR, a regulacdo negativa da
fosforilacdo da eNOS contribuiu para a disfuncéo endotelial vascular (HE et al., 2020).
A eNOS tem efeitos sob a fosforilagdo de VEGF e vice-versa. Uma vez com niveis
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alterados, a eNOS ou VEGF perdem suas ag¢des de protecdo a poddcitos, vasos e
inibicdo de mecanismos fibréticos (FU et al., 2015). O VEGF se comporta de maneira
diferente de acordo com o insulto. No modelo experimental de nefropatia diabética, ha
o0 aumento dos niveis de VEGF no inicio da lesao renal em resposta a hiperglicemia,
causando angiogénese anormal, hipertrofia glomerular, espessamento da membrana
basal e expansao mesangial (LIU et al., 2018b; ZHANG et al., 2020). Contudo, em
modelos de lesao renal progressiva nao-diabéticas, o VEGF exerce funcao protetora,
melhorando a funcao renal e diminuindo a fibrose tecidual. No modelo de nefropatia
induzido por ADR, o VEGF apresenta-se reduzido, o que reflete em rarefagéao capilar
glomerular e cortical, e injuria renal em ratos (FALEIROS et al., 2017). Dessa forma,
a inibicao ou diminuicdo de VEGF é prejudicial aos poddcitos, CE glomerulares e
peritubulares, podendo ser um mecanismo importante para a progressdao da

glomeruloesclerose e fibrose tubulo-intersticial (BADRI et al., 2021).

1.4 Processo fibrotico e inflamatorio durante a lesdo renal progressiva

A progressao da lesédo renal para estagios terminais estd relacionada ao
aparecimento e evolucao da fibrose tubulo-intersticial, caracterizada pelo acumulo de
fibroblastos e sua ativagdo em miofibroblastos, provocando um aumento na deposicéo
de MEC (MENG; NIKOLIC-PATERSON; LAN, 2016). Os fibroblastos podem se
originar de fibroblastos residentes, recrutamento via diferenciagcdo da medula 6ssea,
transicao epitélio-mesenquimal (TEM) e pericitos (LEBLEU et al., 2013; SUN et al.,
2016). Além disso, as CE podem passar por processo de transicdo endotélio-
mesenquimal (EndoMT), que pode contribuir para cerca de 10% da origem desses
fibroblastos em resposta a mediadores pro-fibréticos (LEBLEU et al., 2013), ou seja,
essas células diferenciadas perdem seus marcadores e adquirem fendtipo

mesenquimal.

O TGF-B é considerado a principal citocina na patogénese da fibrose e
inflamacéo na lesé@o renal (MENG; NIKOLIC-PATERSON; LAN, 2016). Essa citocina
é constituida por trés isoformas: TGF-B1, 2 e 3, sendo a isoforma 1 reconhecida por
ter atividade pré-fibrética em doencas renais (SURESHBABU; MUHSIN; CHOI, 2016).
O TGF-B1 inicia sua sinalizagao a partir da interagao com o receptor de TGF-p tipo |l
(TBRII) que recruta e ativa o receptor TGF-p tipo | (TBRI) e fosforila as “small mothers
against decapentaplegic” (Smadz e Smads), proteinas que determinam a atividade
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candnica dessa via. A fosforilagdo de Smadzs forma um complexo oligomérico com

Smads, 0 qual se transloca para o nucleo (Figura 2).

Active
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Figura 2 - Sinalizacao canénica de TGF-B/Smad. O TGF-B1 interage com seu receptor TRRII e ativa o
TBRI, assim como as Smads (Smadz e Smads) que recruta a Smada. Isso resulta na formagéo de um
complexo com 0 Smadz34, que se transloca para o nucleo e se liga aos genes alvo para induzir fibrose
e inflamacéo no tecido renal na lesdo renal progressiva. TGF-B, fator de crescimento transformador
B. TBRI, receptor TGF-B tipo I. TBRII, receptor TGF- tipo Il. Figura modificada de GU et al., 2020.

A ligacdo do complexo Smadzzs ao DNA induz a transcricdo de fatores
relacionados a TEM como, o zinc finger E-box-binding homeobox (ZEB 1/2), que ao
se ligar a regiao promotora de genes epiteliais, age como co-repressor, regulando
negativamente o fenétipo epitelial [E-caderina, citoqueratina, zonula occludens (ZO-
1), laminina-1, ocludina e claudina] e ganho de marcadores mesenquimais (N-
caderina, vimentina e fibronectina) (HUA et al., 2020). Estudos demonstraram que o
aumento de ZEB2 esta associado com a maior permeabilidade de podécitos a
alboumina em condi¢cdes de hipdxia crébnica em ratos (NAKULURI et al., 2019),
enquanto que o silenciamento de ZEB2-especifico em células epiteliais tubulares de
ratos tratadas com TGF-B1, resulta em menor deposicdo de MEC e ativacédo de
miofibroblastos (INOTANI et al.,, 2022), caracteristicas do processo de transicao
epitelial/endotelial-mesenquimal. A intensa ativacdo de TGF-B1/Smadzs gera ainda a
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reducao de Smadz, um regulador negativo da via canénica, que reduz a inflamagao
por induzir aumento do inibidor de fator nuclear-kappa B alfa (IkBa), inibindo assim a
via de sinalizacao proé-inflamatéria do NF-kB (MENG et al., 2015; MENG; NIKOLIC-
PATERSON; LAN, 2016). Vias independentes de Smad também podem ser ativadas
para mediar a fibrose renal, como a via MAPK mediadas por quinase regulada por
sinal extracelular (ERKiz), p38 MAPK e c-Jun N-terminal quinase (JNK),
caracterizando vias ndo-canénicas ativadas por TGF-1 (SURESHBABU; MUHSIN;
CHOI, 2016). Angiotensina Il (Ang Il), produtos finais de glicacdo avancada, EROS e
citocinas pré-inflamatérias (TNF-a e IL-18) também sdo moléculas que podem interagir
com a sinalizagdo TGF-B1/Smad para regular a fibrose e inflamagao renal (GU et al.,
2020).

A perda da diferenciacao celular esta diretamente ligada com a interagéo de
citocinas, fatores inflamatérios, fatores de transcricdo e vias celulares (HUA et al.,
2020). Sendo assim, a inflamagéo do tecido renal contribui para a progressédo do
processo fibrético e lesdo renal, independentemente de sua etiologia (MENG;
NIKOLIC-PATERSON; LAN, 2014). Poddcitos e células epiteliais danificadas levam a
glomeruloesclerose e dano tubular, por desencadearem uma série de mecanismos
que ativam os miofibroblastos no sitio da lesdo para a geragédo de MEC (LIU et al.,
2018a). A alta demanda de proteinas para o tubulo resulta em processo inflamatério
com ativacao de diversas vias, formando um ciclo vicioso de lesdao (WONG et al.,
2018). A resposta inflamatoria a lesdo de células epiteliais e endoteliais envolve a
liberacao de citocinas e quimiocinas proé-fibréticas e pro-inflamatérias, que permitem o
infiltrado de células inflamatérias no glomérulo e intersticio renal, composto
majoritariamente de macréfagos e mondécitos (JOURDE-CHICHE et al., 2019).
Moléculas como EROS, TNF-a e IL-13 sao produzidas por macroéfagos denominados
de M1, o que mantem o perfil pro-inflamatério da les&o. Durante a fase de reparo, o
fenotipo € convertido em M2, conferindo a secrecdo de citocinas anti-inflamatoérias
como a interleucina-10 (IL-10), contribuindo para a resolucao da lesao tecidual (TANG;
NIKOLIC-PATERSON; LAN, 2019; YUAN; TANG; ZHANG, 2022).

A ativacdo do sistema renina angiotensina (SRA) pode também participar da
sinalizacdo que regula a inflamacgao na les&o renal progressiva por aumentar tanto a
ativagdo de TGF-p1/Smadzs quanto a de NF-kB, que regula positivamente a

expressao e atividade do receptor tipo 4 de quimiocina C-X-C (CXCR4) e ativacéo de
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via pré-fibrotica Wnt/B-Catenina, para que sinergicamente mantenham o ambiente
inflamatério e fibrotico (GU et al.,, 2020; LIU et al., 2018a; MENG; NIKOLIC-
PATERSON; LAN, 2016; WONG et al., 2018; YUAN; TANG; ZHANG, 2022). Juntos,
esses mecanismos levam as alteracdes observadas na fungédo e estrutura renal na
lesdo renal progressiva. Dessa forma, terapias que tenham como alvo a reducdo da
fibrose e da inflamagéo renal podem ser Uteis para retardar a progresséo da leséo

renal.

1.5 Vitamina D ativa e seus mecanismos

Algumas evidéncias mostram um efeito terapéutico da vitamina D (vit. D) na
lesdo renal progressiva (GEMBILLO et al., 2021; MARTINEZ-ARIAS et al., 2021;
SALANOVA VILLANUEVA et al., 2020). A vit. D € um horménio formado por 4 anéis
de colesterol e é a Unica “vitamina” que pode ser produzida endogenamente no corpo
(LIU et al.,, 2016). A sintese se inicia a partir da exposicdo a luz ultravioleta
provenientes do sol (entre 290 a 313 nm) ou através da alimentacdo. As duas formas
da vit. D, o ergocalciferol (D2) e o colecalciferol (Ds) sdo metabolizados de forma
semelhante a partir de seus precursores: o ergosterol (plantas) e o 7-dehidrocolesterol,
que é sintetizado no figado (animais) (BAYNES; DOMINICZAK, 2015). Ambos sao
transportados no plasma pela proteina carreadora de vit. D (VDBP), uma globulina
glicosilada que transporta esses metabdlitos na circulagao, para que no figado sejam
hidroxilados pela enzima 25-hidroxilase, dando origem a 25-hidroxivitamina D [25
(OHD); calcidiol]. De volta a corrente sanguinea, o complexo calcidiol-VDPB é
endocitado por proteinas presentes na borda em escova da membrana apical das
células tubulares proximais, denominadas de megalina e cubilina. Dentro da célula, a
enzima mitocondrial 1a-hidroxilase converte a 25 OHD em 1,25-dihidroxivitamina D3
[1,25 (OH2D3); calcitriol], a forma ativa da vit. D. Os niveis de vit. D sédo finamente
regulados via enzima CYP24A1 ou 24-hidroxilase, que cataboliza tanto a 25 OHD
quanto a 1,25 (OHz2Ds), em 24R,25(0H) 2 D e 1,24,25(0OH) s D, respectivamente. Os
produtos finais dessa hidroxilagcdo geram o acido calcitréico inativo ou 26,23-lactona
excretado na bile e na urina. Sendo assim, a CYP24A1 desempenha papel importante
na modulacao da atividade da vit. D local (BAYNES; DOMINICZAK, 2015; BOUILLON;
BIKLE, 2019; HAUSSLER et al., 2013; JEON; SHIN, 2018).
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O calcitriol interage com seu receptor de vitamina D (VDR), expresso em quase
todos os tecidos, com fungbes de metabolismo O0sseo e extra-esqueléticas
(BOUILLON; BIKLE, 2019). Este receptor apresenta localizagcdes celulares diversas,
podendo ser encontrado no nucleo, citosol e na membrana celular (ZHANG et al.,
2023). Quando o calcitriol interage com o VDR citosolico, este complexo é fosforilado
e se transloca para o nucleo para formar um heterodimero com o receptor retindide X
(RXR), capaz de interagir com elementos responsivos a vit. D (VDRE) que
desencadearao a transcricao de genes alvo. Os receptores nucleares também formam
heterodimero VDR-RXR-VDRE. A ativacdo de VDR também envolve efeitos nao-
gendmicos, que sao mais rapidos por estarem associados a membrana celular e ndo
requerem ativagdo gendmica. Estes sdo relacionados com as vias de fatores de
crescimento e producdo de segundos mensageiros (BAYNES; DOMINICZAK, 2015;
HAUSSLER et al., 2013; JEON; SHIN, 2018; LV et al., 2018) (Figura 3). Cerca de mais
de 11.000 genes foram identificados como alvos da ativacdo do VDR, para o controle
de mecanismos relacionados ao metabolismo (47%), diferenciacao e desenvolvimento
(10%), morfologia celular (19%), adesao e juncao celular (10%), angiogénese (9%) e
transicao epitélio-mesenquimal (5%) (DING et al., 2013).

f'“ . 80%of vitamin D source 20 % of vitamin D source
A A
g P>
(290-320 nm) DIET INTAKE

20(0HID, Vitamin Dz (Plant sources)
Pro-vnD,—oPn-VltD,—owm\lnD s ' Vitamin D3 {Animal sources)
7-dehydro-cholesteroi YP11A1 & others y

eT’ Calcidiol, zs(on)o

|Colmnol 10,25(0H),0 & voB?

., Vitamin D . ,meA P
C'W: Transporting in blood

v

O Circulation
Calcitroic acid
Billiary Calcitroic acid

excretion

Figura 3 - Metabolismo da vitamina D. As vitaminas D2 e D3 se ligam a proteina carreadora VDBP. Esse
complexo é entregue ao figado, onde é metabolizado pela 25-hidroxilase (CYP2R1 e CYP27A1) em 25
OHD ou calcidiol. De novo na corrente sanguinea, a 25 OHD é metabolizada mais uma vez pela 1a-
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hidroxilase (CYP27B1) no tubulo proximal do rim em 1,25-dihidroxivitamina D ou calcitriol, a forma ativa
de vit. D. O calcidiol e calcitriol sdo regulados pela 24-hidroxilase (CYP24A1), que produz &cido
calcitréico excretado pela bile. Uma vez ativa, a vit. D interage com seu receptor VDR nuclear/citosélico
para exercer efeitos gendmicos, se ligando ao RXR, e aos VDREs que desencadearao a transcricdo de
genes alvo. Agbes ndo-gendmicas ocorrem pela interagdo de calcitriol com VDR localizados na
membrana celular, e estdo relacionadas com vias de fatores de crescimento, sinalizacdo de célcio e
ativacao de MAPK. D2, ergosterol. D3, colecalciferol. MAPK, proteinas quinases ativados por mitégeno.
RXR, receptor retindide X. VDBP, proteina carreadora de vit. D. VDR, receptor de vit. D. VDREs,
elementos responsivos a vit. D. Figura modificada de JEON; SHIN, 2018.

A 25 OHD é utilizada como principal biomarcador dos niveis de vit. D no sangue,
apresentando tempo de meia-vida de 2 a 3 semanas, refletindo a influéncia da dieta e
da exposicao ultravioleta, enquanto que a forma ativa (1,25 OHz2Ds3), possui tempo de
meia vida curto, de apenas 4 a 6 horas (GEMBILLO et al., 2021; HOLICK, 2009).
Pacientes com leséo renal progressiva apresentam deficiéncia de vit. D em quase
todos os estagios, o que influencia para o aparecimento de hiperparatireoidismo
secundario (HPTS), hipocalcemia, hiperfosfatemia, aumento na secrecao de fator de
crescimento de fibroblastos 23 (FGF23) e acidose metabdlica, complicacdes
importantes da lesao renal progressiva (LIU et al., 2016). Portanto, o tratamento
farmacolégico deve ser focado em compostos que ativam o VDR com menores efeitos
colaterais para o metabolismo &sseo-mineral. A ativacdo do VDR tem efeitos
conhecidos por serem classicos: para regulacdo de paratorménio (PTH) e
metabolismo ésseo (HAUSSLER et al., 2013); e ndo classicos como efeitos no sistema
cardiovascular, renal, inibicdo do SRA, acbes imunomoduladoras e anti-fibroticas
(FERREIRA DE ALMEIDA et al., 2019; OLIVEIRA et al., 2022; SOUZA et al., 2023).

Ativadores do VDR (VDRA) tém sido utilizados para avaliar a participacao dos
efeitos da vit. D em varios modelos experimentais e clinicos de doencas renais (LV et
al., 2018; MARTINEZ-ARIAS et al., 2021). Analogos sintéticos dos VDRA sdo
utilizados para diminuirem os impactos do HPTS, com menor secre¢cdao de PTH,
absorg¢ao intestinal de célcio e fosfato, evitando a calcificagéo vascular por deposi¢ao
desses ions (BOVER et al.,, 2015). O paricalcitol [19-nor-1,25 (OH2D2)], um dos
analogos sintéticos do calcitriol, tem demonstrado efeitos positivos para o tratamento
da disfuncdo cardiaca observada em ratos nefrectomizados, principalmente como
agente anti-fibrético (PANIZO et al.,, 2013, 2017). Seus efeitos ainda previnem a
secrecao do PTH e o HPTS na DRC (DEMIR; DEMIR; AYGUN, 2021; DYER, 2013) e,
reduz a progressao da proteinuria quando associado ao bloqueador do SRA em
pacientes com DRC nao portadores de HPTS (MARTIN-ROMERO et al., 2022).
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Corroborando com esses achados, Egido et al. (2016) e Salanova Villanueva et al.
(2020) demonstraram efeitos anticalcificantes e imunomodulatérios do paricalcitol pela
inibicdo da secrecao de citocinas pré-inflamatérias (EGIDO et al., 2016; SALANOVA
VILLANUEVA et al., 2020), e pro-fibroticas como o TGF-3, o que consequentemente,
diminuiu a perda de células e a TEM pela ativacao direta de VDR (MARTINEZ-ARIAS
et al., 2021).

A ativacao do VDR atenua também a EndoMT pela regulacédo da sinalizacao
da Ang Il através do receptor de Angll tipo | (AT1) (WYLIE-SEARS; LEVINE;
BISCHOFF, 2014), melhorando o relaxamento adrtico em modelo de lesao renal
progressiva induzida por nefrectomia 5/6 em ratos (WU-WONG; LI; CHEN, 2015).
Martinez-Miguel et al. (2014) observaram que CE tratadas com vit. D aumentam
significativamente a producgéo de NO pela bioatividade da eNOS (MARTINEZ-MIGUEL
et al., 2014). Adicionalmente, estudos demonstraram que a suplementagéo de vit. D
esta associada um aumento da expressdo de eNOS e VEGF na obstrucéo ureteral
unilateral (UUO) (ARFIAN et al., 2018), melhora do quadro inflamatério e reducao do
estresse oxidativo na lesdo renal aguda induzida por cisplatina (OLIVEIRA et al.,
2022), além de apresentar efeitos protetores na estrutura medular externa e interna
na doenca renal progressiva gerada pela inibicdo do receptor AT:1 durante o
desenvolvimento renal (DELUQUE et al., 2020). Atestando os efeitos benéficos da vit.
D demonstrados acima, estudos anteriores do nosso laboratério mostraram que a
deficiéncia desse hormdnio durante o desenvolvimento renal gerou rarefacdo dos
capilares glomerulares e peritubulares devido ao desequilibrio de fatores pré e
antiangiogénicos (FERREIRA DE ALMEIDA et al., 2019) e durante a vida adulta
acarreta em piora da funcao e estrutura renal quando somado ao diabetes (SOUZA et
al., 2023).

Assim, a regulacao negativa de mecanismos associados a fibrose e inflamacéao
renal sdo alvos para o desenvolvimento de terapias para lesao renal progressiva.
Tomados em conjunto, esses dados demonstraram que a vit. D é imprescindivel para
a manutencgao e funcionamento correto das CE e epiteliais em diversos modelos de
doenca renal. Na lesdo renal progressiva ocorre a lesdao das células renais, o que gera
prejuizo na ativacado de vit. D, e mesmo assim, a forma inativa ainda é a mais
comumente utilizada nesses pacientes (LIU et al., 2016). Contudo, os efeitos diretos
da ativacdo do VDR previamente e permanente, antes da lesdo renal estar
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estabelecida ainda n&o estdo completamente elucidados e precisam ser melhor
explorados. Esses estudos podem contribuir para o entendimento de mecanismos
relacionados a prevencao da progressao da lesao renal. O modelo da lesao renal
induzida pela ADR é bastante utilizado para o estudo da lesdo renal progressiva ou
DRC. A lesao das CE dos capilares glomerulares é a primeira etapa de uma série de
eventos que irdo resultar em alteragdes da funcao e da estrutura renal, inflamagéao e
fibrose nesse modelo. Entretanto, ainda nao esta totalmente claro como a ativacao
direta do VDR pode prevenir tais alteragbes e quais 0s mecanismos estariam
envolvidos nesse efeito protetor, visando principalmente a toxicidade endotelial, ja que
€ um evento inicial na lesédo renal induzida por ADR. Sabe-se que o paricalcitol tem
propriedades de manutengéo das CE, porém o efeito do tratamento iniciado antes do
estabelecimento da lesdo ainda néo esta claro.
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2 HIPOTESE

O nosso estudo objetiva testar a hipoétese de que o tratamento prévio com
paricalcitol pode atenuar ou prevenir as alteragdes renais induzidas pela ADR, visando
retornar o equilibrio de fatores pré- e antiangiogénicos, assim como, ressaltar sua
atividade anti-inflamatéria e anti-fibréticas nos processos de desdiferenciacao
endotelial e epitelial.
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3 OBJETIVOS
3.1 Objetivo Geral

Estudar o efeito do tratamento com paricalcitol iniciado antes da administracéao
de ADR nas alteragdes de funcao e estrutura renal e avaliar a participacédo das CE dos
capilares glomerulares e peritubulares e células epiteliais nesse modelo.

3.2 Objetivos Especificos

Avaliar o efeito do tratamento com paricalcitol na progressdo da lesédo renal

induzida por ADR em ratos sobre:

e Parametros fisiol6gicos de peso corporal, peso relativo renal, dos niveis de 25
hidroxivitamina D, paratorménio, calcio, fésforo e potassio plasmaticos.

e Funcao renal: volume urinario de 24h, TFG, creatinina plasmatica, fracao de
excrecao de sédio e albumindria.

e Estrutura renal: marcacao para Tricromio de Masson e volume glomerular.

e Estrutura e funcdo das CE dos glomérulos, cortex e medula externa renais por
imunoistoquimica para JG12 e metabolismo de NO (expressdo de p-eNOS,
eNOS e Arginase II).

e Expressao dos fatores angiogénicos (Ang-1, Ang-2, Tie-2, VEGF e VEGFR2).

e Expressao de marcador especifico de podécito: podocina.

o Expresséo de fendtipo mesenquimal nos glomérulos, cértex e medula externa
renais por imunoistoquimica para desmina, a-SMA e vimentina e expressao de
componentes de MEC: colageno | e fibronectina.

e Expressao de proteinas relacionadas a proliferacao celular: ZO-1 e PCNA.

e Via canbnica de TGF-B1/Smad2s e fator de transcricdo ZEB2; e via nao
canbnica: expressao de AT+ e ativacdo de MAPK (p38, JNK e ERK1.2).

e Infiltracdo de células inflamatorias: expressao de CD68; secrecéo de citocinas:
TNF-a, IL-1B; diferenciagao de macréfagos: expressao de Arginase |.

e Vias relacionadas a inflamacao: NF-kB, IkBa, IkBB, SDF-1a, CXCR4, B-
Catenina.

e Expressao de VDR e conteldo renal de vit. D: CYP24A1.
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4 MATERIAL E METODOS

4.1 Animais e delineamento experimental

O protocolo experimental utilizado esta de acordo com os principios éticos de
experimentacdo animal, adotado pelo Conselho Nacional de Controle de
Experimentacdo Animal (CONCEA), aprovado pela Comissdo de Etica no Uso de
Animais (CEUA) da Faculdade de Medicina de Ribeirdo Preto — Universidade de Sao
Paulo (FMRP-USP), protocolo no. 194/2017 (Anexo A e B). Ratos Sprague-Dawley
machos, pesando entre 180-200g, provenientes do Biotério Central da FMRP-USP,
foram selecionados aleatoriamente para este estudo. Os animais foram alojados em
um ambiente com temperatura controlada (22°C) e expostos ao ciclo de 12h
claro/escuro, no Biotério do Laboratério de Fisiologia Renal. Os animais receberam

dieta e 4gua ad libitum, e foram mantidos em numero maximo de quatro por caixa.

ApGs o periodo de adaptacdo de uma semana, o paricalcitol (6 ng/dia,
Zemplar®, Abbvie Laboratories, IL, EUA) ou veiculo [solucdo de cloreto de sodio
(NaCl) a 0,9%] foram administrados por meio de uma minibomba osmética (Modelo
2004, Alzet, CA, EUA) implantada cirurgicamente no dorso do animal sob anestesia
inalatéria com lIsoflurano (Cristalia, SP, Brasil). Essa metodologia permite que o
paricalcitol seja liberado de hora em hora, mantendo sempre a dose terapéutica
desejada. A dose foi selecionada baseada na padronizacdo realizada anteriormente
em artigo do nosso laboratério utilizando vit. D (DELUQUE et al., 2020). O tratamento
com paricalcitol foi iniciado dois dias antes da administracdo de adriamicina e
continuou durante os 27 dias de observagado. Esse tempo de protocolo foi permitido
pela abordagem do modelo de minibomba osmética, como indicado pelo fabricante.
Quarenta e oito horas apds o implante, os animais receberam uma injecao intravenosa
(i.v.) de ADR (cloridrato de Doxorrubicina/Fauldoxo®, Libbs, SP, Brasil = 3,5 mg/kg)
ou veiculo (solucao de NaCl a 0,9%) através da veia caudal (FALEIROS et al., 2017)
(Figura 4).

Os animais foram divididos em 4 grupos experimentais:

e controle: ratos que receberam apenas o veiculo (solugdo de NaCl a 0,9%) pela
minibomba osmética € i.v., n=6;

e paricalcitol: ratos que receberam paricalcitol (6 ng/dia) pela minibomba
osmdtica e injecao i.v. de veiculo (solucdo de NaCl a 0,9%), n=6;
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e ADR: ratos que receberam o veiculo (solucdo de NaCl a 0,9%) pela minibomba
osmotica e administragdo i.v. da adriamicina (3,5 mg/kg), n=7;

o ADR + paricalcitol: ratos que receberam paricalcitol (6 ng/dia) pela minibomba
osmotica e administragdo i.v. da adriamicina (3,5 mg/kg), n=7.

Implante da minibomba

osmotica com paricalcitol ou salina Tratamento com Paricalcitol Eutanasia
v v
| ] | /L | /L l /L |
| | (I) /i % 1" 1I5 I 2|5
Dias -2
1 i}
Injecédo de ADR ou salina Efeitos da ADR

Figura 4 - Representagao esquematica do delineamento experimental. Ratos Sprague-Dawley machos
foram submetidos a cirurgia de implante de minibomba osmética contendo paricalcitol dois dias antes
(Dia -2) da injecao de ADR (Dia 0) e continuada por mais 25 dias.

4.2 Coleta de amostras e avaliacao da funcao renal

Os ratos foram alojados em gaiolas metabdlicas para coleta de amostras de
urina de 24h nos 7°, 15°% e 25° dias ap0s a injecdo i.v. de adriamicina. As amostras
foram armazenadas a -20 °C até o seu uso para determinar a excrec¢ao urinaria de
albumina (EUA) usando método de ensaio de imunoabsorcao enzimatica (ELISA) com
anticorpo anti-alboumina de rato (Bethyl Laboratories, Lab Research, TX, EUA) e
creatinina urinaria (Ucreat.) usando um kit comercial (Labtest Diagnostica, MG, Brasil).
Além disso, a urina de 24h coletada no 25° dia apés a injecdo de ADR foi usada para
mensurar o volume urinario, sédio urinario (analisador de eletrélitos 9180, Roche,
Wien, Austria) e niveis de NO. No 26° dia, os ratos foram pesados e em seguida
anestesiados com cetamina/xilazina (0,1 ml/100 g, Cristalia, SP, Brasil) e

eutanasiados.

As amostras de sangue (plasma e soro) foram coletadas diretamente da artéria
abdominal e armazenadas a -70 °C. O plasma foi usado para analisar a creatinina
plasmatica (Pcreat, Labtest Diagnostica, MG, Brasil), s6dio (analisador de eletrdlitos
9180, Roche, Wien, Austria) (tendo a fracdo desse ion calculada), NO, célcio (Pca),
fésforo (Pp) e potassio (Pk; analisador de eletrélitos 9180, Roche, Wien, Austria). O
soro foi utilizado para dosagem dos niveis de 25 OHD e PTH. A taxa de filtracao
glomerular (TFG) foi determinada pelo clearance de creatinina.
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As amostras de urina também foram coletadas diretamente da bexiga urinaria
no momento da eutanasia, tratadas com fluoreto de fenilmetilsulfonil 1 mM (PMSF;
Sigma Chemical Company, MS, EUA) e armazenadas a -70 °C para a analise dos
niveis de TGF-B1 por ELISA. Os rins foram removidos de cada animal. Parte do rim
esquerdo foi fixado com solugao de methacarn (60% de metanol, 30% de cloroférmio
e 10% de &cido acético) que apds 24h foi substituido por alcool 70%, e usada para
andlises histoldgicas e imunoistoquimicas. O restante do tecido foi armazenado a -70
°C para analises de ELISA e Western blot.

4.3 Quantificacées séricas de 25 hidroxivitamina D (25 OHD), de paratorménio
(PTH), e plasmaticas de calcio (Pca) e fosforo (Pp)

A 25 OHD sérica foi determinada utilizando teste competitivo direto baseado no
principio de quimiluminescéncia (CLIA) (DiaSorin, Liaison®, Saluggia, Italia). Essa
analise foi realizada no Laboratorio de Analises Clinicas do Hospital das Clinicas da
Faculdade de Medicina de Ribeirdo Preto, que participa da certificacdo de qualidade
nacional e internacional. Os niveis séricos de PTH foram determinados usando o
método de ELISA com o anticorpo anti-PTH intacto de rato (Quidel Corporation, CA,
EUA) e os niveis plasmaticos de calcio e fosforo foram mensurados usando kits
comerciais por meétodo colorimétrico utilizando espectrofotémetro em 570 nm e 650
nm, respectivamente (Labtest Diagnostica, MG, Brasil).

4.4 Oxido nitrico (NO) na urina, plasma e tecido renal

Amostras de urina coletadas no 25° dia de experimento, de plasma e tecido
renal foram misturadas/homogeneizadas com &cido acético 0,1 N (3/1), centrifugadas
a 10000x g por 5 min e aliquotadas. Apenas os tecidos renais foram desproteinizados
com etanol 95% (1/2) e centrifugados (4000x g por 5 min) novamente. Os
sobrenadantes de urina, plasma e tecido renal foram submetidos a uma analise do
teor de NO usando a técnica NO/ozbnio descrita anteriormente com um analisador
Sievers (Sievers 280 NOA, CO, EUA) (DELUQUE et al., 2020). O método de Bradford
foi usado para determinar os niveis de proteina total no tecido renal (DELUQUE et al.,
2020). Os valores médios de NO foram expressos em uM/ug de proteina no tecido

renal e ug/mg de creatinina plasmatica ou urinaria.
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4.5 Fator de crescimento transformador beta 1 (TGF-B1), fator de necrose
tumoral alfa (TNF-a) e interleucina-1 beta (IL-18)

Amostras de urina da bexiga foram usadas para quantificar o TGF-B1 por ELISA
(Promega Corporation, Madison, WI, EUA). Os resultados foram expressos em pg/mg

de creatinina.

O método de ELISA foi ainda utilizado para a analise das concentragdes de
TGF-B1 (Promega Corporation, WI, EUA), TNF-a e IL-1B8 (R&D Systems Inc., MN,
EUA) em homogenato de tecido renal. Para isso, amostras de tecido renal foram
homogeneizadas em tampéo de lise (50 mM Tris acido cloridrico (HCI), pH 7,4; 150
mM NaCl; 1% Triton X-100; coquetel de inibidores de protease (100X) e acido
etilenodiamino tetra-acético (EDTA) 0,001 M, pH 8 (Thermo Fisher Scientific Inc., MA,
EUA) e centrifugados a 4°C a 10.000 rpm por 20 minutos. O método de Bradford foi
usado para determinar os niveis de proteina no tecido renal (DELUQUE et al., 2020).
Os resultados foram corrigidos e expressos em pg/mg de proteina tecidual.

4.6 Analise histologica

Os tecidos renais foram incluidos em parafina, cortados em fragmentos de 4
Mm de espessura, corados com Tricrdmio de Masson (TM), corante de fibras
colagenas, e visualizados usando microscopio de luz (AxioVision Rel. 4.3; Zeiss, BW,
Alemanha). Foram obtidas fotos de 30 campos consecutivos de 0,1 mm?2 do cortex e
20 campos consecutivos de 0,1 mm? do compartimento medular externo. As imagens
foram fotografadas e quantificadas em alta ampliacdo (400x). A expressdo de TM
tubulo-intersticial cortical e medular (area azul, fibras de colageno) foi quantificada
usando o software NIH Image J 1.52A (Bethesda, MD, EUA). O mesmo programa foi
usado também para a quantificagdo da area glomerular, pela delimitagdo do tufo
glomerular. Os valores médios por rim foram calculados e os resultados expressos
como porcentagem de area positiva para TM no cértex e na medula externa.

4.7 Analise imunoistoquimica

Os cortes renais foram desparafinizados e hidratados para analise
imunoistoquimica. A ligacdo do antigeno inespecifico foi bloqueada por incubacgao por
20 min com soro de cabra e bloqueio de peroxidase enddgena. Para maior exposicao
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dos epitopos, as laminas passaram por micro-ondas submersas em tampao citrato pH
6,0 ou EDTA pH 8,5. As se¢des foram ent&o incubadas com os anticorpos primarios
descritos na Tabela 1. Apds o tempo de incubacéao, as laminas foram lavadas com
tampao (PBS, NaCl 0,15 M e tampao PO4, pH 7,4) e incubadas com os respectivos
anticorpos secundarios por 30 min. Os complexos avidina-biotina-peroxidase (Vector
Laboratories, CA, EUA) e 3,3'-diaminobenzidina (DAB, Sigma Chemical Company,
MO, EUA) foram usados para a detec¢cdo dos antigenos. Os cortes foram
contracorados com metilgreen, desidratados e montados.

Tabela 1 - Anticorpos primérios utilizados na andlise imunoistoquimica.

Diluicao

Anticorpo Origem Referéncia Tipo tempo de incubacéo Marcacao
JG12 eBioScience ~ BMS1104  Rato s0 00 CE

Desmina Dako Corporation M0760 Rato Overrxggta 40 ;ggggiges
a-SMA Dako Corporation MO0851 Rato Overrxggta 40 mesizﬂgijail;ais

Vimentina  Dako Corporation MO0725 Rato Overrxggta 40 mesizﬂgijail;ais
Col | Chemicon AB755 Coelho Ov;rgisgtoa 40 Depcli/?lizg;go de
cpgg  DOTRALEOEONSS yoassR  Rato o 00 s Macréfagos

CD68, grupo de diferenciagédo 68. CE, células endoteliais. Col |, colageno tipo 1. JG12. Aminopeptidase
P. a-SMA, alfa-actina de musculo liso.

As imagens foram obtidas e quantificadas em alta ampliagdo (400x). Trinta
campos consecutivos de 0,1 mm? do cortex e 20 campos consecutivos de 0,1 mm? do
compartimento medular externo foram avaliados para o JG12, a-SMA, vimentina, Col
|, CD68. Trinta glomérulos corticais e 20 justamedulares foram avaliados para JG12,
desmina, a-SMA, Col | e CD68. As alteracbes glomerulares, tubulo-intersticiais
corticais e medulares foram quantificadas usando o software NIH Image J (Bethesda,
MD, EUA) e os valores médios por rim foram calculados. Os resultados foram
expressos como porcentagem de marcagao positiva no glomérulo, cortex e medula

externa para os marcadores mencionados acima.

4.8 Analise por western blot

Os tecidos renais foram homogeneizados em um tampao de lise (50 mM
TrisHCI, pH 7,4; 150 mM NaCl; 1% Triton X-100; coquetel de inibidores de protease
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(100X) e EDTA 0,001 M, pH 8 (Thermo Fisher Scientific Inc., MA, EUA) e centrifugados
a 4°C a 10.000 rpm por 20 minutos. As proteinas (30, 60 ou 90 pg) foram aquecidas
a 100°C na presenga de tampéo de amostra contendo [-mercaptoetanol, e entéo,
separadas por eletroforese em gel de poliacrilamida (SDS-PAGE, 12%), transferidas
para membranas de nitrocelulose overnight a 4°C em 10mA, incubadas por 1h em
tampéao de bloqueio (TBS, 5% leite desnatado) ou 3% soro de albumina bovina (BSA)
e lavadas em tampéao (TBS, 0,1% Tween 20, pH 7,6). Em seguida, as membranas

foram incubadas com os anticorpos descritos na Tabela 2.

Tabela 2 - Anticorpos primérios utilizados na andlise por Western blot.

Anticorpo Origem Referéncia Tipo Diluicao
Ang-1 Bioss Antibodies Inc bs-0800R Coelho 1/500
Ang-2 Santa Cruz Biotechnology sc-74402 Rato 1/100
Arginase | Santa Cruz Biotechnology sc-18351 Cabra 1/1000
Arginase Il Santa Cruz Biotechnology sc-18357 Cabra 1/1000
ATy Santa Cruz Biotechnology sc-515884 Rato 1/200
CcD68 Bio-Rad Laboratories Inc. MCA341R Rato 1/2000
CXCR4 LifeSpan BioSciences Inc. LS-B6709 Coelho 1/500
CYP24A1 Abnova H0000159-M02 Rato 1/500
eNOS Santa Cruz Biotechnology sc-376751 Rato 1/200
Fibronectina Chemicon International 1942 Coelho 1/1000
GAPDH Cell Signaling Technology cod. 2118L Coelho 1/1000
IkBa Santa Cruz Biotechnology sc-371 Coelho 1/1000
IkBB Santa Cruz Biotechnology sc-945 Coelho 1/1000
NF-xkB Santa Cruz Biotechnology sc-7151 Coelho 1/200
PCNA Sigma Chemical Company P8825 Rato 1/500
p-eNOS Santa Cruz Biotechnology sc-12972 Cabra 1/200
p-ERK/2 Santa Cruz Biotechnology sc-7383 Rato 1/500
Podocina Santa Cruz Biotechnology sc-21009 Coelho 1/500
p-JNK Santa Cruz Biotechnology sc-6254 Rato 1/500
p-p38 Sigma Chemical Company M8177 Rato 1/500
p-Smadzs Cell Signaling Technology 8828S Coelho 1/500
SDF-1a eBioscience 14-7992-83 Coelho 1/500
Smadzs3 Santa Cruz Biotechnology sc-133098 Rato 1/300
Tie-2 Santa Cruz Biotechnology sc-293414 Rato 1/200
VDR Santa Cruz Biotechnology sc-13133 Rato 1/500
VEGF Santa Cruz Biotechnology sc-53462 Rato 1/300
VEGFR2 Cell Signaling Technology cod. 2472S Coelho 1/500
Vimentina Dako Corporation M0725 Rato 1/1000
ZEB2 Santa Cruz Biotechnology sc-48789 Coelho 1/250
Z0-1 Zymed 61-7300 Coelho 1/250
a-SMA Dako Corporation M0851 Rato 1/300
B-Catenina Santa Cruz Biotechnology sc-7199 Coelho 1/2000

Ang-1, Angiopoietina 1. Ang-2, Angiopoietina 2. AT, receptor angiotensina Il tipo-1. CD68, grupo de
diferenciacédo 68. CXCR4, receptor tipo 4 de quimiocina C-X-C. CYP24A1, 24-hidroxilase. eNOS, 6xido
nitrico sintase endotelial. GAPDH, gliceraldeido-3-fosfato desidrogenase. IkBa, inibidor alfa de fator
nuclear kappa B. IkBp, inibidor beta de fator nuclear kappa B. NF-kB, fator nuclear-kappa B. PCNA,
antigeno nuclear de célula em proliferagao. p-eNOS, fosfo-6xido nitrico sintase endotelial. p-ERK12,
fosfo - quinase regulada por sinal extracelulariz. p-JNK, fosfo- c-Jun N-terminal quinase. p-p38, fosfo-
p38 MAPK (proteina quinase ativada por mitdégeno). p-Smadzs, fosfo-small mothers against
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decapentaplegiczs. SDF-1a, fator 1 alfa derivado de célula estromal. Smadzs, small mothers against
decapentaplegiczss. Tie-2, receptor tirosina quinase especifico do endotélio. VDR, receptor de vitamina
D. VEGF, fator de crescimento endotelial vascular. VEGFR2, receptor 2 do fator de crescimento
endotelial vascular. ZEB2, zinc finger E-box-binding homeobox 2. ZO-1, zonula occludens. a-SMA, alfa-
actina de musculo liso.

ApGs incubacao overnight a 4°C com os anticorpos primarios, as membranas
foram lavadas e incubadas com anti-lgG de camundongo (P0447, 1/5000; Dako
Corporation, CPH, Dinamarca), anti-lgG de coelho [(P0448, 1/2000, 1/5000 ou
1/10000; Dako Corporation, CPH, Dinamarca) ou sc-2357 (Santa Cruz Biotechnology,
Santa Cruz, CA, EUA)] ou anti-cabra (sc-2768, 1/5000, Santa Cruz Biotechnology,
Santa Cruz, CA, EUA) conjugados com peroxidase por 1h em temperatura ambiente.
O GAPDH foi usado como proteina de referéncia. Um sistema de imagem (Kodak Gel
Logic 2200, TX, EUA) foi utilizado para visualizar os anticorpos ligados a membrana
usando reagentes de quimiluminescéncia aprimorada (ECL) (Sigma-Aldrich, MO,
EUA). A intensidade da banda foi quantificada por densitometria usando o software de
imagem Imaged NIH 1.52A (http://www.nih.gov) e foi relatada como a porcentagem da
razao entre a proteina de interesse e a proteina de referéncia em comparacao com o
grupo controle. O valor de controle foi designado como 100%. A quantificacdo de
proteinas foi realizada usando o método de Bradford (DELUQUE et al., 2020).

4.9 Anadlise estatistica

Os dados foram submetidos ao teste de normalidade da distribuicao
Kolmogorov-Smirnov. A analise de variancia (ANOVA) One-way seguida pelo teste de
comparag6es multiplas de Newman-Keuls foi usada para analisar dados normalmente
distribuidos. Os dados de TGF-B1 urinarios foram transformados em log para obter
uma distribuicdo normal. Esses dados foram expressos como média + erro padrao da
média (EPM). O teste ndo paramétrico de Kruskal-Wallis, seguido do pés-teste de
Dunn, foi usado para analisar dados nédo distribuidos normalmente e expressos em
mediana e percentis (25-75%). As analises estatisticas foram realizadas usando
GraphPad Prisma versao 9.0 para Windows (GraphPad Software, EUA). Um p < 0,05
foi considerado estatisticamente significativo.
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5 RESULTADOS

O grupo ADR + paricalcitol apresentaram peso corporal significativamente
diminuido aos 27 dias de experimento em relacdo ao grupo paricalcitol (p < 0,05)
(Tabela 3). O peso absoluto do rim esquerdo nao apresentou diferencas entre os
grupos avaliados (p > 0,05) (Tabela 3). Nao foram encontradas diferengas nos niveis
de 25 OHD, PTH, Pca, Pr e Pk entre os grupos experimentais (p > 0,05) (Tabela 3).

Tabela 3 - Parametros fisiologicos ao final do experimento nos grupos controle, paricalcitol, ADR e ADR
+ paricalcitol. Dados de peso corporal, peso relativo do rim esquerdo, 25-hidroxivitamina D,
paratorménio, concentracdo plasmatica de célcio, fésforo e potassio.

controle paricalcitol ADR ADR + paricalcitol
Peso Corporal (g) 437 (359-456) 440 (409-463) 384 (351-403) 363 (337-376) *#
Peso relativo rim (g) 1,60 = 0,092 1,80 £ 0,038 1,70 £ 0,082 1,54 £ 0,041
25 OHD (ng/mL) 29 + 3,28 34 +1,96 28 +2,19 31+1,39
PTH (pg/mg) 177 + 22,40 180 + 36,40 288 + 29,50 270 + 35,70
Pca (mg/dL) 9,1+0,27 9,4+0,50 9,1+0,33 9,5+0,24
Pr (mg/dL) 7,0 £0,46 6,7 £0,33 7,110,23 7,6 £0,20
Px (mmEq/L) 3,1(2,55-3,30) 2,9(2,80-2,95) 2,9(2,80-3,10) 2,9 (2,50-2,90)

Dados séo expressos como media + EPM e mediana e percentis (25-75%). n = 5—7 para cada grupo.
# p < 0,05 vs. paricalcitol. 250HD, 25-hidroxivitamina D; PTH, paratorménio; Pca, concentragdo
plasmatica de calcio; Pp, concentracao plasmatica de fosforo; Pk, concentragao plasmatica de potassio.

5.1 O tratamento com paricalcitol modulou a expressao de VDR e CYP24A1 na
nefropatia induzida por ADR

Nés investigamos o tratamento com paricalcitol poderia modular diretamente a
expressao de VDR e a quantidade intrarrenal de vit. D avaliada pela expressédo de
CYP24A1. Para as duas proteinas citadas, foi observado uma redugdo de suas
expressdes nos animais do grupo ADR em comparagdo com 0s grupos controle e
paricalcitol (p < 0,05). Essas alterac6es nas expressoes de VDR e CYP24A1 foram
significativamente menores no grupo ADR + paricalcitol em comparacdo com o grupo
ADR (p < 0,05) (Figura 5a e b).
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Figura 5 - Analise da expressao de VDR e CYP24A1 no tecido renal. Andlise densitométricas entre (a).
VDR. (b). CYP24A1 e GAPDH foram calculadas e os dados foram expressos em comparagao com o
grupo controle. O valor de controle foi designado como 100%. Dados dos grupos controle (pontos),
paricalcitol (quadrados), ADR (triangulos para cima) e ADR + paricalcitol (triangulos para baixo). n = 4—
6 para cada grupo. Para (a-b). ANOVA One-way e comparagdes mdltiplas de Newman-Keuls,
expressos como a média + EPM. * p < 0,05; ** p < 0,01; *** p < 0,001.

5.2 O tratamento com paricalcitol reduziu as alteracées de funcao renal

induzidas por ADR

Nao foram observadas diferencas no volume urinario no 27¢ dia de protocolo
experimental (p > 0,05) (Tabela 4). Os animais do grupo ADR apresentaram reducao
significativa da TFG e aumento da Pcreat. € FENa em compara¢gdo com o grupo
paricalcitol (p < 0,05). Essas alteragbes foram menos intensas no grupo ADR +
paricalcitol em relagéo ao grupo ADR (p < 0,05) (Tabela 4).

Tabela 4 - Parametros de fungao renal ao final do experimento nos grupos controle, paricalcitol, ADR e

ADR + paricalcitol. Dados de volume urinério de 24h, taxa de filtracdo glomerular, creatinina plasmatica
e fracdo de excrecao de sédio.

controle paricalcitol ADR ADR + paricalcitol
Volume urinario
51+1,57 10,4 +2,24 8,3+1,26 9,5+1,03
(mL 100 g 24h™)
TFG
0,3+0,04 0,4 £0,03 0,2+0,02# 0,4+0,01°%

(mL min-'100 g™)
Pcreat. (mg/dL) 0,45 (0,38-0,48) 0,40 (0,39-0,46) 0,54 (0,53-0,58)** 0,44 (0,40-0,49) %

FEna (%) 0,29 (0,24-0,35) 0,23 (0,18-0,29) 0,32 (0,30-0,34) # 0,24 (0,21-0,28) $

Dados sao expressos como média + EPM e mediana e percentis (25-75%). n = 5-7 para cada grupo. #
p < 0,05, # p < 0,001 vs. paricalcitol; ® p < 0,05 vs. ADR. TFG, taxa de filtragdo glomerular; Pcreat,
creatinina plasmatica; FEna, fracdo de excregéo de sédio.
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A excregao urinaria de albumina (EUA) aumentou significativamente no 7° dia
apoés a injecao de adriamicina em ratos do grupo ADR em comparagéo com os grupos
controle (p < 0,05) e paricalcitol (p < 0,01) (Figura 6a). Nos 15° e 25° dias apés a
injecdo, esse parametro foi significativamente maior nos grupos ADR e ADR +
paricalcitol quando comparados aos grupos controle e paricalcitol (p < 0,001) (Figura
6b e 6¢). O grupo ADR + paricalcitol apresentou atenuagao dessa alteragao no 25° dia

em relacao ao grupo ADR (p < 0,001) (Figura 6c).
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Figura 6 - Excrecao urinaria de albumina (EUA) no (a). 72 dia. (b). 152 dia e (c). 25° dia apds injecao de
adriamicina/salina. Dados dos grupos controle (pontos), paricalcitol (quadrados), ADR (triangulos para
cima) e ADR + paricalcitol (triangulos para baixo). n = 5—7 para cada grupo. Para (a). Kruskal-Wallis e
pés-teste de Dunn, expresso em mediana e percentis (25-75%). Para (b-c). ANOVA One-way e
comparacdes multiplas de Newman-Keuls, expressos como a média £ EPM. * p < 0,05; ** p < 0,01; ***
p < 0,001. Ucreat. Creatinina Urinaria.
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5.3 O tratamento com paricalcitol atenuou a lesdo da estrutura renal induzida
por ADR

A andlise histologica nos cortes corados com Tricrdbmio de Masson (TM)
mostrou a presenca de fibrose tubulo-intersticial tanto no cértex quanto na medula
externa dos animais do grupo ADR em comparagdo aos grupos controle (p < 0,01
apenas para fibrose no compartimento medular externo) e paricalcitol (p < 0,01)
(Figura 7a-c). O grupo ADR + paricalcitol teve atenuacédo da fibrose nos dois
compartimentos avaliados em comparagéao ao grupo ADR (p < 0,05) (Figura 7a-c).
Nao foram encontradas diferencas das dareas glomerulares entre 0s grupos

experimentais (p > 0,05) (Figura 7d).
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Figura 7 - Analise histolégica nas segdes renais e volume glomerular. Cortes corados com Tricromio
de Masson (TM). (a). A sequéncia de imagens superiores representa o TM no cértex e a sequéncia de
imagens inferiores representa o TM no compartimento medular externo. As cabegas de setas amarelas
indicam a expressdo positiva de TM em compartimentos tubulo-intersticiais no tecido renal.
Porcentagem de fibrose tubulo-intersticial (b). no cortex e (c). no compartimento medular externo. (d).
Area glomerular em um?2. Dados dos grupos controle (pontos), paricalcitol (quadrados), ADR (triangulos
para cima) e ADR + paricalcitol (triangulos para baixo) aos 27 dias de tratamento com paricalcitol. Barra
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de escala = 20 ym, n = 6-7 para cada grupo. Para (b). e (d). Kruskal-Wallis e p6s-teste de Dunn,
expresso em mediana e percentis (25-75%). Para (c). ANOVA One-way e comparag6es multiplas de
Newman-Keuls, expressos como a média + EPM. * p < 0,05; ** p < 0,01.

5.4 O tratamento com paricalcitol atenuou as alteracoes da estrutura e funcao
do endotélio renal induzidas por ADR

A expressao de JG12, um marcador para CE, foi reduzida no glomérulo e nos
compartimentos tubulo-intersticiais do cértex e medula externa no grupo ADR em
comparagao com 0s grupos controles (p < 0,05). Nos animais que receberam o
tratamento prévio com paricalcitol, essas alterac6es foram menores em relacao ao
grupo ADR (p < 0,05) (Figura 8a-d).
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Figura 8 - Analise de JG12 no tecido renal. (a). Imunolocalizagao de JG12 nos compartimentos renais.
As setas indicam a expressao positiva de JG12 no glomérulo. As cabecas de setas indicam a expressao
positiva de JG12 nos compartimentos tabulo-intersticiais. Porcentagem de células JG12-positivas (b).
no glomérulo. (c). no cértex e (d). na medula externa. Dados dos grupos controle (pontos), paricalcitol
(quadrados), ADR (triangulos para cima) e ADR + paricalcitol (tridngulos para baixo) aos 27 dias de
tratamento com paricalcitol. Barra de escala = 20 ym, n = 5-6 para cada grupo. Para (b-c). ANOVA
One-way e comparacoes multiplas de Newman-Keuls, expressos como a média £+ EPM. Para (d).
Kruskal-Wallis e pés-teste de Dunn, expresso em mediana e percentis (25-75%). * p < 0,05; ** p < 0,01.
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Para avaliar a fungao endotelial, foi investigado as vias relacionadas ao NO.
Nao foram encontradas alteragdes dos niveis plasmaticos de NO entre os grupos (p >
0,05) (Figura 9a). Os niveis urinarios de NO estavam aumentados no grupo ADR +
paricalcitol em comparagao com os grupos paricalcitol (p < 0,01) e ADR (p < 0,001)
(Figura 9b). No tecido renal, os animais do grupo ADR apresentaram reducéo dos
niveis de NO quando comparados aos grupos controle e paricalcitol (p < 0,01). O
paricalcitol, por sua vez, preveniu a diminuicdo dos niveis de NO tecidual no grupo
ADR + paricalcitol quando comparado com o grupo ADR (p < 0,05) (Figura 9c). A
andlise densitométrica de p-eNOS (Figura 9d) e eNOS (Figura 9e) mostraram
expressao diminuida no grupo ADR em comparagéo com os grupos controle (p < 0,05)
e paricalcitol (p < 0,05). O paricalcitol preveniu a reducao apenas de p-eNOS no grupo
ADR + paricalcitol em comparacédo com o grupo ADR (p < 0,05) (Figura 9d).

Visto que o paricalcitol atenuou a reducao da producdo de NO tecidual, nés
investigamos a arginase I, a fim de analisar a interagéo da via eNOS/VDR. A arginase
Il apresentou aumento de sua expressao no grupo ADR em comparagao ao grupo
controle (p < 0,05). O paricalcitol atenuou esse aumento no grupo ADR + paricalcitol

quando comparado ao grupo ADR (p < 0,01) (Figura 9f).
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Andlise densitométricas entre (d). p-eNOS. (e). eNOS. (f). Arginase |l e GAPDH foram calculadas e os
dados foram expressos em comparagao com o grupo controle. O valor de controle foi designado como
100%. Dados dos grupos controle (pontos), paricalcitol (quadrados), ADR (triangulos para cima) e ADR
+ paricalcitol (triangulos para baixo). n = 4—6 para cada grupo. Para (a). Kruskal-Wallis e pés-teste de
Dunn, expresso em mediana e percentis (25-75%). Para (b-f). ANOVA One-way e comparagdes
multiplas de Newman-Keuls, expressos como a média £ EPM. *p < 0,05; ** p < 0,01; *** p < 0,001. Pcreat.
Creatinina plasmatica; Ucreat. Creatinina urinaria.



56

5.5 O tratamento com paricalcitol atenuou o desequilibrio entre os fatores pro-
e antiangiogénicos induzido por ADR

Nao foram observadas diferengcas na expressdao de Ang-1 (p > 0,05) (Figura
10a). No grupo ADR, a Ang-2 mostrou uma tendéncia a aumentar (p > 0,05), e o
paricalcitol foi capaz de atenuar esse aumento no grupo ADR + paricalcitol (p < 0,05)
(Figura 10b). A expresséo de Tie-2 foi reduzida no grupo ADR em comparagéo ao
grupo controle (p < 0,05) e o tratamento prévio com paricalcitol atenuou essa reducéo,
apresentando aumento significativo desse parametro em comparagéo ao grupo ADR
(p < 0,01) (Figura 10c).

O VEGF e seu receptor endotelial especifico, VEGFR2, tiveram suas
expressdes diminuidas no grupo paricalcitol em comparacao com o controle (p < 0,05).
O grupo ADR também apresentou reducao significativa dessa expressdao em relacao
aos grupos controle (p < 0,001) e paricalcitol (p < 0,05). O grupo ADR + paricalcitol
apresentou reducéo dessas duas proteinas em relagdo ao grupo controle (p < 0,05).
O tratamento com o paricalcitol, ainda preveniu a reducdao do VEGF e VEGFR2 no
grupo ADR + paricalcitol em comparacao com o grupo ADR (p < 0,05) (Figura 10d e
10e).
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Figura 10 - Analise de fatores pro- e antiangiogénicos no tecido renal. Andlise densitométrica entre (a).
Ang-1. (b). Ang-2. (c). Tie-2. (d). VEGF. (e). VEGFR2 e GAPDH foram calculadas e os dados foram
expressos em comparagao com o grupo controle. O valor de controle foi designado como 100%. Dados
dos grupos controle (pontos), paricalcitol (quadrados), ADR (triangulos para cima) e ADR + paricalcitol
(triangulos para baixo). n = 4-6 para cada grupo. Para (a-c). Kruskal-Wallis e p6s-teste de Dunn,
expresso em mediana e percentis (25-75%). Para (d-e). ANOVA One-way e comparagbes multiplas de
Newman-Keuls, expressos como a média + EPM. * p < 0,05; ** p < 0,01; *** p < 0,001.
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5.6 O tratamento com paricalcitol atenuou a expressao de marcadores
mesenquimais e a deposicdao de MEC induzidas por ADR

A expressao de desmina, um marcador de desdiferenciacdo de células
podocitarias no glomérulo, estava significativamente aumentada nos grupos que
receberam ADR em comparacdo com os grupos controle e paricalcitol (p < 0,001).
Esse aumento foi atenuado no grupo ADR + paricalcitol (p < 0,01) (Figura 11a e 11b).
Corroborando com nosso achado de lesdo podocitaria, a expressao de podocina
estava menor no grupo ADR em relacdo aos controles (p < 0,001). Os animais do
grupo ADR + paricalcitol também apresentaram diminui¢cao da expressao de podocina
em relagdo aos grupos controle e paricalcitol (p < 0,001). Além disso, esses animais
apresentaram prevencao dessa reducao em relagao ao grupo ADR (p < 0,05) (Figura
11c).
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Figura 11 - Analise de desmina e podocina no tecido renal. (a). Imunolocalizagdo da desmina no
glomérulo. As setas indicam a expressao positiva de desmina no glomérulo. (b). Percentual de desmina-
positiva no glomérulo. (c). Andlise densitométrica entre podocina e GAPDH foram calculadas e os dados
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foram expressos em comparacao com o grupo controle. O valor de controle foi designado como 100%.
Dados dos grupos controle (pontos), paricalcitol (quadrados), ADR (triangulos para cima) e ADR +
paricalcitol (tridangulos para baixo). Barra de escala = 20 um, n = 4—6 para cada grupo. Para (b-c).
ANOVA One-way e comparagtes multiplas de Newman-Keuls, expressos como a média + EPM. * p <
0,05; ** p < 0,01; *™* p < 0,001.

O aumento da expressdo de a-SMA foi observada no glomérulo, cértex e
medula externa dos animais do grupo ADR em comparag¢ao com os grupos controle e
paricalcitol (p < 0,05). O grupo ADR + paricalcitol apresentou reducao dessa alteracao
no glomérulo e na medula externa (p < 0,05), mas ndo no compartimento cortical (p >
0,05) (Figura 12a-d). A analise densitométrica da expressao de a-SMA no tecido
inteiro mostrou expressao aumentada dos animais do grupo ADR em comparacéo aos
grupos controle (p < 0,05) e paricalcitol (p < 0,01). Os animais do grupo ADR +
paricalcitol apresentaram expressao diminuida dessa proteina no tecido renal quando
comparado com o grupo ADR (p < 0,05) (Figura 12e).



60

controle » : aricalcito ' i ADR v , ADR + paricalcitol

a-SMA - Medula Externa_a-SMA - Glomérulo e Cortex

o
*
b o c
*hE * -

% 0.4+ s % 0.16- s

§§ 0.3 _:_ i?f' 0.124

s 1+ 3 5

202 e 2 gooa-

Bl ] Hew Lo
ol 11 ] ool P8=1 2881 |4 | 7
ADR - - + + ADR - - + +

Paricalcitol - + - + Paricalcitol - + - +

e

controle paricalcitol ADR___ADR + paricalcitol

37 kDa | e ————————— |GAPDH
d

o *
3 __0.08+ - - 400+ P %
£ g
S 8 (0g- A 300+ A
g 3
& < 200
© @ u 1 A
0.04 + . X v
n+4 100 e :
0.024 | ] g ] v
s : 3 £3 v
< ka2l Ty
oow Lk L Ll Al £ L T T T
ADR - - + + R - - + +
Paricalcitol - + - + Paricalcitol - + - +

Figura 12 - Analise de a-SMA no tecido renal. (a). Imunolocalizagdo de a-SMA nos compartimentos
renais. As setas indicam a expressao a-SMA-positiva no glomérulo. As cabecgas de setas indicam a
expressdo a-SMA-positiva nos compartimentos tdbulo-intersticiais. Porcentagem de células a-SMA-
positivas (b). no glomérulo. (c). no cértex e (d). na medula externa. (e). Andlise densitométrica entre a-
SMA e GAPDH foram calculadas e os dados foram expressos em comparagdo com 0 grupo controle.
O valor de controle foi designado como 100%. Dados dos grupos controle (pontos), paricalcitol
(quadrados), ADR (triangulos para cima) e ADR + paricalcitol (tridngulos para baixo). Barra de escala =
20 uym, n = 4-6. Para (b, d, €). ANOVA One-way e comparagdes multiplas de Newman-Keuls, expressos



61

como a média + EPM. Para (d). Kruskal-Wallis e p6s-teste de Dunn, expresso em mediana e percentis
(25-75%). * p < 0,05; ** p < 0,01; *** p < 0,001.

A expressao de vimentina foi aumentada no cortex e na medula externa dos
animais do grupo ADR em comparag¢ao com os grupos controle (p < 0,05) e paricalcitol
(p < 0,05). O grupo ADR + paricalcitol apresentou diminuicdo da expressao desse
marcador de células mesenquimais em relacédo ao grupo ADR (p < 0,05) (Figura 13a—
c). Quando analisada por western blot, a proteina vimentina teve sua expressao
aumentada no tecido renal dos animais do grupo ADR em comparagdo aos grupos
controle (p < 0,05) e paricalcitol (p < 0,01). O tratamento com paricalcitol atenuou esse
aumento no grupo ADR + paricalcitol comparado ao ADR (p < 0,05) (Figura 13d).
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Figura 13 - Analise de vimentina no tecido renal. (a). Imunolocalizagdo de vimentina nos
compartimentos renais. As cabecas de setas indicam a expressao positiva da vimentina nos
compartimentos tubulo-intersticiais. Porcentagem de células positivas para vimentina (b). no cortex e
(c). na medula externa. (d). Analise densitométrica entre vimentina e GAPDH foram calculadas e os
dados foram expressos em comparagao com o grupo controle. O valor de controle foi designado como
100%. Dados dos grupos controle (pontos), paricalcitol (quadrados), ADR (triangulos para cima) e ADR
+ paricalcitol (tridngulos para baixo). Barra de escala = 20 ym, n = 4-6. Para (b-d). ANOVA One-way e
comparacgdes multiplas de Newman-Keuls, expressos como a média £ EPM. * p < 0,05; ** p < 0,01.
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Nossos dados demonstraram maior deposicdo de MEC, evidenciados pelo
aumento da marcacdo para Col | no glomérulo e cortex dos animais ADR em
comparacdo com 0s grupos controle e paricalcitol (p < 0,05). O tratamento com
paricalcitol foi capaz de prevenir essa alteragdo nos compartimentos citados dos
animais do grupo ADR + paricalcitol (p < 0,05) (Figura 14a—c). Nao foram observadas
diferencas na expressao de Col | na medula externa dos diferentes grupos (p > 0,05)
(Figura 14d). Adicionalmente, a expresséo de fibronectina, considerada a primeira
proteina a ser depositada no rim fibrético e que serve de arcabouc¢o para a deposicao
de Col |, estava aumentada nos animais do grupo ADR em relagdo aos grupos controle
e paricalcitol (p < 0,001). O grupo ADR + paricalcitol apresentou reducdo dessa
alteracao (p < 0,001) (Figura 14e).



64

alcitol
' > ]

ntrole _ paricalcitol i ADR , ADR+pa

Col | - Glomérulo e Cortex

Col | - Medula Externa_

b c "
*¥ *
- B - 31 * *
3 * 3=
3 A
g% i § AA
2 4 A ® 2
Eg g g 4 -+ v
3 5 T v Es = A | vV
8921 E BE L P =1 | 4| [F%
8 A a A v o |
Floy [P 5
0 T u T T 0 : : T T
ADR - - + + ADR - - . +
Paricalcitol - + - + Paricalcitol - + - +
e : s
controle paricalcitol ADR ADR + paricalcitol
BT KD | e s e s s s s | GAPDH
d —
k¥
- 251 ;200' R e
3= =
‘-!? EZ.O- o 4 v § 150- o
88, § &
s i s |22 1004 M
E=] 'li c
§= 1.0+ ) v §
EE 0.5- - § 504
< 2
00 . . ; - = ; ; :
ADR - - + + R - - + +
Paricalcitol - + - + Paricalcitol - + = +

Figura 14 - Analise de colageno | e fibronectina no tecido renal. (a). Imunolocalizagdo de Col | nos
compartimentos renais. As setas indicam a expresséo positiva de Col | no glomérulo. As cabecgas de
setas indicam a expresséo positiva de Col | nos compartimentos tlbulo-intersticiais. Percentual de Col
I-positivo (b). no glomérulo. (c). no cortex e (d). na medula externa. (e). Andlise densitométrica entre
fibronectina e GAPDH foram calculadas e os dados foram expressos em comparagdo com 0O grupo
controle. O valor de controle foi designado como 100%. Dados dos grupos controle (pontos), paricalcitol
(quadrados), ADR (triangulos para cima) e ADR + paricalcitol (tridngulos para baixo). Barra de escala =
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20 ym, n = 4-6. Para (b-e). ANOVA One-way e comparag6es multiplas de Newman-Keuls, expressos
como a média + EPM. * p < 0,05; ** p < 0,01; *** p < 0,001.

5.7 O tratamento com paricalcitol atenuou as alteracoes nas expressoes de ZO-
1 e PCNA induzidas por ADR

A expressao da proteina ZO-1, um marcador de juncao celular apertada ou
tight, estava diminuida no grupo ADR em relagdo aos animais do grupo controle e
paricalcitol (p < 0,001). O grupo ADR + paricalcitol também apresentou diferengcas em
relacdo aos grupos controle (p < 0,05), paricalcitol (p < 0,01) e ao ADR (p < 0,01)
(Figura 15a). Para a expressao do PCNA no tecido renal, uma proteina associada a
proliferacao celular, foi observado reducéo significativa no grupo ADR + paricalcitol
em relacao ao ADR (p < 0,05) (Figura 15b).
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Figura 15 - Andlise da expressao de ZO-1 e PCNA no tecido renal. Andlise densitométrica entre (a).
Z0O-1. (b). PCNA e GAPDH foram calculadas e os dados foram expressos em comparagao com o grupo
controle. O valor de controle foi designado como 100%. Dados dos grupos controle (pontos), paricalcitol
(quadrados), ADR (triangulos para cima) e ADR + paricalcitol (triangulos para baixo). n = 4—6 para cada
grupo. Para (a-b). ANOVA One-way e comparagbes miultiplas de Newman-Keuls, expressos como a
média + EPM. * p < 0,05; ** p < 0,01; *** p < 0,001.
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5.8 O tratamento com paricalcitol modulou a via canénica TGF-B1-Smad
dependente

O TGF-B1 foi avaliado como mediador pro-fibrotico. Foi observado que os niveis
urinarios de TGF-B1 estavam aumentados nos grupos que receberam adriamicina
(ADR e ADR + paricalcitol) em comparagdo com os grupos controle e paricalcitol (p <
0,01) (Figura 16a), porém nao foi encontrado diferenga entre os dois grupos
mencionados (ADR e ADR + paricalcitol, p > 0,05). Para os niveis de TGF-1 no tecido
renal, o grupo ADR apresentou aumento em comparagdao aos grupos controle (p <
0,05) e paricalcitol (p < 0,01). Esta alteragéo foi significativamente atenuada no grupo
ADR + paricalcitol (p < 0,05) (Figura 16b).

Os niveis de p-Smadz3 e Smadzss total também estavam aumentados no grupo
ADR em relagao aos grupos controle e paricalcitol (p < 0,05). A expressao de p-
Smadzz € Smadzss total foi reduzida nos animais do grupo ADR + paricalcitol em
comparagao com o grupo ADR (p < 0,01 e p < 0,05, respectivamente) (Figura 16¢c e
16d). A expressao proteica de ZEB2, um fator transcricional induzido por TGF-,
também foi avaliado. Foi observado que o tratamento prévio com paricalcitol no grupo
ADR + paricalcitol, contribuiu para a reducao da expressao de ZEB2 em relagéo ao
grupo ADR (p < 0,05) (Figura 16e).
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Figura 16 - Via candnica pro-fibrética dependente de Smad. Niveis de TGF-B1 (a). na urina, e (b). no
tecido renal. Andlises densitométricas entre (c). p-Smadzs. (d). Smadzs. (e). ZEB2 e GAPDH foram
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calculadas e os dados foram expressos em comparag¢ao com o grupo controle. O valor de controle foi
designado como 100%. Dados dos grupos controle (pontos), paricalcitol (quadrados), ADR (triangulos
para cima) e ADR + paricalcitol (triangulos para baixo). n = 4—6 para cada grupo. Para (a-e). ANOVA
One-way e comparagdes multiplas de Newman-Keuls, expressos como a média + EPM. * p < 0,05; **
p <0,01.

5.9 O tratamento com paricalcitol tambem regulou as vias TGF-B1-Smad
independentes

Em seguida, n6s avaliamos possiveis mecanismos nao relacionados com a
ativacao da via canénica de Smad. Observamos que a expressao do receptor AT+
estava aumentada no grupo ADR em comparagdo com o0s grupos controle e
paricalcitol (p < 0,05). O tratamento com o paricalcitol preveniu 0 aumento dessa
expressao (p < 0,05) (Figura 17a). Somados a esses dados, nés avaliamos a ativacao
de vias relacionadas a MAPK, e consequentemente ao processo inflamatério.
Primeiramente, foi observado que p-p38 foi menor no grupo ADR + paricalcitol quando
comparado aos grupos controle (p < 0,01), paricalcitol (p < 0,05) e ADR (p < 0,01)
(Figura 17b). Para as proteinas p-JNK e p-ERKi/2 foi visto um aumento no grupo ADR
quando comparadas aos grupos controle (p < 0,05) e paricalcitol (p < 0,01). Esse
aumento foi atenuado nos animais do grupo ADR + paricalcitol (p < 0,001 para p-JNK
e p < 0,05 para p-ERKi2) (Figura 17d e 17e).
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Figura 17 - Vias de ativacdo pro-fibrética independente de Smad. Analise densitométricas entre (a).
AT1. (b). p-p38. (c). p-JNK. (d). p-ERK12 € GAPDH foram calculadas e os dados foram expressos em
comparagao com o grupo controle. O valor de controle foi designado como 100%. Dados dos grupos
controle (pontos), paricalcitol (quadrados), ADR (tridngulos para cima) e ADR + paricalcitol (triangulos
para baixo). n = 4-6 para cada grupo. Para (a-d). ANOVA One-way e comparagbes multiplas de
Newman-Keuls, expressos como a média + EPM. * p < 0,05; "™ p < 0,01; *** p < 0,001.

5.10 O tratamento com paricalcitol atenuou a infiltracao de macrofagos induzida
por ADR

A expressao de CD68, um marcador de macréfagos e mondcitos estava
aumentada no glomérulo, cértex e na medula externa dos animais do grupo ADR em
comparagao com 0s grupos controle (p < 0,05) e paricalcitol (p < 0,01). O grupo ADR
+ paricalcitol apresentou diminuicdo da expressdao desse marcador em relacdo ao
grupo ADR em todos os compartimentos avaliados (p < 0,05) (Figura 18a—d). Na
analise por western blot, o CD68 também estava aumentado nos animais do grupo
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ADR em comparagao aos grupos controle e paricalcitol (p < 0,01). O tratamento com
paricalcitol atenuou esse aumento no grupo ADR + paricalcitol (p < 0,01) (Figura 18e).
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Figura 18 - Analise de células positivas para CD68 (macréfagos) no tecido renal. (a). Imunolocalizagao
de CD68 nos compartimentos renais. As setas indicam a expresséo positiva de CD68 no glomérulo. As
cabegas de setas indicam a expressao positiva de CD68 nos compartimentos tubulo-intersticiais.
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Percentual de CD68-positivo (b). no glomérulo. (c). no cortex e (d). na medula externa. (e). Analise
densitométrica entre CD68 e GAPDH foram calculadas e os dados foram expressos em comparagao
com o grupo controle. O valor de controle foi designado como 100%. Dados dos grupos controle
(pontos), paricalcitol (quadrados), ADR (triangulos para cima) e ADR + paricalcitol (triangulos para
baixo). Barra de escala = 20 ym. n = 4—6 para cada grupo. Para (b-e). ANOVA One-way e comparacdes
multiplas de Newman-Keuls, expressos como a média + EPM. * p < 0,05; ** p < 0,01; *** p < 0,001.

5.11 O tratamento com paricalcitol regulou a secrecdo de citocinas pro-
inflamatdrias e induziu o fendtipo de macrofagos reparadores

Visto que a marcacao para macréfagos estava aumentada no tecido renal de
ratos com lesdo renal induzido por ADR, investigamos qual o perfil dos macréfagos
presentes nos diferentes compartimentos renais. Vimos aumento do TNF-a e IL-13
(citocinas pro-inflamatérias) por ELISA no grupo ADR em relagcéo ao grupo controle (p
< 0,05) e paricalcitol (p < 0,05, apenas TNF-a). No grupo que recebeu o tratamento
com paricalcitol (ADR + paricalcitol) os niveis dessas citocinas foram menores em
relacado ao grupo ADR (p < 0,05) (Figura 19a e 19b). Foi observado também, que a
analise densitométrica para Arginase |, utilizada como marcador de macréfagos
reparadores (M2), teve uma reducao de sua expressao no tecido renal dos animais do
grupo ADR em comparacao aos grupos controle (p < 0,05) e paricalcitol (p < 0,001).
No grupo ADR + paricalcitol essas alteragbes foram menores em comparagdo ao
grupo ADR (p < 0,05) e controle (p < 0,01). Ainda para a Arginase |, foi encontrado
uma diferenga ente o grupo controle e paricalcitol (p < 0,05) (Figura 19c).
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Figura 19 - Citocinas e perfil de macréfagos no tecido renal. ELISA para (a). IL-1B. (b). TNF-a. (c).
Analise densitométrica entre Arginase | e GAPDH foram calculadas e os dados foram expressos em
comparacédo com o grupo controle. O valor de controle foi designado como 100%. Dados dos grupos
controle (pontos), paricalcitol (quadrados), ADR (triangulos para cima) e ADR + paricalcitol (tridngulos
para baixo). n = 4—6 para cada grupo. Para (a-c). ANOVA One-way e comparagcdes multiplas de
Newman-Keuls, expressos como a média £ EPM. * p < 0,05; ** p < 0,01; *** p < 0,001.

5.12 O tratamento com paricalcitol atenuou vias pro-inflamatorias induzidas por
ADR

Nao foi observada diferenca da expressdo da proteina NF-kB avaliada por
western blot nos grupos experimentais (p > 0,05) (Figura 20a). Contudo, para as
proteinas inibitérias IkBa e IkBf, foi observado redugao no grupo ADR em relagao aos
grupos controle e paricalcitol (p < 0,05). Estes parametros foram menores no grupo
ADR + paricalcitol quando comparados ao grupo ADR (p < 0,05). Ainda para a IkBa,
o grupo ADR + paricalcitol também apresentou diferencas significantes com os grupos
controles (p < 0,05) (Figura 20b e 20c).
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Avaliamos também a via SDF-1a/CXCR4. Essas duas proteinas estavam
aumentadas significativamente nos animais do grupo ADR em relagdo aos grupos
controle (p < 0,05, apenas para SDF-1a) e paricalcitol (p < 0,05). O tratamento com a
vit. D ativa foi capaz também de atenuar a expressdo dessas proteinas proé-
inflamatérias (p < 0,05) (Figura 20d e 20e). Foi analisado ainda a proteina p-Catenina,
que apresentou perfil semelhante as duas proteinas citadas acima, ou seja, um
aumento de sua expressao no grupo ADR em relagao aos grupos controles (p < 0,01)
e atenuacao de sua expressao no rim de animais do grupo ADR + paricalcitol (p <
0,001) (Figura 20f).
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Figura 20 - Analise de vias pré-inflamatérias no tecido renal. Analise densitométricas entre (a). NF-kB.
(b). IkBa. (c). IkBB. (d). SDF-1a. (e). CXCRA4. (f). B-Catenina e GAPDH foram calculadas e os dados
foram expressos em comparagao com o grupo controle. O valor de controle foi designado como 100%.
Dados dos grupos controle (pontos), paricalcitol (quadrados), ADR (triangulos para cima) e ADR +
paricalcitol (tridngulos para baixo). n = 4—6 para cada grupo. Para (a, b, c, d, f). ANOVA One-way e
comparagdes multiplas de Newman-Keuls, expressos como a média + EPM. Para (e). Kruskal-Wallis e
pés-teste de Dunn, expresso em mediana e percentis (25-75%). * p < 0,05; ** p < 0,01; *** p < 0,001.
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6 DISCUSSAO

No presente estudo investigamos a participacédo da vit. D ativa frente a leséo
renal induzida por ADR. Para isso, foi utilizado uma minibomba osmética para permitir
a liberacdo continua e sem oscilacbes de paricalcitol por 27 dias consecutivos
enquanto a leséo renal era estabelecida. Os dados demonstraram que o paricalcitol
melhorou a fungao e estrutura renal reduzindo a proteinuria e a lesdo glomerular. Os
efeitos protetores do paricalcitol podem estar relacionados ao aumento da expressao
e ativagao do VDR, o que contribuiu para a redugao da expressao de mediadores da
via TGF-B dependente e independente de Smadzs3, diminuindo assim o processo
fibrético observado em nosso estudo. Os dados ainda mostram a modulagdo do
paricalcitol nos fatores angiogénicos endoteliais, regulando os eixos das
angiopoietinas/Tie-2 e VEGF/VEGFR2, sendo esses efeitos relacionados a
manutencdo da microvasculatura e a redugado do processo inflamatério nos animais
ADR + paricalcitol. Tomados em conjunto, esses resultados demonstram que o
paricalcitol pode atenuar a lesao renal induzida por ADR, aumentando a expressao do
VDR e disponibilidade de vit. D ativa no tecido renal para gerar respostas anti-

inflamatorias e anti-fibréticas.

A lesao renal progressiva esta associada com alteracdes de funcao e estrutura
renal, que refletem nas caracteristicas clinicas observadas em pacientes com a
doenca (“CHRONIC KIDNEY DISEASE WORK GROUP, KDIGO 2012 CLINICAL
PRACTICE GUIDELINE FOR THE EVALUATION AND MANAGEMENT OF
CHRONIC KIDNEY DISEASE, 20127, 2013). A perda de peso em estagios mais
avancados da lesdo renal pode ocorrer em decorréncia das complicacdes graves em
pacientes. Embora dados na literatura sobre a relagdo de peso corporal e
suplementacdo de vit. D na lesdo renal sejam escassos, 0s nossos resultados
mostraram que o peso corporal foi diferente entres os animais do grupo ADR +
paricalcitol em relacdo ao grupo paricalcitol, indicando a toxicidade desse
quimioterapico em roedores, atestado também por outros estudos utilizando esse
modelo experimental (BRYANT et al., 2022; DING et al., 2014). Estudos ainda
demonstram que a vit. D pode ser produzida no musculo, pela ativagédo de 1a-
hidroxilase intramuscular, mantendo a massa muscular na vida adulta, o que poderia
corroborar com 0 aumento de peso corporal de animais do grupo paricalcitol (REIS et
al., 2022). Nao observamos diferengas no peso absoluto do rim dos animais dos
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diferentes grupos que receberam o quimioterapico, embora a ADR pode levar ao
edema do rim, como mostrado em trabalho anterior (LI et al., 2020), pela agdo da
albumina intrarrenal, que leva a retencdo de sédio e agua. O tratamento com

paricalcitol n&o alterou esse parametro.

Os niveis de 25 OHD, a forma nao ativa da vit. D, ndo se alteraram entre os
grupos, demonstrando que a dose utilizada no tratamento foi préxima ao fisiologico,
nao apresentando toxicidade e se manteve estavel até o final do experimento. Vale
ressaltar que a CYP24A1, indicador de vit. D ativa no tecido (REIS et al., 2019), estava
aumentada nos animais que receberam paricalcitol, o que demonstra que no rim a vit.
D se manteve ativa para interagir com o VDR. Os efeitos observados do paricalcitol
durante todo trabalho, evidenciou que 0 mesmo reduziu as alteracdes induzidas por
ADR, independentemente dos niveis de 25 OHD, PTH, Pca, Pp e Pk.

Nés observamos o0 aumento da expressao de VDR nos animais que receberam
tratamento prévio com paricalcitol e ADR. Trabalhos utilizando o modelo de deficiéncia
de vit. D mostraram que ocorre uma regulagédo negativa na expressao desse receptor
na falta de seu ligante (SOUZA et al., 2023), enquanto a suplementacao aumenta sua
expressdao (OLIVEIRA et al., 2022). A CYP24A1 é uma enzima responsavel por
degradar a 1,25 OHD. Esta enzima é fortemente induzida pelo calcitriol e pode ser
usada como um marcador de vit. D ativa na célula (BIKLE, 2014), envolvendo outro
mecanismo de feedback negativo, onde uma queda dos niveis de vit. D ativa é
compensada por uma menor degradacdo dos niveis locais, e assim pela menor
expressao de CPY24A1 (REIS et al., 2019). Portanto, a vit. D em sua forma ativa e
circulante pode aumentar os niveis de seus receptores, VDR, frente a lesédo renal
induzida por ADR, contribuindo para a recuperacdo das alteracdes da fungédo e

estrutura renal observadas nesse modelo.

A manifestacao clinica mais comumente observada na lesdo renal progressiva
€ o aparecimento da albumina na urina. A proteinuria/alouminuria esta diretamente
ligada a progressao da lesao renal (CHANG-CHIEN et al., 2018; HAN et al., 2019). Os
resultados do nosso estudo mostraram que a funcdo renal estava reduzida nos
animais do grupo ADR, evidenciados pela queda da TFG e aumentos da Pcreat., FENa,
e EUA. Estes parametros sédo caracteristicas fundamentais do modelo de nefropatia
induzida por ADR, similar a sindrome nefrética da GESF em humanos (ZHU et al.,
2022). As alteragdes no transporte de eletrélitos, pode estar associada a ativagéao do
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canal epitelial de sodio (ENaC) pelo aumento da atividade da serina protease urinaria
decorrente da proteindria excessiva (BOHNERT; ARTUNC, 2018; HAERTEIS et al.,
2018). O uso de bloqueadores do SRA, reducédo do consumo de sal, e controle as
pressao arterial sdo algumas das intervencdes que sao utilizadas com o objetivo de
reduzir a albuminudria em pacientes com DRC, porém esses métodos sao limitados em
prevenir o dano renal (LIU et al., 2016). Essas alteragdes funcionais do grupo ADR
foram muito singelas em relacéo aos grupos controles, porém ainda sim, o paricalcitol

foi capaz de reduzir essas alteragdes no grupo ADR + paricalcitol.

A acao pleiotrdpica da vit. D tem sido estudada a anos, sendo essencial para
prevenir distlrbios cardiovasculares, melhorar a funcao do endotélio e proteindria,
reduzindo assim, a morbidade e mortalidade em pacientes com lesdo renal
progressiva (LIU et al., 2016). Observamos em nosso estudo, os efeitos
antiproteinuricos da vit. D ativa. O paricalcitol ativa seletivamente o VDR (LIM et al.,
2021) ligando-se e interagindo com o VDR/VDRE e é essencial na prevengéao de
alteracoes morfoldgicas de podocitos no modelo de sindrome nefrética induzida por
aminonucleosideo de puromicina (ZHANG et al., 2022). A 1,25 (OHz2D3) reduziu a
passagem transendotelial de albumina induzida por ADR in vitro e in vivo através da
interagdo com o promotor VDR-heparanase em poddcitos. Esse crosstalk entre CE
glomerulares e poddcitos torna-se importante para a vit. D poder modular esse efeito
nessas células, ja que os podocitos possuem maior expressao de VDR (GARSEN et
al., 2015). Adicionalmente, nés observamos um aumento da expressao de desmina
na periferia do tufo glomerular e diminuicdo de podocina nos animais do grupo ADR.
A manutencao da estrutura e funcdo de poddcitos exige alta diferenciacao celular,
enquanto sua desdiferenciagao, resulta em proteinuaria (XIE et al., 2019). A expressao
de desmina indica a lesdo dos poddcitos somado a menor expresséo de podocina em
modelo de nefropatia induzida por ADR (LIU et al., 2019a; NI et al., 2018; WU et al.,
2014; XIE et al., 2019). Nosso estudo mostrou que o tratamento prévio com paricalcitol
foi capaz de atenuar diretamente esses efeitos tanto na estrutura quanto na fungéo de
poddcitos e CE da barreira de filtracdo glomerular, associados com albuminuria
reduzida e melhora na TFG nesse grupo de animais.

A andlise histopatolégica evidenciou lesdes tubulo-intersticiais e fibrose em
resposta ao aumento da permeabilidade glomerular a proteinas e maior deposi¢ao de

fibras de colageno no compartimento cortical e medular externo. Estudos clinicos e
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experimentais mostram a participagdo da albuminuria na lesdo tubulo-intersticial
associada as glomerulopatias (WANG et al., 2015; ZOJA; ABBATE; REMUZZI, 2015).
Wu et al. (2020) demonstraram que as alteragdes funcionais e a lesdo de células
tubulares estado relacionadas com a perda de capilares peritubulares no cortex de
animais que passaram por protocolo de hipdxia cronica intermitente (WU et al., 2019).
A proteinuria pode iniciar a fibrose tubulo-intersticial acompanhada da perda de
capilares (HAMAR; KERJASCHKI, 2016), tanto glomerulares quanto peritubulares,
indicando disturbios da microvasculatura renal (YOO et al., 2018). Os resultados do
nosso trabalho mostram perda do fenotipo da célula endotelial, evidenciados por
dados imunoistoquimicos que demonstram uma diminui¢ao significativa de JG12, um
marcador de CE, nos diferentes compartimentos renais. Em modelo experimental de
UUO, a a-SMA e o grupo de diferenciacao 31 (CD31), outro marcador endotelial, sédo
colocalizados, indicando a origem endotelial dos miofibroblastos no tecido renal
(EndoMT) (YANG et al., 2017). Em estudos anteriormente realizados no nosso
laboratério, foi demostrado que o tratamento com calcitriol protege a CE do dano
induzido pela desregulacdo do SRA durante o desenvolvimento renal, diminuindo a
expressao de marcadores de células desdiferenciadas como a-SMA e vimentina, e
atenuando a reducao de JG12 e eNOS (DELUQUE et al., 2020).

O tratamento com paricalcitol reduziu a rarefacao capilar observada em animais
tratados com ADR. Esses dados sugerem que as altera¢des provocadas no inicio da
leséo renal podem ser moduladas pelo paricalcitol, pelo menos em parte, devido aos
seus efeitos na diferenciacao celular e na manutencdo do endotélio. Em relacdo a
modulacao endotelial e mesenquimal, observamos aumento da expressao dos niveis
teciduais de p-eNOS em animais tratados com paricalcitol. O aumento da expressao
ou da atividade da eNOS resulta em uma producdo de NO mais eficiente
(VANHOUTTE et al.,, 2017; ZOCCALI et al., 2014). No modelo ADR, ocorrem
alteracdes nas vias do NO pela toxicidade endotelial, inibindo e desacoplando a eNOS,
impedindo sua fosforilacdo (HE et al., 2020; MU et al., 2019). A interacao vit. D/VDR
estimula o gene da eNOS, resultando em maior producédo de NO, o que melhora a
funcédo vascular (ANDRUKHOVA et al., 2014). Além disso, a acdo gendmica dessa
interacao promove a maior expressao da eNOS, que sintetiza NO a partir da L-arginina
e suprime a expressao de arginase Il. Essa enzima é responsavel por hidrolisar o NO
em ornitina e ureia (KIM et al., 2020). Andrukhova et al. (2014) mostraram que a
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delecdo de VDR resulta em diminuicdo do substrato L-arginina devido a maior
expressao de arginase Il, demonstrando papel importante da ativagdo de VDR para
manter a maior quantidade de NO para o tecido.

A manutengao do endotélio esta prejudicada na deficiéncia de vit. D, o que pode
aumentar os niveis renais de Ang-2, enquanto diminui niveis de Ang-1 e o receptor
Tie-2 (FERREIRA DE ALMEIDA et al., 2019). A Ang-1 é um fator angiogénico, que
estimula a proliferacdo e a manutencao da CE na angiogénese, fibrose e inflamacéao
(FERREIRA DE ALMEIDA et al.,, 2019; LOGANATHAN et al., 2018) associada a
atenuacédo de miofibroblastos, acumulo de MEC e crescimento capilar peritubular
observado no modelo UUO (ANDERSON et al., 2018; SINGH et al., 2016). A Ang-2
esta associada ao aumento da albumindria e a diminuicao da TFG no diabetes mellitus
tipo 2 e na leséo renal avancada (CHANG et al., 2013, 2021a; CHEN et al., 2015). A
maior relagdo Ang-1/Ang-2 foi associada a menor progressao da lesao renal e 82%
menos risco de mortalidade na lesdo renal aguda (LRA) (MANSOUR et al., 2022).
Pacientes em estagios 3 e 4 de DRC apresentam niveis aumentados de Ang-2 e
menor concentracdes de Tie-2 no plasma, enquanto a Ang-1 ndo se altera entre os
diferentes estagios (CHANG et al., 2022) . Juntos esses dados sugerem que 0 eixo
Ang-2/Tie-2 esta associado ao maior risco para a progressao da lesao renal. O
tratamento com paricalcitol atenuou as alteracées na expressao de Ang-2, o que se
refletiu na regulagdo negativa da via Ang-2/Tie-2, reduzindo a albuminuria, as
alteracoes na TFG e a rarefacao vascular em animais que receberam tratamento com
paricalcitol. Além disso, o Tie-2 e 0 VEGFR2 sao receptores endoteliais especificos
que apoiam esses dados, juntamente com a recuperacao da expressao de JG12 nas
células renais. Nossos resultados reforcaram a participacdo dos capilares
glomerulares, corticais e peritubulares da medula renal para a eficiéncia da funcao
renal na idade adulta.

Em condigbes fisioldégicas, a eNOS pode fosforilar o VEGF e vice-versa,
protegendo a perda de poddcitos, rarefagcdo vascular glomerular e peritubulares,
fibrose renal (FU et al., 2015) e inibindo a expressdao de TGFB-Smads (MIAO et al.,
2022). O paricalcitol demonstrou efeitos na sobrevivéncia e manutengdo ndo s6 de
poddcitos, mas também de células epiteliais tubulares, células que secretam o VEGF,
evidenciados por dados de reducdo da expressdo de desmina no glomérulo e de

células mesenquimais no cortex e medula externa. Nosso trabalho evidenciou o efeito
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sinérgico da ativacdo do VDR e fatores prdangiogénicos. Esses efeitos podem causar
neovascularizagao e manutengao do endotélio pelo aumento dos niveis de VEGF no
tecido (GRUNDMANN et al., 2012; ZHONG et al., 2014), por atuar na proliferacdo e
diferenciacao das células (DELUQUE et al., 2020; KAUR et al., 2022). O VEGF tem
efeitos pré e anti-fibréticos em diferentes condigcdes de saude e doencgas renais
regulando a angiogénese e também participando na progressdo da fibrose renal
(MIAO et al., 2022). Observamos a redugao na expressao de VEGF e VEGFR2 nos
animais do grupo paricalcitol, mostrando que o VEGF pode exacerbar ou inibir o
processo de fibrose renal, dependente do estimulo. Em nosso estudo, o paricalcitol
pode regular o VEGF de diferentes maneiras para contribuir com a manutencao do
tecido renal, como atenuando os impactos da redugéao de TFG, modulagéo dos efeitos

sob a proliferagéo e diferenciagéo celular e prevencao da perda de células endoteliais.

O aumento da expressdo de marcadores para fendtipo de células
mesenquimais, positivos para a-SMA e vimentina juntamente com maior deposigéo de
MEC, evidenciadas pela marcagdo de Col | e fibronectina no intersticio renal e
glomérulos, foi observado nesse estudo. Esses achados estdo de acordo com
trabalhos realizados previamente (ITO et al., 2013; LIM et al., 2021; SUN et al., 2016).
A vimentina, um componente do citoesqueleto, € um marcador de transicdo
mesenquimal que aparece quando nao ocorre diferenciagéo, no caso de disturbios no
desenvolvimento renal ou no rim adulto, quando sofre a desdiferenciacao celular apés
um insulto (DELUQUE et al., 2020). A a-SMA é também um filamento intermediario,
que esta relacionada com a ativagdo de fibroblastos para a produgédo de Col |
(DUFFIELD, 2014). Juntos, a presenca esses filamentos intermediarios (desmina, a-
SMA e vimentina) na lesao renal progressiva, caracterizam a EndoMT e a TEM. Em
nossos resultados, observamos uma reducdo da marcacao para essas proteinas e
deposicao da MEC evidenciando mais uma vez, o efeito anti-fibrético da ativagcao do
VDR mediado pelo paricalcitol na nefropatia induzida por ADR.

A lesdo de proteinas estruturais também estao envolvidas na progressao da
leséo renal, como por exemplo, a E-caderina, ZO-1 e claudinas, que sdo conhecidas
por juncdes apertadas da camada de células epiteliais para criar uma barreira seletiva
paracelular no glomérulo e nos tabulos (ZHANG; WU; SUN, 2013), e também estao
envolvidas em mecanismos relacionados a TEM (DIAZ-CORANGUEZ; LIU;
ANTONETTI, 2019). Nesse trabalho, focamos nos mecanismos relacionados a ZO-1.
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Essa proteina citoplasmatica pode transmitir informag¢des do estado e grau de contato
célula-célula para o nucleo, ou seja, a ZO-1 consegue modular a progressao do ciclo
celular fazendo o controle entre proliferacdo e diferenciacdo celular, a partir da
interagdo com o acido nucleico associado a ZO-1 (ZONAB) (DIAZ-CORANGUEZ; LIU;
ANTONETTI, 2019). ZONAB promove a expressao do gene do PCNA, promovendo a
transicao da fase G1 para a fase S (HE et al., 2018). Em nosso trabalho, a ZO-1 estava
diminuida em animais do grupo ADR, o que demonstra esse prejuizo na manutencao
celular, contribuindo ainda mais para a lesao de podécitos, ja que a ZO-1 interage com
proteinas diafragmaticas podocitarias para manter a estrutura e funcédo de barreira
dessas células (SAGAR et al., 2017) e lesao de células tubulares visto pela presenca
de células mesenquimais no espaco tubulo-intersticial. A perda da integridade celular
e queda de ZO-1 pode gerar transcricoes anormais de ZONAB, por deixar essa
proteina livre para induzir transcricdo de PCNA (RAGGI et al., 2014). O paricalcitol
através da protecao da funcéo e estrutura de células endoteliais e equilibrio de fatores
pré e antiangiogénicos, foi capaz de também fazer a manutencdo dos poddcitos,
modulando o processo de albuminudria. Houve atenuacéo de PCNA no tecido renal de
animais do grupo ADR + paricalcitol. Esse resultado vem de encontro com o anterior,
demonstrando que a vit. D modula juntamente com a ZO-1, o processo de proliferacdo
celular. Dados do nosso laboratério também mostram que o PCNA é atenuado pela
vit. D, diminuindo a proliferagdo exacerbada de células mesenquimais e macrofagos
(DE ALMEIDA et al., 2017; OLIVEIRA et al., 2022; SOUZA et al., 2023).

Estruturas tubulares, endoteliais e pericitos podem sofrer lesdo mediada por
acoes que envolvem diretamente a proliferagao de células decorrente de mediadores
pré-fibréticos como TGF-B1 (LIM et al., 2021), contribuindo para a progressao da lesao
renal. O TGF-B1 urinario € um forte indicativo de evolugao da leséo renal, sendo este
maior em pacientes HIV-positivo com albumindria (MITCHELL et al., 2016). Nosso
trabalho mostrou aumento do TGF-B1 urinario nos animais que receberam injegéao de
ADR, assim como observado anteriormente (FALEIROS et al.,, 2017). Contudo, o

tratamento com paricalcitol ndo alterou esse parametro.

O TGF-B1 através da interacdo com Smad controla as vias que participam da
fibrose na nefropatia induzida por ADR (CHANG et al., 2017), associadas com a
expressao de Col | e fibronectina no tecido renal (MENG; NIKOLIC-PATERSON; LAN,
2016). Moléculas da familia Smad estdo envolvidas na sinalizagdo downstream do
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TGF-B1 apos sua fosforilagcdo (MENG; NIKOLIC-PATERSON; LAN, 2016). Nossos
dados mostraram que a sinalizacdo de TGF-B1/p-Smadzss foi regulada positivamente
no tecido renal de animais do grupo ADR. Smad> e Smads sdo mediadores da
producéo de MEC e ativacdo de miofibroblastos via TGF-B1 (LIU et al., 2019b) ligando-
se ao promotor de colageno e induzindo a expressao de a-SMA em células epiteliais
humanas de tubulo proximal (PARDALI et al., 2017). A ativacdo de Smadzs
desencadeia a interagcdo com ZEB2, um fator transcricional co-repressor relacionado
com o processo de TEM (SOUZA et al., 2023). Este se liga diretamente aos genes
codificadores de proteinas epiteliais, aumentando as caracteristicas mesenquimais
(TSUBAKIHARA; MOUSTAKAS, 2018). Nossos dados mostraram uma reducéao da
expressdo de ZEB2 no tecido de animais ADR + paricalcitol, associado com a
diminuicdo do TGF-B tecidual. Tsai et al. (2019) demonstraram que a vit. D diminui a
expressao de p-Smadz/Smadz nas células endoteliais de veia umbilical humana
(HUVECS) e, na cardiotoxicidade induzida por ADR, o que reduz a fibrose tecidual
(TSAI et al., 2019). O VDR pode também interagir com Samds reduzindo a TEM (XU
et al., 2020). A menor ativacao de TGF-B1/Smadz3/ZEB2 pelo paricalcitol provocou a
reducdo de células com fendtipo mesenquimal no presente estudo, o que estava
associado com a menor fibrose tubulo-intersticial e deposicdo de MEC no tecido renal.
Nossos dados corroboram com estudos feitos anteriormente, que demonstraram que
a ativacao de VDR estava relacionada com a regulagcdo negativa de respostas
transcricionais da ativacao de TGF-B1/Smad em genes pro-fibréticos e recrutamento
de Smads, mecanismos que mostraram o feedback genémico de VDR/Smad para a
regulacao da identidade e funcéo celular em modelo de fibrose hepatica (DING et al.,
2013). A reducdo de ZEB2 vista em nosso estudo pode ter atenuado a alta
permeabilidade a albumina nos podécitos nos animais tratados com paricalcitol,
demonstrando que esse fator pode ser alvo de mecanismos relacionados a progressao
de doencas renais (INOTANI et al., 2022; NAKULURI et al., 2019; SOUZA et al., 2023).

A via TGF-B1 também esta relacionada ao receptor AT1. O bloqueio do AT1 na
CE da valva mitral contribui para a reducao da EndoMT pela diminuigcdo da ativagéo
do TGF-B1/Smad (WYLIE-SEARS; LEVINE; BISCHOFF, 2014) e reducao da ativacao
de SRA intrarrenal (YANG; XU, 2017). Esses efeitos também foram observados no
nosso trabalho. A atenuagdo da expressdao de ATi, pode indicar a menor

vasoconstricdo refletida na TFG e na funcdo endotelial, resultados da ativagdo do
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VDR. A vit. D protege a microvasculatura e a perfusdo tecidual, melhorando o fluxo
sanguineo capilar (LUNDWALL et al., 2015) e diminuindo a ativacdao do SRA e a
expressao de seus componentes diretamente associados a via TGF-f1/Smad na
fibrose renal. A delecdo ou reducédo da expressao de VDR, por outro lado, leva ao
aumento da expressao renal de componentes do SRA e consequente hipertenséo e
fibrose tecidual (ANDERSEN et al., 2015; DE BRAGANGCA et al., 2018). Além do AT,
a ADR induz a fosforilacdo das MAPKs (p38, JNK e ERKiz2) (LI et al., 2019), o que
pode estar associado com a perda de poddcitos e proteinaria (NI et al., 2018). A
sinalizacao das MAPKs é desencadeada por fatores de estresse mecéanico e quimico,
em resposta a estimulos externos, o que leva a importantes contribuicbes na
proliferacao, diferenciacdo e apoptose celular (SUI et al., 2014; ZHOU et al., 2022).
Vimos que as sinalizagdes de MAPKs estavam aumentadas no tecido de animais do
grupo ADR em comparacéo aos controles. O paricalcitol por outro lado, foi capaz de
atenuar essas alteracdes para p38, JNK e ERK12, 0 que contribui para a melhora
observada na funcao e estrutura renal. Estudos mostram esse papel regulador da vit.
D ativa na atenuacao da fosforilacdo de ERK1/2, JNK e p38 (CHUNG et al., 2017; DE
ALMEIDA et al,, 2017; KIM et al., 2013), que pode refletir em reducdo de vias
relacionadas com a proliferagéao celular (DE ALMEIDA et al., 2017).

Diversos estudos tem mostrado o efeito anti-inflamatério da vit. D. O acumulo
e migracdo de macréfagos em doengas renais estdo associados a lesédo funcional e
estrutural (HUEN; CANTLEY, 2017). No nosso estudo foi observado que o paricalcitol
atenua o acumulo de macr6fagos em todos os compartimentos avaliados dos animais
do grupo ADR + paricalcitol, assim como atenua a secrecao de citocinas e ativacao
de vias pré-inflamatérias. As expressdes de TNF-a e IL-13 estavam aumentadas em
animais ADR, demonstrando a resposta da atividade pré-inflamatéria causada por
ADR em ratos. Em nosso estudo, o paricalcitol provavelmente exerceu seus efeitos
anti-inflamatérios por aumentar os niveis de arginase |. Nos ultimos anos, a arginase
| tem sido associada a macréfagos reparadores associados com a proliferacado de
células tubulares apéds lesdo aguda isquémica (SHIN et al., 2022). Esses macrofagos
denominados de M2 sdo reconhecidos por sua acdo na resolugcdo da resposta
inflamatéria. As diferentes isoformas da enzima arginase, tanto a Il quanto a I, estao
envolvidas com o endotélio para produzir 6xido nitrico, mas também com o sistema

imune. Enquanto a superexpressdo da arginase |l em macréfagos aumenta a



85

producéo de citocinas pré-inflamatorias, a arginase | inibe e atenua a inflamagéo no
tecido cardiaco (LI et al., 2022b). Em nosso estudo, observamos uma reducgédo da
arginase Il e um aumento da arginase | nos animais tratados com paricalcitol em
modelo de nefropatia induzida por ADR. Portanto, dos macréfagos imunolocalizados
nos animais ADR + paricalcitol, parte deles possuem atividade anti-inflamatéria e
reparadora, mantendo o perfil M2 no tecido, atenuando a fibrose tecidual e modulando
a resposta imune. No modelo de lesao renal aguda isquémica também ocorre lesao
do compartimento medular externo, onde os macréfagos produzem a arginase |
localmente, embora os macrofagos também se acumulem na regido cortical (SHIN et
al., 2022), comprovando mais uma vez a interagcdo de células tubulares e células
inflamatérias em regides onde ocorre a lesdo de CE. Essa hipétese foi confirmada por
Chang et al. (2022) que mostraram que o aumento da sinalizagdo de Ang-2/Tie-2 em
CE induz a maior infiltracdo de macréfagos e secrecéo de citocinas pro-inflamatérias
e pro-fibréticas, como proteina quimioatrativa de monécitos (MCP-1), a-SMA,
deposicao de colageno e TGF-B. Esses autores mostraram que essas citocinas eram
mais secretadas quando as CE eram expostas a Ang-2 independente da presenca de
Ang-1 e que diminuiam quando a sinaliza¢do de Tie-2 era retirada, demonstrando a
acao desse eixo para o recrutamento, migracao e proliferagdo de macréfagos na lesao
renal progressiva (CHANG et al., 2022). Em nosso trabalho, vimos uma diferenga entre
0 grupo controle e paricalcitol para a arginase |. Isso reforca nossa hip6tese de que a
vit. D atenua o processo inflamat6rio quando o tecido estd em lesdo, do contrario,
esses macrofagos ndo sao recrutados para o tecido que esta saudavel e com menor
acOes proé-inflamatérias e fibroticas induzidas pela ADR e Ang-2. Em conjunto,
reforgcamos que o paricalcitol tem agéo anti-inflamatéria, evidenciada pela diminuigao
de macréfagos com perfil M1 e aumento do perfil M2.

A ativacao de VDR suprime também a secrecao de citocinas pré-inflamatérias
de macréfagos através da regulacéo negativa de NF-kB, além de diminuir a infiltracao
de células inflamatorias (WANG et al., 2014). Consta na literatura que a ativagéo das
vias da MAPKs e NF-kB estdo envolvidas na resposta imune em modelo de nefrites,
0 que é modulado pela vit. D (LI et al., 2022a; WANG et al., 2014). Em nosso trabalho,
n&o observamos diferengas na expressao de NF-kB nos grupos tratados, embora as
suas duas proteinas inibitérias IkBa e IkBB, que degradam e previne a translocacao
da subunidade p65 do NF-kB para o nucleo (SUN, 2017), estavam diminuidas no
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grupo pré-tratamento com paricalcitol, sugerindo portanto a acdo da vit. D na
modulagédo dessas vias mesmo que de forma indireta. Estudos mostraram o papel
anti-inflamatério da vit. D ativa na reducao da ativacao de NF-kB (LI et al., 2022a; XU
et al., 2019) na ativacao de TGF-B1/Smadz/3, mecanismo que contribui para a maior
disponibilidade de Smadz, o que aumenta a expressao e atividade de IkBa, efeitos que
contribuem para a reducéo do infiltrado de células inflamatérias no tecido renal (MENG
et al., 2015; MENG; NIKOLIC-PATERSON; LAN, 2016). Nossos resultados podem
indicar novos mecanismos do paricalcitol em reduzir o infiltrado de células
inflamatdrias e consequente processo inflamatério, no tecido renal no modelo de
nefropatia induzida por ADR.

Ainda sobre parametros inflamatérios, analisamos a via SDF-1a/CXCR4. Na
nefropatia induzida por ADR ocorre a ativagdo de CXCR4 pela ligante SDF-1a, que
desencadeia maior fosforilacdo de ERK12 e ativagdo de B-Catenina para induzir a
lesédo podocitaria e proteinuria (MO et al., 2022). Esse mecanismo molecular também
pode ser visto no nosso trabalho, onde essas trés proteinas (CXCR4, SDF-1a e 8-
Catenina) estavam elevadas no tecido de animais do grupo ADR em relacao aos
controles, evidenciando novas vias independentes de TGF-B para a evolugao das
doencas proteinuricas. Nao ha muitos trabalhos que reportem a participacéao da vit. D
e o receptor CXCR4. Um trabalho anteriormente realizado em nosso laboratério,
mostrou a diminuic&o desse receptor em animais tratados com calcitriol na lesdo renal
aguda (OLIVEIRA et al., 2022). Chang et al. (2021) e Oliveira et al. (2022) mostraram
que apdés uma supressdao de CXCR4 ocorre uma maior regeneracao de células
tubulares e menor disfuncao endotelial (CHANG et al., 2021b; OLIVEIRA et al., 2022).
Estes resultados somados aos dados de endotélio e fatores prd e antiangiogénicos,
demonstram que o paricalcitol, contribui para vias importantes para a regeneracao e
preservacao da célula endotelial, sendo um renoprotetor, diminuindo a toxicidade
endotelial. O paricalcitol ainda foi capaz de modular a atividade de B-Catenina. A vit.
D ativa contribui para a menor expressao de vias pro-fibréticas como a Wnt/B-Catenina
através da diminuig¢ao de glicogénio sintase quinase-3beta (GSK-3p) e Snalil, proteinas
e fatores transcricionais que levam a TEM de poddcitos e proteindria (GUO et al.,
2014), por interagao fisica direta de VDR/B-Catenina, reduzindo a B-Catenina nuclear
e com isso, a proliferacdo celular (XU et al.,, 2020; ZHANG; WU; SUN, 2013).
Evidéncias ainda apontam o papel da B-Catenina para o acumulo de macrofagos na
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fibrose cardiaca (METHATHAM et al., 2021) e ligantes Wnt induzidos por macrofagos
e Ang-2 auxiliam em mecanismos pro-apoptoticos de CE renais (CHANG et al., 2022).
Novamente, em nosso modelo podemos observar as acbes diretas e indiretas do
paricalcitol e interacéo entre CE e tubulares para reduzir mecanismos de inflamacao

e fibrose na lesdo renal progressiva.

Em resumo, o presente estudo investigou os efeitos da ativacdo do VDR pelo
paricalcitol na lesao renal progressiva induzida por ADR em ratos. Nossos resultados
mostraram que o paricalcitol atenuou as alteragdes de funcdo e estrutura renal. A
ativacdao do VDR suprimiu a EndoMT e TEM por diferentes efeitos: (i) efeitos
antiproteinuricos diretamente em poddécitos e CE na barreira de filtragdo glomerular;
(i) manutencao da densidade capilar tecidual; (iii) fosforilacdo de eNOS e maior
biodisponibilidade de NO; (iv) equilibrio dos eixos das angiopoietinas/Tie-2 e
VEGF/VEGFRZ2; (v) supresséo da desdiferenciacao celular e deposi¢do de MEC; (vi)
inibicdo da fosforilacdo de Smadzs e transcricao de ZEB2; (vii) reducdo de AT
intrarrenal; (viii) reducao do processo inflamatério; (ix) inibicao da ativacao da via SDF-
1a/CXCR4/B-Catenina; (x) reequilibrio dos processos proliferativos. Todos os
possiveis mecanismos envolvendo os efeitos pleiotropicos da interacao
VDR/paricalcitol que foram vistos no presente estudo estao representados na Figura
21.
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Figura 21 - Resumo grafico dos possiveis mecanismos celulares da ativagdo do VDR na nefropatia
induzida por ADR. (a). mecanismos relacionados a podécitos. A maior expressao e ativagédo do VDR
pelo paricalcitol, atenua a lesdo de podocitos induzida por ADR, inibindo processos de desestabilizagdo
celular, prevenindo lesao de citoesqueleto e deposi¢cao de MEC nos glomérulos. Neste caso, 0 excesso
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de albumina também contribui para a lesdo da barreira de filtragao glomerular. (b). mecanismos
relacionados as CE. A interacédo paricalcitol/VDR atenua a ativagao do eixo Ang-2/Tie-2, inibindo a
rarefacdo capilar tanto glomerular quanto peritubular. Adicionalmente, a ativagdo de VDR e maior
interagdo de VEGF/VEGFR2 induzem a maior fosforilagdo de eNOS. Esses mecanismos, somado a
inibicao de arginase Il resultam em maior disponibilidade de NO para o tecido renal. (c). mecanismos
comuns relacionados a lesao renal progressiva induzida por ADR. A lesado de células epiteliais e CE
induzidas pela ADR funcionam como sinal pré-inflamatério/fibrético. O tratamento com paricalcitol
diminui a ativacao de TGF-B1 dependente de Smadz3, desencadeando menor transcricdo de ZEB2,
expressédo de marcadores mesenquimais (a-SMA, vimentina) e acimulo de MEC (Col | e fibronectina).
A reducao desses mecanismos resulta na menor ativagdo de miofibroblastos. A menor expressao
tecidual de TGF-B1 também desencadeia diminuigao de vias independentes de Smad, como a menor
expressdao de AT: e ativagdo de MAPKs (p-p38, p-JNK, p-ERKir). A ativagdo de VDR diminui a
expressao de macréfagos com perfil pré-inflamatérios (M1-CD68 positivos) e secregéo de citocinas pro-
inflamatérias (IL-18 e TNF-a), ao passo que aumenta a expressdo de macréfagos com perfil anti-
inflamatdrio ou reparadores (M2, arginase |). A redugéo do infiltrado de células inflamatorias, reflete em
maior expressao de IkBa e IkBB, que impedem a translocacédo de NF-kB para o nucleo. Adicionalmente,
a interagdo de SDF-1a/CXCR4 também é menor, resultando em menor acumulo de B-Catenina no
tecido renal ou interagao nuclear de VDR com B-Catenina, diminuindo também a deposigdo de MEC e
proliferagé@o celular. Outras vias podem estar envolvidas, como a Wnt. A ativacdo de VDR preserva a
expressao de ZO-1 na célula, o que diminui a expressdo de PCNA, devido a menor translocacao de
ZONAB para o nucleo, indicando maior estabilidade celular e manutengcdo da diferenciagéo e
proliferagéo celular. A maior recuperagédo de VDR nucleares e citoplasmaticos, e disponibilidade de
vitamina D intrarrenal contribuiram para a recuperacao das alteragbes da fungao e estrutura renal
observadas no modelo de nefropatia induzida por ADR. ADR, adriamicina. Ang-1, angiopoietina-1. Ang-
2, angiopoietina-2. AT, receptor para angiotensina Il (Ang Il) tipo 1.CD68, grupo de diferenciacao 68.
CE, células endoteliais. Col I, colageno 1. CXCR4, receptor tipo 4 de quimiocina C-X-C. eNOS, 6xido
nitrico sintase endotelial. eNOS, 6xido nitrico sintase endotelial. IL-1B, interleucina 1 beta. IkB, inibidor
de fator nuclear-kappa B beta, IkBa, inibidor de fator nuclear-kappa B alfa, JG12, aminopeptidase P.
MAPK, proteinas ativadas por mitogeno. MEC, matriz extracelular. NF-kB, fator nuclear-kappa B. NO,
oxido nitrico. PCNA, antigeno nuclear de células em proliferacdo. p-ERK1/2, proteina quinase regulado
por sinal extracelular. p-JNK, c-Jun N-terminal quinase. p-p38, fosfo-p38 MAPK (proteina quinase
ativada por mitégeno). SDF-1a, fator 1 derivado de células estromais. Smad, small mothers against
decapentaplegic. TGF-B1, fator de crescimento transformador beta 1. Tie-2, receptor tirosina quinase
endotélio especifico. TNF-a, fator de necrose tumoral alfa. VDR, receptor de vitamina D. VEGF, fator
de crescimento endotelial vascular. VEGFR2, receptor tipo 2 para fator de crescimento endotelial
vascular. ZO-1, zonula occludens. ZONAB, acido nucleico associado a ZO-1. RXR, receptor retindide
X. VDRE, elemento responsivo a vitamina D. a-SMA, alfa-actina de musculo liso.
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7 CONCLUSAO

Concluindo, o presente estudo fornece evidéncias da participagcdo do VDR
como um importante regulador da EndoMT e TEM em resposta ao inicio da leséo renal
progressiva induzida por ADR. Nossos dados também enfatizam a importancia da
medula renal e dos capilares peritubulares na manutengao da fungéo e estrutura renal.
Os resultados sugerem que o paricalcitol pode ter um efeito potencialmente preventivo
e terapéutico na protecado da funcao e estrutura renal frente a fibrose e inflamacao,
reduzindo a lesao de CE e epiteliais observadas na lesdo renal precoce induzida por
ADR.
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Abstract: Renal endothelial cell (EC) injury and microvascular dysfunction contribute to chronic
kidney disease (CKD). In recent years, increasing evidence has suggested that EC undergoes an
endothelial-to-mesenchymal transition (EndoMT), which might promote fibrosis. Adriamycin (ADR)
induces glomerular endothelial dysfunction, which leads to progressive proteinuria in rodents. The
activation of the vitamin D receptor (VDR) plays a crucial role in endothelial function modulation,
cell differentiation, and suppression of the expression of fibrotic markers by regulating the production
of nitric oxide (NO) by activating the endothelial NO synthase (eNOS) in the kidneys. This study
aimed to evaluate the effect of paricalcitol treatment on renal endothelial toxicity in a model of
CKD induced by ADR in rats and explore mechanisms involved in EC maintenance by eNOS/NO,
angiopoietins (Angs) /endothelium cell-specific receptor tyrosine kinase (Tie-2, also known as TEK)
and vascular endothelial growth factor (VEGF)-VEGF receptor 2 (VEGFR2) axis. The results show
that paricalcitol attenuated the renal damage ADR-induced with antiproteinuric effects, glomerular
and tubular structure, and function protection. Furthermore, activation of the VDR promoted the
maintenance of the function and structure of glomerular, cortical, and external medullary endothelial
cells by regulating NO production. In addition, it suppressed the expression of the mesenchymal
markers in renal tissue through attenuation of (transforming growth factor-beta) TGF-f1/Smad2/3-
dependent and downregulated of Ang-2/Tie-2 axis. It regulated the VEGF/VEGFR2 pathway, which
was ADR-deregulated. These effects were associated with lower AT1 expression and VDR recovery
to renal tissue after paricalcitol treatment. Our results showed a protective role of paricalcitol in the
renal microvasculature that could be used as a target for treating the beginning of CKD.

Keywords: paricalcitol; endothelial toxicity; cell differentiation; angiopoietin-2; Tie-2 receptor;
angiogenic factors; progressive kidney disease

1. Introduction

The progression of chronic kidney disease (CKD) to end-stage renal disease (ESRD) is
related to the onset and evolution of interstitial renal fibrosis, regardless of the underlying
cause. Interstitial renal fibrosis is characterized by the accumulation of fibroblasts and their
activation into myofibroblasts, leading to an increase in extracellular matrix deposition [1].
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Different types of cells are involved in kidney fibrosis, with fibroblasts as one of the primary
mediators of this process. These fibroblasts may originate from the proliferation of resident
fibroblasts, recruitment via bone marrow differentiation, epithelial-mesenchymal transition
(EMT), and pericytes [2,3]. Additionally, new evidence has demonstrated the role of en-
dothelial cells (EC) in this process [4]. EC may undergo an endothelial-to-mesenchymal
transition (EndoMT), which can contribute to about 10% of the origin of these intersti-
tial fibroblasts in response to many molecules, such as transforming growth factor-beta
(TGF-B1) [2]. Furthermore, studies have shown a decrease in the endothelial surface
layer (ESL) thickness, which triggers albuminuria in adriamycin-induced injury (ADR) [5].
Glomerular EC dysfunction initiates the development and progression of glomerulopathy.
These findings indicate that EC alterations precede podocyte injury [6]. The ADR-induced
nephropathy model in rodents is considered one of the most used to mimic focal segmental
glomerulosclerosis (FSGS) and nephrotic syndrome (NS), characterized by renal dysfunc-
tion, glomerular fibrosis resulting in progressive albuminuria [7], and inflammation in the
tubulointerstitial compartment due to the reabsorption of filtered proteins [S].

In healthy kidneys, the balance between pro- and anti-angiogenic factors is essential to
renal vascular homeostasis. However, in CKD, this balance is interrupted [9,10], resulting
in microvessel loss due to the anti-angiogenic environment, a process known as vascular
rarefaction [11]. Angiopoietins (Ang-1and Ang-2), a family of vascular growth factors, play
a significant role in kidney vasculature homeostasis. The binding of Ang-1 to endothelium
cell-specific receptor tyrosine kinase (Tie-2, also known as TEK) presents anti-inflammatory
and pro-angiogenic activities, whereas Ang-2 has opposite effects. Angs are related to
renovascular growth in parallel with vascular endothelial growth factor (VEGF), with roles
in endothelial differentiation and survival [12], associated with endothelial repair capacity,
endothelial nitric oxide synthase (eNOS), and the availability of nitric oxide (NO) [5]. In
the ADR model, downregulation of the eNOS phosphorylation contributes to endothelial
dysfunction in the heart, resulting in vascular endothelial dysfunction [13]. Therefore, a
better understanding of EC participation at the beginning of the pathogenesis of progressive
kidney injury may contribute to developing new therapeutic approaches.

Some evidence has proposed a potential therapeutic role of vitamin D (vit. D) in
CKD [14-16]. Paricalcitol (19-nor-1,25-hydroxyvitamin D2), an analog of calcitriol, and
vit. D receptor activators (VDRA) can prevent parathyroid hormone (PTH) secretion
and secondary hyperparathyroidism (SHPT) in CKD [17]. Many clinical studies have
shown the effects of paricalcitol therapy to attenuate CKD, indicated by efficiency and
safety in PTH levels and calcium-phosphorus regulation, and in the reduction in the
proteinuria progression when associated with renin-angiotensin system (RAS) blocker
in a non-SHPT CKD [18]. RAS activation in renal tissue can be associated with TGF-$1
expression. The VDR activation suppresses these effects, attenuating EndoMT by regulation
of the angiotensin II (Angll) signaling through the Angll type I receptor (AT1) [19]. A
previous study has reported that paricalcitol improves hypoxia-induced injury in pericytes
on kidney fibrosis by the TGF-B1/small mothers against decapentaplegic (Smad) pathway
and a-smooth-muscle-actin («-SMA) [20]. VDR activation from paricalcitol ameliorates
EC function in 5/6 nephrectomy, independent of PTH levels, and can improve aortic
relaxation [21]. Martinez-Miguel et al. [22] have observed that EC treated with vit. D
significantly increased NO production by eNOS bioactivity. Strategies to maintain the
integrity of ECs with higher NO bioavailability can reduce or prevent kidney injury. In
the current literature, little is known about the vit. D effect on endothelial markers, such
as Tie-2, Ang-1, and Ang-2 in the ADR-induced nephropathy, even though it has the
glomerular EC as a target. Anti-angiogenic factors deficiency, such as thrombospondin-1
and Ang-2, improves proteinuria and renal structure [23-25]. Furthermore, the protective
effects of vit. D are supported by our previous work showing that the lack of vit. D
during renal development generated glomerular and peritubular capillary rarefaction
due to an increased expression of Ang-2 and decreased expression of the renal axes Ang-
1/Tie-2, VEGF/VEGFR2, and eNOS/NO, which cause disturbances in EC differentiation
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in adulthood [11] while vit. D supplementation increases eNOS and VEGF in unilateral
ureteral obstruction (UUO) [26]. Thus, the literature supports the link between vit. D
and their effects on endothelial function, and a deficiency in serum vit. D levels has been
associated with kidney endothelium dysfunction.

The present work aimed to evaluate the effect of paricalcitol treatment on renal en-
dothelial toxicity in a model of CKD induced by ADR in rats and elucidate two potential
mechanisms involved in EC maintenance: Angs/Tie-2 and VEGF/VEGFR2.

2. Materials and Methods
2.1. Animals and Experimental Design

The ethical principles were performed in all experiments for animal experimentation
of the Brazilian College of Animal Experimentation, and the Animal Experimentation
Committee of the University of Sao Paulo at Ribeirao Preto Medical School approved
the study protocol (COBEA/CETEA /FMRP-USP, protocol no. 194/2017). The animals
were housed in a controlled temperature (22 “C) environment and exposed to a 12 h
light/12 h dark cycle. They were provided with a chow diet and water ad libitum. Male
Sprague-Dawley (180-200 g) were randomly selected for this study.

Paricalcitol (6 ng/day, Zemplar®, Abbvie Laboratories, North Chicago, IL, USA) and
vehicle (0.9% NaCl solution) were administered through a mini osmotic pump (Model
2004, Alzet, Cupertino, CA, USA) implanted in the back of the animal. This dose was
selected according to the previously described [27]. Paricalcitol treatment started two
days before adriamycin (ADR) administration and continued throughout the observation
for 27 days, allowed by the mini osmotic pump model approach. In this case, 48 h after
the procedure, the animals received an intravenous (i.v.) injection of ADR (Doxorubicin
Hydrochloride/ Fauldoxo®, Libbs, Brazil = 3.5 mg/kg) or vehicle through the tail vein as
described previously [28] (Figure 1). The animals were divided into 4 experimental groups:
Control (1 = 6) being the rats that received the vehicle, paricalcitol (n = 6) being the rats
that received paricalcitol and i.v. of the vehicle, ADR (1 = 7) being the rats that received i.v.
of the adriamycin, and ADR + paricalcitol (n = 7) being the rats that received paricalcitol
and i.v. of the adriamycin.

Mini-pump surgery Sacrifice

Days

v

Y Paricalcitol Treatment
I 1 | /L 1 /L Il /L |
| T T v/A T V/4 ! W |
-2 0 7 15 25
4 ADR effects

ADR injection

Figure 1. The schematic representation of study design. Male Sprague-Dawley rats underwent mini
osmotic pump implanted surgery paricalcitol content two days before ADR administration and
continued throughout the observation for 27 days. The animals were divided into 4 experimental
groups: Control (1 = 6): rats that received the vehicle; paricalcitol (1 = 6): rats that received paricalcitol
and i.v. of the vehicle; ADR (n =7): rats that received i.v. of adriamycin, and ADR + paricalcitol
(1 =7): rats that received paricalcitol and i.v. of the adriamycin.

2.2. Evaluation of Renal Function

The rats were housed in metabolic cages for 24-h urine sample collection on the 7th,
15th, and 25th days after ADR injection. These samples were stored at —20 “C until used
for measuring progressive urinary albumin excretion (UAE) using the ELISA method with
rat anti-albumin antibody (Bethyl Laboratories, Lab Research, Montgomery, TX, USA)
and urinary creatinine using a commercial kit (Labtest Diagnostica, Lagoa Santa, Brazil).
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Furthermore, on the 25th day after ADR injection, we collected 24-h urine to measure
urine volume, sodium (9180-electrolyte analyzer, Roche, Wien, Austria), creatinine (using
a commercial kit Labtest Diagnostica, Lagoa Santa, Brazil), and NO levels. On the 26th
day, the rats were weighed and then anesthetized using ketamine/xylazine (0.1 mL/100 g,
Cristdlia, Itapira, Brazil). The blood samples (plasma and serum) were collected from the
abdominal artery and stored at —70 °C. Plasma was used to analyze creatinine to calculate
the glomerular filtration rate (GFR), sodium to perform fractional sodium excretion (FENa),
NO levels, and calcium and phosphorus concentrations. Levels of 25 hydroxyvitamin D (25
OHD) and PTH were measured in serum samples. The urine samples were collected directly
from the urinary bladder at the time of euthanasia, treated with 1 mM phenylmethylsulfonyl
fluoride (PMSF; Sigma Chemical Company, St. Louis, MS, USA), and were stored at —70 °C
until analysis for TGF-p1 levels. Kidneys were removed. One was fixed using methacarn
solution for histological and immunohistochemical analyses, and the other was stored at
—70°C for ELISA and Western blot analyses.

2.3. Serum 25 Hydroxyvitamin D (25 OHD) Levels, Serum Parathyroid Hormone (PTH), Plasma
Calcium (Pg,), and Phosphorus (Pp) Levels Measurement

We assessed 25(0OHD) with a direct competitive test based on the chemiluminescence
principle (CLIA) (DiaSorin, Liaison®, Saluggia, Italy). This test was performed in the
clinical analysis laboratories at the School of Medicine of Ribeirao Preto Hospital and
Clinics, which participates in national and international quality assurance certification.
The PTH levels were measured using the enzyme-linked immunosorbent assay (ELISA)
method with intact rat anti-PTH (Quidel Corporation, San Diego, CA, USA), and plasma
calcium and phosphorus levels were measured using commercial kits (Labtest Diagnostica,
Lagoa Santa, Brazil).

2.4. NO in Urine, Plasma, and Renal Tissue Measurenent

Samples of urine from the 25th day of the experiment, plasma, and renal tissue
samples, were mixed /homogenized with 0.1 N acetic acid (3:1), centrifuged at 10,000x g
for 5 min, and aliquoted. Only the kidney tissues were deproteinized with 95% ethanol
(4 °C) (1:2) and centrifuged (4000 x ¢ for 5 min) again. The supernatants of urine, plasma,
and kidney tissue were subjected to an analysis of NO content using the NO/ozone
technique described previously with a Sievers analyzer (Sievers 280 NOA, Frederick, CO,
USA) [27]. As described in previous studies, the Bradford method was used to determine
protein levels in renal tissue [27]. The median NO values are expressed in uM/ pg of protein
in the renal tissue and pg/mg of plasma or urine creatinine.

2.5. TGF-B1 Measurement

Samples of urine taken from the bladder and renal tissue were used to quantify the
transforming growth factor (TGF)-B1 content by ELISA (Promega Corporation, Madison,
WI, USA). The results were expressed as pg/mg of creatinine or pg/mg of protein. As
described in previous studies, the Bradford method was used to determine protein levels
in renal tissue [27].

2.6. Histological Analysis

Kidney tissues were embedded in paraffin, sliced into 4-um-thick slices, stained with
Masson’s Trichrome (MT), and visualized using a light microscope (AxioVision Rel. 4.3;
Zeiss, Oberkochen, Germany). In this case, 20 consecutive 0.1 mm? fields of the cortex
and 20 consecutive 0.1 mm? fields of the outer medullary compartment were evaluated.
Cortical and medullary tubulointerstitial MT expression was quantified using the NIH
Image ] software 1.52A (Bethesda, MD, USA), and mean values per kidney were calculated.
Images are taken and quantified at high magnification (400x). The results were expressed
as a percentage of fibrosis in the cortex and medullary compartment.
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2.7. Immunohistochemical Analysis

The kidney sections were deparaffinized and hydrated for immunohistochemical anal-
ysis. Non-specific antigen binding was blocked by incubation for 20 min with normal goat
serum. The sections were then incubated with anti-aminopeptidase P (JG12, BMS1104, 1:500,
eBioScience, San Diego, CA, USA) for 60 min at room temperature, anti-vimentin (M0725,
1:50, Dako Corporation, Glostrup, Denmark), anti-a-smooth-muscle-actin («-SMA [MO0851,
1:50, Dako Corporation, Glostrup, Denmark]), anti-collagen I (Col I [AB755, 1/1200, Chemi-
con, Chicago, IL, USA]) and anti-desmin (M0760, 1/50, Dako Corporation, Carpinteria, CA,
USA) antibodies overnight 4 °C. Avidin-biotin-peroxidase complex (Vector Laboratories,
Newark, CA, USA) and DAB (3,3-diaminobenzidine [Sigma Chemical Company, St. Louis,
MO, USA]) were used for detection. The sections were then counterstained with methyl
green, dehydrated, and mounted. Images are taken and quantified at high magnification
(400 ).

In this case, 30 consecutive 0.1 mm? fields from the cortex and 20 consecutive 0.1 mm?
fields from the outer medullary compartment were evaluated for the JG12, a-SMA, vi-
mentin, and Col . Here, 30 cortical and 20 juxtamedullary glomeruli were evaluated for
JG12, x-SMA, Col I, and desmin. Cortical and medullary tubulointerstitial changes were
quantified using the NIH Image | software (Bethesda, MD, USA), and mean values per
kidney were calculated. The results were expressed as a percentage of the positive cell in
the glomerulus, cortex, and outer medulla.

2.8. Western Blot Analysis

The renal tissues were homogenized in a lysis buffer (50 mM Tris_HCI, pH 7.4; 150 mM
NaCl; 1% Triton X-100; 0.1% SDS; 1 ug/mL aprotinin; 1 ug/mL leupeptin; 1 mM phenyl-
methylsulfonyl fluoride; 1 mM sodium orthovanadate, pH 10; 1 mM sodium pyrophos-
phate; 25 mM sodium fluoride; 0.001 M EDTA, pH 8) and centrifuged at4 °C at 10,000 rpm.
The proteins (30, 60 ug, or 90 pug) were separated by polyacrylamide gel electrophoresis,
transferred to nitrocellulose membranes, incubated for one h in blocking buffer (TBS, 5%
skim milk) or 3% BSA, washed in buffer (TBS, 0.1% Tween 20, pH 7.6) and then incu-
bated with anti-phospho-endothelial nitric oxide synthase (p-eNOS, sc-12972, 1:200, Santa
Cruz Biotechnology, Santa Cruz, CA, USA); anti-endothelial nitric oxide synthase (eNOS,
s¢-376751, 1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-a-smooth-muscle-
actin (a-SMA, M0851, 1:300, Dako Corporation, Glostrup, CPH, Denmark); anti-vimentin
(M0725, 1:1000, Dako Corporation, Glostrup, CPH, Denmark); anti-phospho-small mothers
against decapentaplegic 2/3 (p-Smad2/3, 8828S, 1:500, Cell Signaling Technology, Dan-
vers, MA, USA); anti- small mothers against decapentaplegic 2/3 (Smad)2/3, sc-133098,
1:300, Santa Cruz Biotechnology, Santa Cruz, CA, USA); anti-endothelium cell-specific
receptor tyrosine kinase (Tie-2, sc-293414, 1:200, Santa Cruz Biotechnology, Santa Cruz,
CA, USA); anti-angiopoietin 1 (Ang-1, bs-0800R, 1:500, Bioss Antibodies Inc., Woburn,
MA, USA); anti-angiopoietin 2 (Ang-2, sc-74402, 1:100, Santa Cruz Biotechnology, Santa
Cruz, CA, USA); anti-vascular endothelial growth factor (VEGF, sc-53462, 1:300, Santa
Cruz Biotechnology, Santa Cruz, CA, USA); anti-vascular endothelial growth factor re-
ceptor 2 (VEGFR2, cod. 2472S, 1:500, Cell Signaling Technology, Danvers, MA, USA);
anti-vitamin D receptor (VDR, sc-13133, 1:500, Santa Cruz Biotechnology, Santa Cruz, CA,
USA); or anti-angiotensin Il receptor type-1 (AT1, sc-515884, 1:200, Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) antibodies overnight at 4 “C. Membranes were incubated
with anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) monoclonal antibody
(cod. 2118L, 1:1000; Sigma Chemical Company, St. Louis, MO, USA) overnight at 4 °C
as a loading control. The membranes were then washed and incubated with horseradish
peroxidase-conjugated goat anti-mouse (P0448, 1:5000; Dako Corporation, Glostrup, CPH,
Denmark), anti-rabbit (P0447, 1:2000, 1:5000 or 1:10,000; Dako Corporation, Glostrup, CPH,
Denmark), or anti-goat (sc-2768, 1:5000, Santa Cruz Biotechnology, Santa Cruz, CA, USA)
antibodies for 1 h at room temperature. An imaging system (Kodak Gel Logic 2200, Austin,
TX, USA) visualized the membrane-bound antibodies using enhanced chemiluminescence



111

Nutrients 2022, 14, 5316

6of19

(ECL) reagents (Sigma-Aldrich, St. Louis, MO, USA). The band intensity was quantified by
densitometry using Image] NIH image software 1.52A (http://www.nih.gov, accessed on 1
March 2021) and was reported in arbitrary units. As described in previous studies, protein
quantitation was performed using the Bradford method [27].

2.9. Statistical Analysis

The Nonparametric Kruskal-Wallis test, followed by Dunn'’s post-test, was used to
analyze non-normally distributed data. The data of renal tissue TGF-f1 were transformed
into loge to obtain a normal distribution. An analysis of variance followed by the Newman-
Keuls multiple comparisons test was used to analyze normally distributed data by the
Kolmogorov-Smirnov test. Statistical analyses were performed using GraphPad Prism
version 9.0 for Windows (GraphPad Software, San Diego, CA, USA). The data were
expressed as means +tstandard error of the mean (SEM). A p of < 0.05 was considered
statistically significant.

3. Results

The ADR presented a significantly decreased body mass at 27 days of the experiment
compared to the paricalcitol group. The ADR + paricalcitol also presented a significant
reduction in body weight compared to the paricalcitol group (Table 1).

Table 1. Body weight, 25-hydroxyvitamin D, parathyroid hormone, plasma calcium concentration,
plasma phosphorus concentration, 24-h urine volume, glomerular filtration rate, and fractional
excretion of sodium at the end of the experiment in the control, paricalcitol, ADR, and ADR +
paricalcitol groups.

Control Paricalcitol ADR ADR + Paricalcitol
Body Weight (g) 402 + 21.70 451+ 1730 392+ 11.90% 354 + 1270 ##
25 OHD (ng/mL) 29 + 328 34419 28 4219 31 +1.39
PTH (pg/mg) 177 + 2240 180 + 36.40 288 + 29,50 270 + 35.70
Pe, (mg/dL) 914027 94405 91+033 95+ 024
Py (mg/dL) 7.0 + 0.46 67+ 033 71+023 7.6+ 020
Urine volume (mL 100 g~ 514157 104224 83+ 126 95+ 1.03
24h-Y) ik : ok s
GFR (ml min~" 100g~") 03+ 0.04 04 + 003 02+ 0024 0440018
FEna (%) 03 +0.02 02+ 002 03+ 0034 024001

The data are expressed as mean £ SEM. n = 5-7 for each group. # p < 0.05, ### p < 0.001 vs. paricalcitol; $ p < 0.05
vs. ADR. 250HD, 25-hydroxyvitamin D; PTH, parathyroid hormone; P, plasma calcium concentration; Pp,
plasma phosphorus concentration; GFR, glomerular filtration rate; FEy,, fractional sodium excretion.

Differences in the 25 OHD, PTH, P¢,, and Pp levels in control, paricalcitol, ADR, and
ADR + paricalcitol groups were not found (Table 1).

3.1. Paricalcitol Improved ADR-Induced Kidney Dysfunction

Differences in urinary volume were not observed (Table 1). The UAE level on the 7th
day after ADR injection was significantly increased in rats of the ADR group compared
to the control (Figure 2a). On the 15th and 25th days after injection, this parameter was
significantly higher in the ADR group than the control and paricalcitol groups (Figure 2b c).
The ADR + paricalcitol group had attenuation of this change on the 25th after the ADR
injection, present significantly decreased compared to the ADR group (Figure 2c). Animals
from the ADR group significantly reduced the GFR and increased FEy;, compared with the
paricalcitol group. These alterations were less intense in the ADR + paricalcitol group than
in the ADR group (Table 1).
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Figure 2. Urinary albumin excretion (UAE) at the 7th- day (a), 15th- day (b), and 25th- day (c) of the
experiment. The data from the control (dots), paricalcitol (squares), ADR (up triangles), and ADR +
paricalcitol (down triangles) groups at 27 days of paricalcitol treatment. 1 =5-7 for each group. The
data are expressed as the mean £SEM. * p < 0.05;** p < 0.01; *** p < 0.001.

3.2. Paricalcitol Attenuated ADR-Induced Renal Structure Injury

The MT analysis showed tubulointerstitial fibrosis in the cortex, and the outer medulla
was detected in the ADR group compared with the control and paricalcitol groups (Figure 3a—c).
Additionally, the ADR + paricalcitol significantly attenuated the tubulointerstitial fibrosis
in the cortex and the medulla compared with the ADR group (Figure 3a—).
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Figure 3. Representative Masson'’s trichrome (MT) staining of kidney sections. (a). The top row repre-
sents the MT in the renal cortex, and the lower row represents the MT in the medullary compartment.
The yellow arrowheads indicate the positive MT expression in tubulointerstitial compartments in the
renal tissue, (b). Tubulointerstitial fibrosis in the renal cortex. (¢). Tubulointerstitial fibrosis in the
medullary compartment. Data from the control (dots), paricalcitol (squares), ADR (up triangles), and
ADR + paricalcitol (down triangles) groups at 27 days of paricalcitol treatment. Scale bar = 20 um,
n = 6-7 for each group. Data are expressed as the mean £SEM. * p < 0.05; ** p < 0.01.
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3.3. Paricalcitol Treatment Improved Endothelium Structure and Function

The expression of JG12, an EC marker, was reduced in the renal glomerulus and
the tubulointerstitial compartments of the renal cortex and outer medulla in the ADR
group compared to the control groups. In the animals treated with paricalcitol, there was
attenuation in these alterations compared to the ADR group (Figure 4a—d).

g
g

Lt =l . . hn"l:
Figure 4. (a). The immunolocalization of JG12 in all renal compartments. The arrows indicate the
JG12-positive expression in the glomerulus. The arrowheads indicate the JG12-positive expression
in the tubulointerstitial compartments. (b). Percentual of JG12-positive cells in the glomerulus.
(c). Percentual of JG12-positive cells in the renal cortex. (d). Percentual of JG12-positive cells in the
outer medulla. Immunohistochemical data are expressed as the mean +SEM. Scale bar = 20 pum, n
=5-6 for each group. (e). Renal tissue NO levels. (f). Plasma NO. (g). Urine NO, n = 5-6 for each
group. Densitometric ratios among (h) p-eNOS or (i) eNOS and GAPDH were calculated, and data
were expressed compared with the control group. The control value was designated as 100%. Data
are expressed as mean + SEM. n = 4-5 for each group. Data from the control (dots), paricalcitol
(squares), ADR (up triangles), and ADR + paricalcitol (down triangles) groups. * p <0.05; ** p <0.01;
*** p < 0.001. Pcreat. Plasma creatinine; Ucreat. Urine creatinine.
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The quantification of renal tissue NO levels showed a significantly decreased in
the ADR group compared to the control and paricalcitol group, which were recovered
in the ADR + paricalcitol group (Figure 4e). Urine NO levels decreased in the ADR
group compared to the control groups. In contrast, these levels were higher in the ADR
+ paricalcitol group than in the paricalcitol and ADR groups (Figure 4g). In NO plasma
levels, we did not find changes between the groups (Figure 4f). Densitometric ratios of
p-eNOS (Figure 4h) and eNOS (Figure 4i) showed significantly decreased expression in the
ADR group compared to the control and paricalcitol groups. Only p-eNOS was significantly
increased in the ADR + paricalcitol group compared with the ADR group (Figure 4h).

3.4. Paricalcitol Treatment Attenuated the Expression of Mesenchymal Markers

Desmin expression, a podocyte cell dedifferentiation marker in the glomerulus, was
significantly increased in the groups that received ADR compared to the control groups. This
expression was attenuated by paricalcitol treatment in the ADR + paricalcitol (Figure 5a,b).

(b) e

Desmin positive cells
in the glomerulus (%)

b,

Figure 5. (a). The immunolocalization of desmin in the glomerulus. The arrows indicate the desmin-
positive expression in the glomerulus. (b). Percentual of desmin-positive in the glomerulus from the
control (dots), paricalcitol (squares), ADR (up triangles), and ADR + paricalcitol (down triangles)
groups. Immunohistochemical data are expressed as the mean =+ SEM. Scale bar = 20 um, n = 5-6 for
each group, ** p < 0.01; ** p <0.001.

The significantly increased expression of a-SMA was observed in the glomerulus,
renal cortex, and outer medulla of animals from the ADR group compared to the control
and paricalcitol groups. The ADR + paricalcitol group showed a decrease in this expression
in the glomerulus and outer medulla. However, this alteration was not found in the
renal cortex (Figure 6a-d). The densitometric analysis of «-SMA expression performed
by Western blot studies showed increased expression in the renal tissue of animals from
the ADR group compared to the control groups. In contrast, the ADR + paricalcitol group
presented a significantly decreased expression of this protein (Figure 6e).
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Figure 6. (a). The immunolocalization of x-SMA in all renal compartments. The arrows indicate
the a-SMA-positive expression in the glomerulus. The arrowheads indicate the x-SMA-positive
expression in the tubulointerstitial compartments. (b). Percentual of a-SMA-positive cells in the
glomerulus. (¢). Percentual of a-SMA-positive cells in the renal cortex. (d). Percentual of a-SMA-
positive cells in the outer medulla. Immunohistochemical data are expressed as the mean 4+ SEM.
Scale bar = 20 pm, 1 = 5-6. (e). Densitometric ratios among «-SMA and GAPDH were calculated, and
data were expressed compared with the control group. The control value was designated as 100%.
Data are expressed as mean + SEM. n = 4-7 for each group. Data from the control (dots), paricalcitol
(squares), ADR (up triangles), and ADR + paricalcitol (down triangles) groups. * p <0.05;** p < 0.01;
“**p <0.001.
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The expression of vimentin was significantly increased in the renal cortex and outer
medulla of the animals from the ADR group compared to the control and paricalcitol groups.
The ADR + paricalcitol group showed a decrease in this expression in these compartments
related to the ADR group (Figure 7a~-c). The expression of vimentin performed by Western
blot studies showed significantly increased expression in the renal tissue of animals from
the ADR group compared to the control and paricalcitol groups. The treatment with
paricalcitol inhibited this increase in the ADR + paricalcitol (Figure 7d).

VimeadmGAPDI (%)

Figure 7. (a). The immunolocalization of vimentin in all renal compartments., The arrowheads
indicate the vimentin-positive expression in the tubulointerstitial compartments. (b). Percentual
of vimentin-positive cells in the renal cortex (c). Percentual of vimentin-positive cells in the outer
medulla. Immunohistochemical data are expressed as the mean £SEM. Scale bar = 20 pm, n = 5-6.
(d). Densitometric ratios among vimentin and GAPDH were calculated, and data were expressed
compared with the control group. The control value was designated as 100%. Data are expressed as
mean + SEM. n = 4-6 for each group. Data from the control (dots), paricalcitol (squares), ADR (up
triangles), and ADR + paricalcitol (down triangles) groups. * p < 0.05; * p <0.01.

Finally, we found an increase in the Col I expression in the glomerulus and renal
cortex of the ADR animals compared with the control group. The ADR + paricalcitol group
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showed a significantly decreased in this expression observed in the renal cortex of the
rats from the ADR groups (Figure 8a—c). However, in the outer medulla, the rats from the
different groups did not present a change in the Col I expression (Figure 8d).
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Figure 8. (a). The immunolocalization of Col I'in all renal compartments. The arrows indicate the
Col I-positive expression in the glomerulus. The arrowheads indicate the Col I-positive expression
in the tubulointerstitial compartments. (b). Percentual of Col I-positive in the glomerulus. (c).
Percentual of Col I-positive in the renal cortex. (d). Percentual of Col I-positive in the outer medulla.
Immunohistochemical data are expressed as the mean + SEM. Scale bar = 20 um. n = 5-7 for each
group. Data from the control (dots), paricalcitol (squares), ADR (up triangles), and ADR + paricalcitol
(down triangles) groups. * p < 0.05; ** p <0.01.

3.5. Paricalcitol Modulated TGF-$1 through the Smads Pathway

Urine TGF-1 was increased in the groups that received adriamycin (ADR and ADR +
paricalcitol) compared with the control and paricalcitol groups. The paricalcitol treatment
did not change this alteration. In the renal tissue TGF-f1 levels, the ADR group presented
upregulation compared to the control and paricalcitol groups. In contrast, this alteration
was significantly attenuated in the ADR + paricalcitol group. The same occurred with p-
Smad2/3 and total Smad2/3, which were increased in the ADR group compared to control
and paricalcitol groups. The p-Smad2/3 and total Smad2/3 expression were reduced in
the animals from ADR + paricalcitol compared to the ADR group (Figure Y%a—d).
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Figure 9. (a). Urine TGF-p1 levels. (b). Renal tissue TGF-B1 levels, n = 5-7 for each group. (c).
Densitometric ratios among p-Smad2/3. (d). Densitometric ratios among Smad2 /3. Densitometric
ratios among, these markers and GAPDH were calculated, and data were expressed compared with
the control group. The control value was designated as 100%. Data are expressed as mean + SEM.
n =4-5 for each group. Data from the control (dots), paricalcitol (squares), ADR (up triangles), and
ADR + paricalcitol (down triangles) groups. * p < 0.05; ** p < 0.01.

3.6. Paricalcitol Treatment Attenuated Imbalance in Pro- and Anti-Angiogenic Factors

Differences in Ang-1 expression were not observed (Figure 10a). On the other hand,
Ang-2 showed a tendency to increase in the ADR group, which was significantly reduced
with paricalcitol treatment (Figure 10b). The expression of Tie-2 was decreased in the
ADR group compared to the control group, and treatment with paricalcitol significantly
increased this parameter compared to the ADR group (Figure 10¢).

VEGF and their endothelial receptor, VEGFR2, decreased expressions in the paricalcitol
group compared to the control. The ADR group also presented a significant reduction in
this expression compared to the control and paricalcitol groups. In the ADR + paricalcitol
group, the animals showed an increase in VEGF and VEGFR2 expression compared with
the control and ADR groups (Figure 10¢c,d).

3.7. Paricalcitol Treatment Modulated AT1 and VDR Expression

The expression of the AT1 receptor was increased in the ADR group compared to
the control and paricalcitol groups. The ADR + paricalcitol group presented a significant
decrease in this expression (p < 0.05) (Figure 11a).



119

Nutrients 2022, 14, 5316 140f19

ARl GATDI (%)

A . . Al
Puizsktel . . Ferodanl

ADK
Paceskand

Figure 10. Pro- and anti-angiogenic factors. (a). Densitometric ratios among Ang-1. (b). Densito-
metric ratios among Ang-2. (¢). Densitometric ratios among Tie-2. (d). Densitometric ratios among
VEGF and (e). Densitometric ratios among VEGFR2. Densitometric ratios among these markers and
GAPDH were calculated, and data were expressed compared with the control group. The control
value was designated as 100%. Data are expressed as mean = SEM. n = 5-7 for each group. Data from
the control (dots), paricalcitol (squares), ADR (up triangles), and ADR + paricalcitol (down triangles)
groups. *p < 0.05;** p <0.01; ** p < 0.001.
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Figure 11. (a). Densitometric ratios among AT1. (b). Densitometric ratios among VDR. Densitometric
ratios among these markers and GAPDH were calculated, and data were expressed compared with
the control group. The control value was designated as 100%. Data are expressed as mean + SEM. n
=4-6 for each group. Data from the control (dots), paricalcitol (squares), ADR (up triangles), and
ADR + paricalcitol (down triangles) groups. * p < 0.05; ** p < 0.01; ** p < 0.001.
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We then investigated whether paricalcitol treatment could modulate VDR expression
by itself. VDR expression was remarkably reduced in the ADR group compared to the
control and paricalcitol groups. This expression in the ADR + paricalcitol group significantly
increased compared to the ADR group (Figure 11b).

4. Discussion

The present work showed that paricalcitol treatment improved renal function and
structure through antiproteinuric effects and glomerular and tubular protection. The acti-
vation of the VDR promoted the reduction in the renal microvasculature disturbances by
attenuating the TGF-p1/Smad2/3-dependent and downregulation of Ang-2 and AT1 ex-
pression, regulating the Angs/Tie-2 and VEGF/VEGFR2 axes, which presents disturbances
in ADR-induced nephropathy in rats. Our results showed a protective role of paricalcitol in
the renal microvasculature that could be used as a target for treating the beginning of CKD.

Proteinuria is the most common clinical manifestation of glomerular diseases and
is directly linked to kidney injury progression [29,30]. Several clinical and experimental
studies have shown the participation of proteinuria in the tubulointerstitial lesion ob-
served in glomerulopathies [31,32]. The results showed that renal function was reduced
in the animals from the ADR group. A decrease in the GFR and an increase in FEn,
and UAE were observed. Histopathological analysis showed tubulointerstitial lesions
and fibrosis in response to increased protein glomerular permeability, similar to other
studies [33]. The pleiotropic action of vit. D has been recently studied [34]. Paricalcitol
selectively activates VDR [20] by binding and interacting with VDR /vit. D response ele-
ment (VDRE) and is essential in preventing morphological changes of podocytes in the
SN model [35]. 1,25-dihydroxyvitamin D3 (1,25-D3), the active form of vit. D3 reduced a
transendothelial albumin passage induced by ADR in vitro and in vivo via the interaction
with VDR-heparanase promoter in podocytes [36]. Garsen et al. have suggested that
crosstalk could exist between glomerular ECs and podocytes to induce proteinuria and
vit. D can modulate this effect in these cells, mainly in podocytes with more VDR [36].
Paricalcitol reduced ADR-induced changes in renal function and structure, independent
of 25 OHD and PTH levels. This data may reinforce that paricalcitol improves non-SHPT
in CKD by acting directly on albuminuria parameters and reducing side effects without
modifying the calcium-phosphorus product.

Previously, our laboratory showed that calcitriol treatment protects endothelial mainte-
nance induced by RAS dysregulation during kidney development [27]. Our results showed
an epithelial /EC loss in their phenotype, supported by data demonstrating a significant
decrease in JG12, an endothelium marker, and an increased mesenchymal cell phenotype,
positive for desmin, &-SMA, vimentin, and Col I in the renal interstitium and glomeruli,
as seen previously in other works [3,20,37]. Paricalcitol treatment could reduce x-SMA
and vimentin expression in the renal tissue in ADR animals. These data suggest that the
alterations provoked by ADR can be modulated by paricalcitol, at least partly, due to its
properties in cell differentiation and endothelium maintenance.

TGF-p1/Smad is the key to fibrogenic pathways in ADR-induced nephropathy [38],
which is directly associated with ESRD [39] with Col I and fibronectin expression in
renal tissue [1,40]. Smad family molecules are involved in the downstream of TGF-f1
after its phosphorylation [1], leading to the loss of endothelium function and fibroblastic
phenotype [41]. Our data showed that the TGF-B1/p-Smad2/3 signaling was upregulated
in the animals from the ADR group in renal tissue. Smad2 and Smad3 are mediators of
extracellular matrix (ECM) production and activation of myofibroblasts via TGF-$1 [42]
by binding to the promoter of collagens and inducing its production in CKD models
and «-SMA induction in proximal-tubule epithelial human cells [43]. Tsai et al. have
shown that the vit. D decreases p-Smad2/Smad2 expression in the human umbilical vein
endothelial cells (HUVECs) and, in ADR-induced cardiotoxicity, inhibits tissue fibrosis [44].
The TGF-B1/p-Smad pathway is associated with the AT1 receptor. AT1 blockade in
mitral valve EC contributes to the reduction in EndoMT by the decrease in TGF-$1/Smad
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activation [19]. Our study showed a reduction in the AT1 expression by paricalcitol
treatment, indicating less vasoconstriction reflected in GFR and endothelium function.
Paricalcitol-VDR activation reduces the RAS activation, decreasing renal RENIN and ATIR
gene expression in CKD [15]. Thus, Vit. D protects microvasculature and tissue perfusion,
improving capillary blood flow [45] and decreasing RAS activation and the expression
of its components directly associated with the TGF-1/Smad pathway in kidney fibrosis.
The urinary TGF-B1 is indicative of CKD and was increased in ADR animals. However,
paricalcitol treatment did not attenuate this parameter.

We also observed increased expression of p-eNOS/NO tissue levels in animals treated
with paricalcitol. This improvement is due to the increase in either expression or activity
of eNOS, resulting in more efficient NO production [46,47]. In the ADR model, there
are alterations in the NO pathways, probably due to endotheliotoxicity, inhibiting and
uncoupling eNOS, preventing its phosphorylation and NO availability [13,48]. Paricalcitol
is involved in regulatory mechanisms in NO pathways preventing reactive oxygen species
(ROS) production and free radicals [14,17]. Vit. D/ VDR stimulates the NOS3 gene, resulting
in higher NO production, which improves vascular function [49]. In this case, eNOS could
phosphorylate VEGF and vice-versa, protecting podocyte loss, glomerular and peritubular
vascular rarefaction, renal fibrosis [50], and inhibiting the expression of TGFf-Smad3 [51].
Our work evidenced the synergistic effect of VDR activation and pro-angiogenic factors.
These effects can cause neovascularization and maintenance of the endothelium by increas-
ing VEGF levels in tissue [52,53], probably by acting on the proliferation and differentiation
of cells [10,27]. The VEGF has pro- and anti-fibrotic effects at different times of kidney
health and diseases to regulate angiogenesis and also plays a role in the progression of
renal fibrosis [51]. We have seen a reduction in the VEGF/VEGFR2 expression in animals
from the paricalcitol group, which reinforces the evidence that there is a certain duality of
the effects of VEGF that exacerbates or inhibits the process of renal fibrosis. In our study,
paricalcitol regulates VEGF to act in different ways.

Vit. D deficiency increases Ang-2 levels in renal tissue associated with lower Ang-1
and Tie-2 receptor [11]. Ang-1 acts as an angiogenic factor stimulating the proliferation
and maturation of EC in angiogenesis, fibrosis, and inflammation [11,54] associated with
attenuation of myofibroblast activation, ECM accumulation, and peritubular capillary
growth observed in UUO model [9,55]. Ang-2 is associated with increased albuminuria
and decreased GFR in diabetes mellitus type 2 and advanced CKD [24,25,56]. The higher
Ang-1: Ang-2 ratio has been associated with 72% less CKD progression and 82% lower
mortality risk in acute kidney injury (AKI) [57]. Paricalcitol treatment attenuated alterations
in Ang-2 expression, which reflected in the downregulation of the Ang-2/Tie-2 pathway,
reducing the albuminuria, alterations in the GFR, and vascular rarefaction in animals
received paricalcitol treatment. Furthermore, Tie-2 and VEGFR2 are specific endothelial
receptors that support these data together with the recovery of JG12 and VDR receptor
expression in renal cells. This demonstrates that vit. D in its active and circulating form
can increase the VDR in the face of the onset of an ADR-induced kidney injury. Our results
reinforced the essential role of the renal medulla compartment in kidney development [27]
and adulthood kidney function efficiency. Further studies through in vitro experiments
using primary endothelial cells of the kidney and angiogenesis assays should be performed
to evaluate this process better in the microvasculature of both the renal cortex and the
medulla. Despite this, with the limitations involving experimental models, the present
study adds to the literature concerning the participation of endothelial cells and their
markers in early CKD.

5. Conclusions

In conclusion, paricalcitol attenuates microvasculature alterations in ADR-induced
kidney injury in rats. Vit. D had antiproteinuric effects and cellular differentiation by
inhibiting the TGF-B1/Smad2/3 pathway, regulating the Angs/Tie-2, VEGF/VEGFR2,
and AT1 axes through recovery endothelial structure and function, and VDR expression
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in renal tissue. Our data also emphasized the importance of the renal medulla and per-
itubular capillaries in maintaining renal function and structure. The results suggest that
paricalcitol could potentially be therapeutic in preventing renal fibrosis by targeting the
endotheliotoxicity caused by early CKD.
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Abstract: Cisplatin treatment is one of the most commonly used treatments for patients with cancer.
However, thirty percent of patients treated with cisplatin develop acute kidney injury (AKI). Several
studies have demonstrated the effect of bioactive vitamin D or calcitriol on the inflammatory process
and endothelial injury, essential events that contribute to changes in renal function and structure
caused by cisplatin (CP). This study explored the effects of calcitriol administration on proximal
tubular injury, oxidative stress, inflammation and vascular injury observed in CP-induced AKL Male
Wistar Hannover rats were pretreated with calcitriol (6 ng /day) or vehicle (0.9% NaCl). The treatment
started two weeks before i.p. administration of CP or saline and was maintained for another five days
after the injections. On the fifth day after the injections, urine, plasma and renal tissue samples were
collected to evaluate renal function and structure. The animals of the CP group had increased plasma
levels of creatinine and of fractional sodium excretion and decreased glomerular filtration rates. These
changes were associated with intense tubular injury, endothelial damage, reductions in antioxidant
enzymes and an inflammatory process observed in the renal outer medulla of the animals from this
group. These changes were attenuated by treatment with calcitriol, which reduced the inflammation
and increased the expression of vascular regeneration markers and antioxidant enzymes.

Keywords: AKI; calcitriol; cisplatin; endothelium; CP-induced AKI; inflammatory process

1. Introduction

Cisplatin (CP) is one of the most potent and effective anticancer drugs used in clinical
practice [1]. Despite its effectiveness, its use is limited by its nephrotoxicity, which leads
to kidney injury (AKI), and it has been shown that cisplatin accumulation in the kidney
leads to selective damage to S3 of the proximal tubule located in the outer stripe of the
outer medulla [2—1]. AKI is characterized by an abrupt drop in renal function, decline
in glomerular filtration rate (GFR) and accumulation of metabolic waste [5]. Several
mechanisms have been studied to evaluate the determinants for the nephrotoxic effect of
CP. The kidney's toxicity from cisplatin has been associated with the basolateral uptake
along the proximal tubule via the organic cation transporter 2 (OCT2), leading to an
intracellular cisplatin concentration up to five times higher than that of plasma levels [6].

This accumulation can lead to an increased production of reactive oxygen species
(ROS) [7,8], triggering oxidative stress [9], vascular injury [10] and activation of inflamma-
tory pathways [11] and apoptotic pathways [11,12].

To maintain cellular homeostasis, a balance between ROS production and antioxidant
defense activity is necessary [13,14]. CP interferes with this balance by increasing the
production of ROS [15] and reducing the production of antioxidant enzymes, such as
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superoxide dismutase (SOD) and catalase (CAT) [16]. The generation of oxidative stress
results from this imbalance [17]. Oxidative stress caused by CP has been associated with
endothelial damage that results in increased production of ROS which interferes with the
activity of vasoactive substances [18].

The role of inflammation in the pathogenesis of CP-induced AKI has already been
demonstrated by several studies [11,19-22]. CP activates the expression of critical proinflam-
matory cytokines, such as IL-1f, which is crucial for responses to infection and injury [23].
IL-1p is expressed in a wide range of tissues and various cells, especially in macrophages
during the inflammatory process. It is also expressed in the glomeruli, in the outer cortical
areas of the kidney and in many specific cell types, including endothelial and epithelial
cells, fibroblasts and smooth muscle cells [24,25].

The active form of vitamin D (calcitriol or 1,25-dihydroxy vitamin Dj3), a fat-soluble
nutrient, is known for regulating the metabolism of calcium and phosphorus, essential
factors in bone remodeling [26]. Studies have also shown that calcitriol acts through
the vitamin D receptor (VDR) of most cells. It can regulate the transcription of over
200 genes and directly or indirectly influence cell proliferation, differentiation and the
immune system [27]. Calcitriol is vital in maintaining the structure and cell integrity and
preserving renal function [28]. In addition, our research group showed that calcitriol played
an essential role in the oxidative damage caused by AKI in a rhabdomyolysis model by
decreasing oxidative damage markers [29].

In the present study, we explored the effects of calcitriol administration on the patho-
physiology of cisplatin-induced AKI that involved four main mechanisms: (1) proximal
tubular injury, (2) oxidative stress, (3) inflammation and (4) renal vascular damage. We
hypothesized that treatment with calcitriol could modulate or even attenuate activation of
these mechanisms, protecting the kidney from changes in function and structure induced
by CP.

2. Results
2.1. Studies of Renal Function

Rats injected with cisplatin showed increased levels of plasma creatinine (Pcreat),
fractional excretion of sodium (FENa+) and decreased glomerular filtration rate (GFR)
when compared to control groups (SAL and SAL + calcitriol). The CP group treated with
calcitriol showed an improvement in renal function (Table 1).

Table 1. Plasma creatinine (Pcreat), fractional sodium excretion (FEy;,, ) and glomerular filtration rate
(GFR) 5 days after injection of CP or vehicle of the SAL (n =6), SAL + calcitriol (n = 6), CP (n = 8) and
CP + calcitriol (n = 8) groups.

Group SAL SAL + Calcitriol cp CP + Calcitriol
Pcreat (mg %) 0.54 + 0.03 045 + 0.01 6.18 = (.74 **%; eee 1.89 + 043 mEE
FE+ Na (%) 025+ 05 026 + 0.02 223+ 1.14 % eee 148 +024%% e
GFR (mL/min' 100 g!) 0.79 + 0.03 146 4 0.21 0.03 + 0.01 ***; eee 0524 0.15"; ee; B

Data are expressed as mean = SEM. ** p <0.01, *** p < 0.001 vs. SAL; e p < 0.05, e p <0.01, eee p < 0,001 vs. SAL
+ calcitriol; M p < 005, HEE p < 0.001 vs. CP.

2.2. Cisplatin Provoked Renal Injury and Inflanumation That Was Ameliorated by Calcitriol Treatment

The typical histological features of CP-induced AKI (characterized by loss of the brush
border, cell necrosis, tubular dilation, sloughing and obstruction) and a higher tubular
damage score were observed following the CP treatment. Nevertheless, these abnormalities
were markedly reduced by treatment with calcitriol (CP + calcitriol group) (Figure 1A-E).
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Figure 1. Histological sections stained with Masson’s Trichrome representative of the renal outer
medulla of groups SAL (A), SAL + calcitriol (B), CP (C) and CP + calcitriol (D) (bar represents 50 pm).
The score for TIL in the renal outer medulla (E) of all experimental groups. Data are expressed as
mean + SEM (1 = 5-8 for each group). ** p < 0.01;*** p < 0.0001 x400.

The epithelial cells express vimentin before differentiation or in the transdifferentiation
processes that occur through a process known as the epithelial-mesenchymal transition
(EMT) [30]. During this process, these cells can proliferate, migrate and produce an extra-
cellular matrix. Therefore, this protein can be used as a marker of cellular damage [27,28].
The immunohistochemical analysis showed an increase in the expression of vimentin in the
renal outer medulla in the animals in the CP group compared to the control groups (SAL
and SAL + calcitriol) (Figure 2A-D). Treatment with calcitriol decreased vimentin expres-
sion in the renal outer medulla of these animals (Figure 2I-K). The tubular injury caused by
CP was also evaluated through the cell proliferation. The number of PCNA-positive cells
was analyzed in the renal outer medulla (Figure 2E-H). PCNA is an antigen in the nucleus
of cells present in the proliferation phase that are indicative of recent tubular injury. The
number of PCNA-positive cells was increased in the renal outer medulla of the animals
injected with CP compared to the control groups (SAL and SAL + calcitriol), showing an
intense tubular lesion in these animals. However, such alterations were attenuated by
treatment with calcitriol (Figure 2H-L).

An inflammatory process evidenced by a large infiltration of macrophages (ED1-
positive cells) in the tubulointerstitial of the outer medulla from the kidneys in the cisplatin-
treated rats was also observed (Figure 3A-D). Calcitriol treatment prevented macrophage
infiltration in this tubulointerstitial area (Figure 3E). Analysis of IL-1f expression in renal
tissue showed higher levels of this cytokine in the CP group than in the controls (Figure 3F),
which was attenuated by calcitriol treatment. Interleukin-10 (IL-10), a cytokine with anti-
inflammatory and immunomodulatory functions, showed a downregulation in the CP
group, while in the calcitriol group, upregulation was observed (Figure 3G).
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Figure 2. Immunolocalization of vimentin (A-D) and PCNA (E-H) in the renal outer medulla of
the SAL (A,E), SAL + calcitriol (B,F), CP (C,G) and CP + calcitriol (D,H) groups. The bar indicates
200 pm. The score for vimentin (I) and the number of PCNA+ cells (L) in the renal outer medulla
in the different groups. Western blot analysis of vimentin and GAPDH (J) in the renal tissue from
all experimental groups (SAL, SAL + calcitriol, CP, CP + calcitriol). Vimentin densitometry (K).
The densitometric ratio between vimentin and GAPDH was calculated, and data are expressed in
comparison with the control group, with the mean control value (SEM) designated as 100% and
expressed as mean + SEM (n = 5-8 for each group). Blots are representative images of independent
experiments. * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001: magnification, x100.
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Figure 3. Immunolocalization of ED1-positive cells (macrophages) in the outer renal medulla of the
SAL (A), SAL + calcitriol (B), CP (C) and CP + calcitriol (D) groups (bar represents 50 um). The
number of ED1-positive cells in all experimental groups’ outer renal medulla (E). Values are given as
the mean -+ SEM. Renal tissue levels of IL (interleukin)-1f3 (F) and IL (interleukin)-10 (G) from control
(SAL and SAL + calcitriol) and experimental (CP and CP + calcitriol) groups. Data are expressed as
mean + SEM (n = 5-8 for each group). * p < 0.05; ** p <0.01; **** p < 0.0001: magnification, x 400.
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2.3. Evaluation of 25-OH Vitamin D, VDR and the Cubilin Receptor

There was no significant difference between groups either concerning the mean serum
concentration of 25-OH vitamin D or the classification of levels as deficient (levels < 20 ng/mL)
or sufficient (levels > 30 ng/mL) (Figure 4F). However, the Western blot analysis demonstrated
reduced VDR expression in renal tissue from the CP group compared with the control
groups (SAL and SAL + calcitriol) (Figure 4G,H). The reduction in the expression of this
protein induced by CP was attenuated by treatment with calcitriol. We also observed in
immunohistochemical analysis that the number of tubules with a brush border marked with
cubilin receptors was smaller in the CP group compared with the control groups (SAL and
SAL + calcitriol) (Figure 4A-D). Calcitriol treatment attenuated these alterations (Figure 4E).
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Figure 4. Immunolocalization of cubilin in the renal outer medulla of the SAL (A), SAL + calcitriol (B),
CP (C) and CP + calcitriol (D) groups (bar indicates 50 um). The number of tubules with a brush bor-
der marked with cubilin (E) from all experimental groups (SAL, SAL + calcitriol, CP, CP + calcitriol).
Serum levels of 25(OH) of all experimental groups (SAL, SAL + calcitriol, CP, CP + calcitriol) (F).
Western blot analysis of vitamin D receptor (VDR) and GAPDH (G) in the renal tissue from all
experimental groups (SAL, SAL + calcitriol, CP, CP + calcitriol). VDR densitometry (H). The den-
sitometric ratio between VDR and GAPDH was calculated, and data are expressed in comparison
with the control group, with the mean control value (+SEM) designated as 100% and expressed as
mean + SEM (n = 5-8 for each group). Blots are representative images of independent experiments.
*p <0.05;** p <0.01; **** p < 0.0001: magnification, x400.

2.4. The Endothelial Damage Induced by CP Was also Improved by Calcitriol

The immunohistochemistry studies with JG12, a marker of endothelial cells, showed
that CP animals had fewer capillaries in the renal cortex and outer medullae (Figure SA-D).
The effect of CP on the renal endothelium, evaluated by Western blot using a specific
marker for endothelial cells (CD34), showed that the CD34 expression was reduced in the
CP groups compared to the control groups (SAL and SAL + calcitriol) (Figure 5F). The
calcitriol treatment improved these alterations (Figure 5E,G). Western blot analysis also
demonstrated a reduction in tissue NOS3 (Figure 5H,1) and p-NOS (Figure 5],K) expression
in the CP group compared to the CP + calcitriol group.
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Figure 5. Immunolocalization of JG12 (A-D) in the renal outer medulla of the SAL (A),
SAL + calcitriol (B), CP (C) and CP + calcitriol (D) animals. The bar indicates 50 pm. The num-
ber of JG12-positive capillaries in all experimental groups’ outer renal medulla (E). Western blot
analysis of CD34 (F), NOS3 (H) and p-NOS (J) in the renal tissue from all experimental groups (SAL,
SAL + calcitriol, CP, CP + calcitriol). Densitometry of CD34 (G), NOS3 (I) and p-NOS (K). The
densitometric ratio between CD34, NOS3, p-NOS and GAPDH was calculated, and the data are
expressed in comparison with the control group, with the mean control value (+SEM) designated
as 100% and expressed as mean =+ SEM (1 = 5-8 for each group). Blots are representative images of
independent experiments. * p < 0.05;** p < 0.01.

Vascular endothelial growth factor (VEGF) is a significant proangiogenic factor in
angiogenesis. We observed that the expression of VEGF was reduced in the animals of the
CP group compared with that in the control rats (SAL and SAL + calcitriol) (Figure 6A,B).
This alteration was reversed by treatment with calcitriol, evidenced by the increase in
the expression of VEGF in the CP + calcitriol group. VEGF exerts its actions through its
VEGFR2 receptor on target cells. We observed that those in the CP + calcitriol group also
showed an increase in the expression of VEGFR2 in the kidney tissue (Figure 6C,D).

CXCR4 is a receptor present on endothelial cells and pericytes of hypoxic tissues. We
observed that the animals in the CP group showed an increase in the renal expression
of this receptor compared to controls (SAL and SAL + calcitriol) (Figure 6E,F). This in-
crease in expression was attenuated in the CP + calcitriol group. Reducing antioxidant
enzymes is one of the mechanisms of generating oxidative stress triggered by CP, and the
increase in oxidative stress leads to endothelial damage. To assess the participation of this
mechanism, we analyzed the expression of the antioxidant enzyme EC-SOD in kidney
tissue (Figure 6F-H). We observed that CP reduced the expression of EC-SOD, and the
antioxidant action of calcitriol was confirmed by the increased expression of EC-SOD in the
SAL + calcitriol group. This action was also observed in the animals of the CP + calcitriol
group, evidenced by the maintenance of EC-SOD levels in this group.
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Figure 6. Western blot analysis of VEGF (A), VEGFR2 (C), CXCR4 (E) and EC-SOD (G) in the
renal tissue from all experimental groups (SAL, SAL + calcitriol, CP, CP + calcitriol). Densitometry
of VEGF (B), VEGFR2 (D), CXCR4 (F) and EC-SOD (H). The densitometric ratio between VEGF,
VEGFR2, CXCR4, EC-SOD and GAPDH was calculated, and the data are expressed in comparison
with the control group, with the mean control value (=SEM) designated as 100% and expressed as
mean = SEM (n = 5-8 for each group). Blots are representative images of independent experiments.
*p <005;** p <0.01; **** p < 0.0001.

3. Discussion

The data presented in this manuscript provide evidence that calcitriol can attenuate
inflammation, endothelial injury, oxidative stresses and epithelial cell injury in cisplatin-
induced AKL In addition, our study demonstrates that calcitriol also may display an
anti-inflammatory action through modulation of IL-1$ and IL-10, leading to a downregula-
tion of IL-1p and upregulation of IL-10. Consistent with our data, previous studies have
shown that cisplatin (CP) nephrotoxicity was associated with increased expression of IL-
1P [31-33], and its inhibition alone does not protect against CP-induced AKI [31]. A recent
study revealed that renal tubular epithelial cell-derived IL-1f3 polarizes renal macrophages
toward a proinflammatory phenotype that stimulates salt sensitivity through the increase
of renal IL-6 [34]. IL-10 is a cytokine known for its anti-inflammatory actions [35] and is
produced by many immune cells [36,37]. Its anti-inflammatory actions are attributed to
its ability to inhibit the infiltration of monocytes and neutrophils and the production of
inflammatory cytokines [38-40]. A reduction in IL-10 levels has already been observed
in CP nephrotoxicity [31]. Its increased expression has been suggested to be protective
against CP-induced kidney injury [41,42]. Amirshahrokhi et al. (2015) observed that the
reduction in renal toxicity caused by CP might be related to inhibiting proinflammatory cy-
tokines [32]. Our results showed that this exact mechanism could be involved in calcitriol’s
downregulation of IL-1B and reduced inflammation. In addition, vitamin D induces an
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increase in IL-10 secretion by regulatory T cells, an effect observed in a study with a patient
with systemic sclerosis [43].

The increased vimentin expression was also observed in tubular cell injuries in the
renal outer medulla from CP-injected rats. Tubular cells only express vimentin when
proliferating, demonstrating recent lesions of these cells. The increased number of PCNA-
positive cells confirmed this result. Calcitriol treatment decreased tubular cell injury and
the expression of vimentin and PCNA in the animals injected with CP. Tan et al. (2006)
observed that treatment with paricalcitol (a synthetic vitamin D analog) significantly
reduced the expression of PCNA and attenuated renal interstitial fibrosis in a model
of obstructive nephropathy [44]. The authors also observed that vitamin D treatment
restored the expression of the VDR receptor, blocked epithelial-mesenchymal transition
and inhibited cell proliferation, demonstrating that vitamin D plays a protective role in
cellular integrity against this cell injury process.

Previous results from clinical and animal studies have suggested that VDR activation
has beneficial effects on various renal diseases [45,46]. To address this question, we exam-
ined the VDR in kidney tissue and found a lower expression in the animals from the CP
group, while the CP group that received calcitriol showed an increase in its expression.

In the present study, we observed that the lesions in the renal outer medulla were
associated with decreased cubilin receptor expression in the apical region of the tubule cells
in the CP group. The reduction in the number of tubules expressing cubilin in the cell brush
border could lead to disturbances in vitamin D activation [47,48]. Our results showed that
calcitriol-treated rats present preserved cubilin receptors, demonstrating the renoprotective
role of calcitriol. Additionally, studies have shown that vitamin D deficiency is a risk
factor for contrast-induced AKI due to an imbalance in intrarenal vasoactive substances
and oxidative stress [49]. Our results showed that decreased expression of EC-SOD (an
antioxidant enzyme) induced by CP was attenuated by calcitriol treatment. A similar
effect was observed by Li etal. (2017), where pretreatment with cholecalciferol, an inactive
form of vitamin D3, partially protected against ischemia-reperfusion-induced AKI through
regulation of oxidant enzymes and suppression of oxidative stress [50].

CP-induced nephrotoxicity is due in part to vascular damage and the vasoconstric-
tion associated with endothelial dysfunction and abnormal vascular self-regulation [51].
Vascular injury results in decreased renal blood flow and GFR, causing hypoxic tubu-
lar damage [52]. We have previously shown the participation of the endothelium in the
development of AKI induced by CP [53].

We used JG12 to assess changes in capillary density in the outer medulla of the kidney.
JG12 is a specific marker for the blood vessel endothelium and discs, and is instinctively
expressed by the endothelial cells of tubulointerstitial vessels in the kidney [54,55]. Using a
unilateral ureteral obstruction model, Sun et al. (2012) observed an alteration in peritubular
capillary density detected using JG12 immunostaining [56]. In the present study, we
observed that JG12-positive peritubular capillaries were markedly diminished from the
outer medulla regions with significant interstitial expansion and tubular atrophy.

Following the loss of the peritubular capillaries, the CP group also presented with
decreased production of NOS3 and p-NOS. In the vascular endothelium, NOS3, which
is also known as nitric oxide synthase (eNOS), is an enzyme that produces NO. The
decreased p-NOS expression in the renal tissues in our study may be due to decreased
NOS3 expression, which can lead to increased vasoconstriction and contribute to alterations
in blood pressure [57].

Renal vasculature quiescence is tightly regulated by the balance between pro- and an-
tiangiogenic factors in healthy kidneys. However, this quiescence can be disrupted during
AKI, resulting in an antiangiogenic environment with the loss of peritubular capillaries [58].
The increase in the expression of VEGF and VEGFR in the calcitriol group reinforces the
role of calcitriol as an endothelium promoter since several studies demonstrate that VEGF
promotes the growth of endothelium and protects the endothelial cells from apoptosis.
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We next evaluated the effects of CP on CXCR4 expression in the kidney tissue. The
increased expression of CXCR4 observed in the CP group could also contribute to epithelial
and endothelial cell damage. In recent work, Chang et al. (2021) observed that suppression
of the SDF-1/CXCR4 pathway resulted in increased tubular cell regeneration and reduced
cell death and attenuation of microvascular rarefaction in IR-AKI mice kidneys [59]. This
finding is consistent with our data, which show that calcitriol suppressed CXCR4 expression
in the CP + calcitriol group, which was followed by the amelioration of endothelium and
epithelial cell dysfunction.

In this study, we demonstrate that calcitriol attenuates the morphological and func-
tional changes that occur in CP-induced AKI. However, some limitations must be recog-
nized. First, studies through in vitro experiments using primary kidney endothelial cells
and angiogenesis assays should be performed to better evaluate these events on the renal
microvasculature. Second, we measured plasma creatinine levels with routine clinical
laboratory methods but not with high-performance liquid chromatography, a more reliable
method for evaluating plasma creatinine levels. Third, studies are needed to evaluate how
calcitriol can reduce inflammatory cell infiltration and epithelial cell proliferation and accel-
erate the resolution and repair of epithelial cell injury. Despite these limitations involving
experimental models, the present study adds to the literature concerning the participation
of calcitriol administration on proximal tubular injury, oxidative stress, inflammation and
vascular injury observed in CP-induced AKI.

In conclusion, our study suggests that calcitriol attenuates tubular injury, endothelial
damage, reductions in antioxidant enzymes and the inflammatory process observed in the
renal outer medulla observed in CP-induced AKI.

4. Materials and Methods
4.1. Animal Model and Experimental Design

The protocols were performed by the Animal Experimentation Committee of the
University of Sao Paulo at the Ribeirao Preto Medical School (COBEA/CETEA /FMRP-USP,
protocol no. 115/2018). This study used male Hannover rats (200-300 g). The rats were
housed four per cage according to the groups, with a room temperature of 22 +2°C,a12h
light/dark cycle with a chow diet and water ad libitum. The animals were divided into
four groups: (1) SAL (0.9% saline, 1 = 6), (2) SAL + calcitriol (0.9% saline + calcitriol, n = 6),
(3) CP (cisplatin 5mg/kg, n = 8) and (4) CP + calcitriol (cisplatin 5mg/kg + calcitriol, n = 8).
Calcitriol (6 ng/day, Calcijex, Abbvie Laboratories, North Chicago, IL, USA) or vehicle (0.9%
NaCl) was administered using miniosmotic pumps (model 2004, Alzet, Cupertino, CA,
USA) implanted subcutaneously under isoflurane anesthesia (Cristalia, Brazil). Calcitriol
or vehicle supplementation was started two weeks before the injection of CP and was
maintained five days later, corresponding to the period evaluated. The dose of calcitriol
treatment was selected according to previous studies [27,25,60]. None of the rats died after
cisplatin administration. All animals were used in the study.

4.2. Renal Function Studies

On the fourth day after CP injection, the animals were placed in metabolic cages for
24 h to collect urine samples. On the fifth day after CP injection, the animals were anes-
thetized (xylazine 0.1 mL/100 g and ketamine 0.05 ml/100 g, i.p.), the aorta was cannulated
and blood samples were collected. Renal function was assessed using 24 h urine and blood
samples. Plasma and urinary creatinine were determined by the colorimetric method using
picric acid as a chromogen [61]. Urinary and plasma sodium were analyzed using the
ion-selective electrode quantification technique (9180 Electrolyte Analyzer, Roche Diagnos-
tics GmbH, Mannheim, Germany, 2004). Fractional sodium excretion was calculated by
dividing sodium clearance by creatinine clearance. The results of the plasmatic and urinary
creatinine quantification were used to determine the glomerular filtration rate (GFR).
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4.3. Serum 25 Hydroxyvitamin D (25 OHD) Levels

We assessed 25(OHD) with a direct competitive test based on the chemiluminescence
principle (CLIA) (DiaSorin, Liaison®, Saluggia, Italy); this test was performed in the clinical
analysis laboratories at the School of Medicine of Ribeirao Preto Hospital and Clinics, which
participates in national and international quality assurance certification.

4.4. Histological Studies

Histological sections (4 um thick) were stained using Masson’s Trichrome and ex-
amined under light microscopy (Axion Vision Rel. 4.3; Zeiss, Oberkochen, Germany).
Tubulointerstitial changes interstitial infiltration of inflammatory cells, atrophy of the cells
of the renal tubules and dilation of the tubular lumen were evaluated.

Lesions in the renal outer medulla were graded [53] on a scale of 0-4 as follows
(0 =normal; 0.5 = small focal areas; 1 = involvement of <10% of the renal outer medulla;
2 =10-25%; 3 = 25-75%; 4 = extensive damage involving more than 75% of the renal outer
medulla). Thirty grid fields measuring 0.1 mm? were evaluated in the renal outer medulla
of each kidney (Axion version 4.8.3, Zeiss, Oberkochen, Germany), and the mean values
per kidney were calculated.

4.5. Immunohistochemical Studies

For immunohistochemical analysis, kidney sections were deparaffinized and hydrated.
Nonspecific antigen binding was blocked by incubation for 20 min with normal goat serum.
The sections were incubated with anti-ED1 (1:1000, Serotec, Oxford, UK), anti-vimentin
(1:500, Dako Corporation, Glostrup, Denmark), anti-PCNA (1:1000, Sigma Chemical Com-
pany, St. Louis, USA), a-SMA (1:100, Dako Corporation, Glostrup, Denmark), cubilin (1:200,
Santa Cruz Biotechnology, Santa Cruz, CA, USA) and anti-aminopeptidase P (JG12) (1:1000,
Bioscience, San Diego, USA) antibodies for one hour at room temperature for reaction of
the primary antibody. The avidin-biotin-peroxidase complex (Vector Laboratories Inc.,
Burlingame, USA) was used to detect the reaction product. The color reaction, in turn, was
developed with DAB (3,3'-diaminobenzidine (Sigma Chemical Company, Burlington, VT,
USA) and nickel chloride in the presence of H,O,. Counterstaining of the sections was then
performed with methyl green, which was followed by dehydration and mounting. The
immunoperoxidase staining for ED1 and PCNA was determined by counting the number
of positive cells in the renal outer medulla. JG12 was determined by the number of positive
peritubular capillaries in the outer renal medulla. The reaction to cubilin was evaluated by
counting the number of intact tubules with a cubilin-marked brush border in the tubules
of the renal outer medulla. Vimentin and a-SMA were semiquantitatively graded in the
outer medulla, and the mean score per kidney was calculated. The scores depended on
the percentage of a grid field showing positive staining as follows: 0 = absent or <5%
staining, 1= 5-25%, 2 = 25-50%, 3 = 50-75% and 4 = >75% staining. Thirty consecutive
fields (0.1 mm? each) for the outer medulla were evaluated. The average score per kidney
was calculated. All fields were analyzed under 400 magnification.

4.6. Western Blot Studies

To perform the Western blot, the nonperfused kidney tissues were homogenized in
lysis buffer: Tris-HCL (50 Mm, pH 7.4), NaCl (150 mM), triton X-100 (1%), dodecyl sulfate
sodium (SDS; 0.1%), aprotinin (1 pug/mL), leupeptin (1 ug/mL), sodium fluoride (25 Mm),
sodium ethylenediamine acid tetrapyrophosphate (ImM), sodium fluoride (25 Mm) and
ethylene diamine tetraacetic acid (0.001 M EDTA, pH 8) at 4 °C [56]. Bradford’s method
(1976) measured the proteins in lysate samples. Renal expressions of eNOS, p-eNOS, EC-
SOD, VEGE, VEGFR2, CXCR4, CD34, vimentin and VDR were evaluated [62]. Renal lysate
samples containing 30, 60 or 90 ug of protein were solubilized in sample buffer, heated
to 100 °C for 5 min and then applied to a 10% or 12% polyacrylamide gel. After the run,
the samples were transferred from the gel to a nitrocellulose membrane. The membranes
were incubated or not for one hour in a 5% molecular blocking buffer. Subsequently, the
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membranes were washed in TBSt and incubated with the primary antibodies: anti-NOS3
(1/200, polyclonal, Santa Cruz Biotechnology, Santa Cruz, CA, USA), anti-p-eNOS (1/200,
Santa Cruz Biotechnology), anti-EC-SOD (1/500, polyclonal, Santa Cruz Biotechnology),
anti-VEGF (1/500, polyclonal, Santa Cruz Biotechnology), anti-VEGFR2 (1 /200, polyclonal,
Santa Cruz Biotechnology), anti-CXCR4 (1/1000, polyclonal, Santa Cruz Biotechnology),
anti-VDR (1/500, polyclonal, Santa Cruz Biotechnology), anti-Vimentina (1/500, mono-
clonal, Dako, Denmark), anti-CD34 (1/400, polyclonal, BIOss, Boston, MA, USA) and/or
anti-GAPDH (1/1000, monoclonal, Sigma Chemical Company, Burlington, NJ, USA). The
membranes were washed and incubated with anti-rabbit (1/10,000) or mouse (1/10,000)
anti-IgG secondary antibodies linked to peroxide (Dako, Denmark) for one hour at room
temperature. The result of the reaction was detected with luminol and captured in a com-
puterized system. The intensity of the identified bands was quantified by densitometry
with NIH Image ] software (Research Services Branch, USA) and reported in arbitrary units.
Protein estimates were evaluated by the Bradford method.

4.7. ELISA Studies

Levels of IL-1p and IL-10 were measured in kidney tissue samples, which were stored
at —70 °C until analysis. The content was determined using ELISA kits according to
the manufacturer’s guidelines (Alpco, Keewaydin Drive, Tulane, USA; Pierce, Waltham,
MA, USA, respectively). IL-1f and IL-10 values are reported in in picograms/milligrams
(pg/mg) of protein.

4.8. Statistical Analyses

For data with a normal distribution, analysis of variance and the Newman-Keuls mul-
tiple comparison tests were applied. For data not normally distributed, the Kruskal-Wallis
nonparametric test followed by Dunn’s posttest was used. The Kolmogorov-Smirnov trial
investigated the normality of the dependent variables. Data are presented as mean 4+ SEM.
GraphPad Prism version 9.0 for Windows (GraphPad Software 9.0, San Diego, CA, USA)
was used to perform the statistical analysis and subsequent graph construction. Statistical
significance was established at p < 0.05.
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BACKGROUND: Diabetic kidney disease (DKD) remains one of the main causes of end-stage renal disease (ESRD) and mortality in
diabetic patients worldwide. Vitamin D deficiency (VitDD) is one of the main consequences of different chronic kidney disease
(CKD) types and is associated with rapid progression to ESRD. Nevertheless, the mechanisms that lead to this process are poorly
understood, This study aimed to characterize a model of diabetic nephropathy progression in VitDD and the epithelial-
mesenchymal-transition (EMT) role in these processes.

METHODS: Wistar Hannover rats received a diet with or without VitD before type 1 diabetes (T1D) induction. After this procedure,
the rats were accompanied for 12 and 24 weeks after T1D induction and the renal function, structure, cell transdifferentiating
markers and zinc finger e-box binding homeobox 1/2 (ZEB1/ZEB2) contribution to kidney damage were evaluated during the DKD
progression.

RESULTS: The results showed an increase in glomerular tuft, mesangial and interstitial relative areas and renal function impairment
in VitD-deficient diabetic rats compared to diabetic rats that received a VitD-containing diet. These alterations can be associated
with increased expression of EMT markers, ZEB1 gene expression, ZEB2 protein expression and TGF-B1 urinary excretion. Decreased
miR-200b expression, an important post-transcriptional requlator of ZEB1 and ZEB2 was also observed.

CONCLUSION: Our data demonstrated that VitD deficiency contributes to the rapid development and progression of DKD in

diabetic rats induced by increase ZEB1/ZEB2 expressions and miR-200b downregulation.
Nutrition and Diabetes (2023)13:9; https://doi.org/10.1038/541387-023-00238-2

INTRODUCTION

Diabetic kidney disease (DKD) is the most frequent and severe
diabetic chronic complication [1]. Renal fibrosis is the endpoint of
the progressive lesions in the DKD that can lead to end-stage renal
disease (ESRD) [2). The epithelial-mesenchymal-transition (EMT) is
a critical mechanism for the progression of fibrosis in the diabetic
kidney [3]. EMT is characterized by the loss of the cell epithelial
markers and the acquisition of a mesenchymal phenotype [4]. The
transforming growth factor beta (TGF-p) is the main inducer of the
EMT process by signaling pathways that are dependent or
independent of Smad proteins [5]. During this fibrotic process,
the TGF-f leads, among other factors, to the increase of zinc finger
e-box binding homeobox 1/2 (ZEB1/2) proteins expressions [S].
ZEB1 and ZEB2 act as transcription co-repressors [6] and can
promote cell proliferation, transdifferentiating, migration and
invasion [7] which are important events of the EMT. In this sense,
studies demonstrated an increase of ZEB1/2 expressions TGF-p1-
induced during tubular EMT in vitro [6, 8]. These studies also
demonstrated a significant increase in ZEB1/ZEB2 expression in
the kidneys of rats with chronic kidney disease (CKD) induced by
unilateral ureteral obstruction (UUO) [6, 8]. Sene et al

demonstrated an increase in ZEB2 gene expression in isolated
glomeruli in fetal-programmed adult rats with low protein levels
independent of increases in TGF-B expression [9].

MicroRNAs (miR) are small endogenous non-coding RNA
molecules, with a length of 21-25 nudeotides and act by binding
to the gene 3-UTR region inhibiting translation or inducing the
degradation of the mRNA target [10]. MiR-200 family, which
includes five members (miR-200a, miR-200b, miR-200¢, miR-141
and miR-429) epigenetically regulates both ZEB1 and ZEB2 [11].
The ZEB1 and ZEB2 mRNA have eight and nine sites in the 3'UTRs
for the miR-200 family, respectively, that bind to these regions and
repress ZEB1/2 transcription and translation, impairing the EMT
evolution [6, 12]. It has been demonstrated that downregulation
of miR-141, miR-200a, miR-200b, and miR-429 were related to EMT
in isolated glomeruli of fetal-programmed adult rats with low
protein levels [9]. Additionally, Xiong et al. (2012) showed that
miR-200 family all members were downregulated during renal
tubular EMT both in vivo in the UUO model and in vitro using
NRK-52E cells (rat renal tubular epithelial cells) [8].

VitD deficiency emerged as a risk factor for the development of
type one diabetes (T1D) and DKD [13]. The kidney is one of the
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Fig. 1 Renal function of control (Ctrl) and diabetic (DM) rats deficient in vitamin D (VitDD) or not (VitD). A Glomerular Filtration Rate (GFR).
B Fractional Excretion Calcium (FECa ' ). € Fractional Excretion Phosphorus (FEP *). *versus Ctrl VitD, 'versus Ctrl VitDD, 'versus DM VitD, *versus
DM VitDD of 12 weeks after diabetes induction. o interaction between DM VitD and Ctrl VitD and DM VitDD and Ctrl VitDD; Pyiop interaction
between Ctrl VitDD and Ctrd VitD and DM VitDD and DM VitD; Pp,vpo interaction between DM VitDD and DM VitD.

main sites where VitD changes in its active metabolite, the 1a,25-
dihydroxy vitamin D3 [1a,25(H),D5] [14]). The main physiological
role of 1a,25(H);D; is the maintenance of extracellular levels of
caldum (Ca’) and phosphorus (P') ions in the body [15]. In
addition, it was observed that VitD is important for maintaining
the podocyte structure, prevention of EMT and reducing
albuminuria [5]. Its deficiency has been widely reported in clinical
and experimental studies of CKD associated or not with diabetes
mellitus (DM) [15-17]. Even with VitD replacement and current
therapies to retard progression to ESRD, mainly based on glycemic
and blood pressure control, the incidence of DKD is still increasing.
Therefore, this study aimed to evaluate the effect of the VitD
deficiency in the progression of DKD and the ZEB1 and ZEB2
contribution to this process in rats with T1D.

MATERIALS AND METHODS

Animals, VitD dtﬁdency and diabetes induction

The n d by the Ethics Committee on the Use of
Animals of the Nbdrao Preto Medical School at Sa0 Paulo University, with
protocol number 002/2019, Forty-eight Wistar Hannover rats (180-200 g)

SPRINGER NATURE

were housed under controlled environmental conditions (12h light/12h
dark cycle, 22 + 2 "Q with food and water ad fibitum. The rats were divided
into two groups with 24 rats/each: one group received a standard diet, that
consisted of a ration produced according to the AIN-93G protocol, including
1,0000 1U/kg of VitD3 (VitD) and another group received a VitD3-free diet
(VitDD). The composition of the diets is avallable in Reeves et al. (1993) [18].
Six weeks after the VitD or VitDD diet introduction, the T1D induction was
performed by the administration of a single intraperitoneal injection of
streptozotocin (STZ; Sigma Aldrich, USA; 45 mg/kg, diluted in 0.1 M citrate
buffer, pH 4.5) after 12 h of fasting. The control groups received a single
intraperitoneal injection of diluent. Seventy-two hours after STZ adminis-
tration, diabetes induction (DI) was confirmed by fasting blood glucose
(FBG) evaluation, All rats p d FBG equal to/or greater than 250 mg/dL
and were considered diabetic [19-24). After that, the rats remained for 12
or 24 weeks fed a VitD or VitDD diet. The rats were then subdivided into 4
groups: control fed with a VitD diet (Ctrl VitD; n = 10), control fed with a
VitDD diet (Ctrl VitDD; n = 10), diabetic fed with a VitD diet (DM VitD;
n = 14), and diabetic fed with a VitDD diet (DM VitDD; n = 14). At 12 and
24 weeks after vehicle or STZ injections, the rats were euthanized under
anesthesia using xylazine (0.1 m/100 g) and ketamine (0.05 mi/100g). All
diabetic rats received 1 U/day of NPH insulin (H lin’, Lilly) to maintain a
blood glucose level of around 300-350 mg/dL simulating a decompensated
blood glucose that occurs in humans [25].

Nutrition and Diabetes (2023)13:9
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Table 1. Histology renal data of controls (Ctrl) and diabetic (DM) rats vitamin D deficients (VitDD) or not (VitD).

Variable GROUP ANOVA

Ctrl VitD Ctrl VitDD DM VitD DM VitDD Po Puion Pouvivon

Glomerular tuft drea (unt’)

12 weeks 5097 + 182 55774324 5764+ 109 5965 + 200 0.05 0.1 05

24 weeks 5799+22 5648 + 98 6550+ 86° 7148 £1755¢ 0.003 0.06 < 0.0001
Fractional mesangial area

12 weeks 0.06 +0.06 007 +0.01 0,07 £001 0.08+ 0.03 05 0.7 05

24 weeks 0.1+001 0.1+003 013+0.01¢ 018+ 0.01°4¢ 0.08 0.02 0.0002
Relative interstitial drea (%)
Cortex

12 weeks 0.0(0.0,0.6) 0.0(0.0;,0.8) 0.4(0.2,08) 0.4(0.0;1.2)

24 weeks 12402 16+07 372107 11426 0.001 0.09 002
Medulla

12 weeks 0.0(0.0:05) 0.0(0.0;0.8) 0.6(0.1;0.8) 0.6(0.0;1.4)

24 weeks 33+04 32408 86413 14424 0.06 0.07 < 0.0001
Table 1. Data are presented as mean £ SEM and in median (25th and 75th percentile), n = S/each.
*versus Ctrl VitD.
Pversus Ctrl VitDD.
“versus DM VitD,

dversus respective 12 weeks group. PD: interaction between DM VitD and Ctrd VitD and DM VitDD and Ctrl VitDD; PVRDD: interaction between Ctrl VitDD and
Ctrl VitD and DM VitDD and DM VitD; PDxVitDD: interaction between DM VitDD and DM VitD.
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histological changes staining with Periodic Acid Methenamine of Silver (PAMS) of

control (Ctrl) and diabetic (DM) rats deficient in vitamin D (VitDD) or not (VitD) at 12 and 24 weeks after diabetes induction. Original

magnification x400.

Assessments of 25-hydroxyvitamin D, glycemia, parathyroid
hormone, Ca', and P’ plasma and mean arterial pressure
Serum 25-hydroxyvitamin D [25(0H)D] was evaluated by the direct
competitive test based on the chemiluminescence principle (CLIA)
(DiaSorin, Liaison’, Saluggia, Italy). Plasma glucose level was measured
using a blood glucose monitoring system (ACCU-CHEK Active, Roche
Diabetes Care GmbH). Parathyroid hormone (PTH) was determined in
serum samples by Enzyme-Linked Immunosorbent Assay (ELISA) kit
according to the manufacturer’s guidelines (Rat Intact PTH ELISA—
Quidel, USA). The Ca' and P' in the plasma and urine were quantified
by colorimetric method (Kit Labtest Diagnostica S.A) and the excretion
fractions of these ions were calculated. Mean arterial pressure (MAP)
measurements were performed every 4 weeks by tail plethysmography
(CODA Non-Invasive Blood Pressure System, Kent Scientific
Corporation, 2010).

Nutrition and Diabetes (2023)13:9

Renal function

The glomerular filtration rate (GFR) was estimated by the creatinine
clearance. Creatinine plasma and urine levels were determined using the
colorimetric method (Kit Labtest Diagnostica S.A). Urinary albumin
excretion (UAE) was evaluated by electroimmunoassay [26)

Renal structure

Kidney fragments collected at the time of euthanasia were immersed in a
methacarn solution (60% methanol, 30% chloroform and 10% acetic acid)
for 24 h. After this period, the solution was replaced by 70% alcohol.
Kidney tissue was embedded in paraffin and histological sections 4 pm
thick were stained with Periodic Acid Methenamine Silver (PAMS) and
Masson's Trichrome (MT). PAMS staining was used to determine
glomerular tufts areas and fractional mesangial areas evaluated in 50
glomeruli of the renal tissue biopsy in consecutive microscopic fields
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Fig. 3 Representative photomicrographs of relative interstitial area staining with Masson’s Trichrome (MT), of control (Ctrl) and diabetic
(DM) rats deficient in vitamin D (VitDD) or not (VitD) at 12 and 24 weeks after diabetes induction. Original magnification x400.

(0267 mny’). The relative interstitial area was determined by the
quantification of the fibrosis area in 30 consecutive microscopic fields
(0.267 mm?) in the renal cortex and 20 consecutive microscopic fields in
the outer medulla from tissue stained with MT. The results were expressed
as a percentage of the area marked for MT corrected for the total area of
the field [27]. The analysis corresponding to glomerular tufts, mesangial
expansion and fibrosis areas was performed by computerized morpho-
metry using the ImageJ 1.44p program (National Institute of Health, USA).
The images were acquired using the Zeiss Axio microscope coupled with
an AxioCam MRc (AxioVision Release 4.83; Zeiss, Germany).

1 Wi h : Ai.

7

Immunohistochemistry studies were performed on fragments of 4-um-
thick paraffinized renal tissue mounted on glass slides coated with
Entellan™ (Merck Millipore). Kidney sections were incubated overnight at
4°C with the following primary antibodies: anti-desmin (1:100, Dako,
Denmark), anti-vimentin (1:200, Dako, Denmark) and anti-alpha-smooth
muscle actin (a-SMA, 1:200, Dako, Denmark). Secondary antibodies were
used according to the primary antibody. The sections of renal tissue were
revealed with avidin-biotin-peroxidase complex (Vector Laboratories,
USA) and 3,3-diaminobenzidine (DAB) (Sigma, USA). The sections were
counterstained with methyl green. The evaluations of the immunoreac-
tion for desmin (50 glomeruli), vimentin (30 cortical fields), and alpha-
smooth muscle actin (a-SMA, 30 cortical and 20 outer medulla interstitial
fields) were performed by computational morphometry using Image)
1.44p program (National Institute of Health, USA) and the results
expressed as the percentage of the marked area for each of these
antibodies. The results corresponding to the desmin immunostaining
area were corrected for the corresponding glomerular tuft area and
vimentin and a-SMA for the total area of the cortex and medulla per field.
The average values per sample were calculated and expressed as a
percentage [27]
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Western blotting studies

Renal tissue homogenate was obtained from a lysis buffer (50 mM Tris-HCl,
pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 1 pg/mL aprotinin, 1 ug/
mL leupeptin, 1 mM phenylmethyisulphonyl fluoride, 1 mM sodium
orthovanadate, pH 10, 1 mM sodium pyrophosphate, 25mM sodium
fluoride, 0.001 M EDTA, pH 8) containing a cocktail of protease inhibitors
(Sigma, USA). Samples were incubated at 4°C for 15min and then
centrifuged at 2000g and protein concentrations were quantified using the
Bradford assay method (Quick Start™ Bradford 1x Dye Reagent—Bio-Rad)
[28]. Proteins were separated on a 10% polyacrylamide gel, transferred to a
nitrocellulose membrane overnight at 4°C, and blocked for 60 minutes
with 5% skim milk diluted in TBST (Tris, NaCl, EDTA/L, and Tween-20), and
incubated with the following primary antibodies: anti-VitD receptor (VDR,
1:500, Santa Cruz Biotechnology, USA), anti-ZEB2 (1:200, Santa Cruz
Biotechnology, USA) and anti-Smad2/3 (1:200, Santa Cruz Biotechnology,
USA). To assess the equivalence of protein loading and/or transfer,
membranes were also incubated with anti-GAPDH polyclonal antibody
(1:1000, Cell Signaling, USA). Finally, the membranes were washed and
incubated with polydonal anti-rabbit IgG (1:5000, Dako, Denmark) or anti-
mouse monoclonal IgG antibodies (1:5000, Dako, Denmark) conjugated to
peroxidase for 1h at room temperature. Membrane-bound antibodies
were detected using the chemiluminescent substrate Supersignal West
Pico (Pierce Chemical, Rockford, IL, USA). The intensity of the bands was
identified and quantified by densitometry using ImageJ NIH software and
the results were presented in arbitrary units.

ZEB1/2 and miR-200a/b/c gene expression

Gene expression studies were performed as described by Sene et al. [9].
Briefly, RNA total renal tissue was extracted from all groups (n = 5/each)
using Trizol reagent (Invitrogen, USA), according to the manufacturer's
guidelines, and quantity was determined using Agilent Epoch Microplate
Spectrophotometer (BioTek Instruments, USA). Reverse transcription (RT) of
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ZEB1/2 and miR-200a/b/c was performed using High Capacity RNA-to-
<DNA Master Mix (Life Technologies, USA) and TaqMan" microRNA RT kit

DM VitDD and DM VitD. Original magnification x400.

normal distribution were subjected to the Kruskal-Wallis non-parametric
test followed by Dunn mlnpb comparisons test. Student’s t test was used

combined with Stem-loop RT Primers (Life Technologies, USA), accordi
to the instructions specified by the manufacturer, respectively. Real—nme
quantitative polymerase chain reaction (RT-qPCR) was used for the analysis
of ZEB1/2 mRNAs and miR-200a/b/c expressions. The RT-qPCR for ZEB1/2
was carried out with SYBR green Master Mix (Merck, Germany) and miR-
200a/b/c was performed using TagMan™ MicroRNA Assay (Life Technolo-
gies, USA). The StepOne™ Real-Time PCR System (Applied Biosystem, USA)
was used to perform the RT-gPCR reactions. The differential expression of
mRNA for ZEB1/2 and miR-200a/b/c was compared between the DM VitD
and DM VitDD groups and their respective control groups. Normalization
of ZEB1/2 mRNA expression was performed by GAPDH and for miR-200a/
b/c by small nuclear RNA (snlNA) U6 and U87 reference genes. Relative

ion was luated by comp quantification using
StepOne"' v2.1 Software (Applied Biosystem, USA) and the 222" method.
All primer sequences used are available in Sene et al (2013) [9].

TGF-B1 measurements

The TGF-B1 levels were measured in renal tissue lysate (as described in the
section on western blotting studies) and in urine samples from the
bladder. This profibrotic cytokine was measured in both biological
materials using ELISA kits according to the manufacturer’s guidelines
(Promega, USA). Bladder urine was treated with 1 mM phenylmethylsulfo-
nyl fluoride (PMSF, Sigma, USA) after collection and stored at —70 °C until
analysis [28].

Statistical analysis

The results were expressed as mean + standard error of the mean (SEM)
and with medians and percentiles 25 and 75. The data with nommal
distribution were submitted to the Two-Way Analysis of Variance followed
by the fe i multiple test. Data that did not present a

Nutrition and Diabetes (2023)13:9

for i different exp | times. The
level of sig\bﬁcance was set at P< 0,05, Statistical analyzes were performed
using Graph Pad Prism version 9.0 for Windows (Graph Pad Software, La
Jolla, USA).

RESULTS

Experimental model characterization

The rats of Ctrl VitDD and DM VitDD groups were deficient in VitD
at baseline (Time 0), 12 and 24 weeks after diabetes induction or
citrate injection (P<0.0001) (Supplementary Fig. 1A). Fasting
blood glucose (FBG) was maintained between 300 and 350 mg/dL
in diabetic animals throughout the experimental protocol
(P<0.0001) (Supplementary Table 1). There were no statistical
differences in serum PTH levels, in Ca' and P' plasma between
the experimental groups of 12 weeks and 24 weeks (P> 0.05)
(Supplementary Fig. 1B-D). Eight weeks after diabetes induction,
was observed a gentle increase in MAP in the DM VitDD group
when compared to the Ctrl VitDD and DM VitD groups (P = 0.04)
(Supplementary Table 1). The rats of Ctrl VitDD and DM VitDD
presented a significant reduction of VDR protein expression
24 weeks after diabetes induction when compared to Ctrl VitD and
DM VitD groups (P=0.0007) (Supplementary Fig. 1E).

Kidney function

The rats of DM VitD and DM VitDD groups showed an increase in
GFR at 12 weeks after diabetes induction when compared to their
respective controls (P=0.005) (Fig. 1A). Twenty-four weeks after
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the diabetes induction, VitD deficiency contributed to the GFR
remained high in the DM VitDD group compared to CtriVitD and
DM VitD groups (interaction between diabetes and VitDD, P < 0.04)
(Fig. 1 A). A progressive increase in UAE was observed in DM VitD
and DM VItDD groups when compared with their respective
controls (P<0.05) (Supplementary Table 1). An increase in the
fractional excretion cakium (FECa") (P = 0002, P~ 0.002, respec-
tively) and phosphorus (FEP ') (P = 0.0006, P = 0.0008, respectively)
at 12 and 24 weeks after the diabetes induction in the DM VitDD
group was evidenced when compared to the Ctd VitDD and DM
VitD groups (Fig. 1B, C). At 24 weeks after the diabetes induction,
the increase in the fractional excretion of these ions was directly
influenced by VitD deficiency (interaction between diabetes and
VitDD, P = 0.002 and P = 0.0008, respectively) (Fig. 18, C).

Kidney structure

The morphometric data showed an increase in the glomerular tuft
area in DM VitD and DM VitDD groups 24 weeks after diabetes
induction compared to the respective controls (P<0.0001).
Nevertheless, this change was higher in diabetic VitD-deficient
rats than in diabetic rats with normal VitD levels (interaction
between diabetes and VitDD, P < 0.0001) (Table 1, Fig. 2). Vitamin
deficiency also led to an increase in fractional mesangial, cortical
and medullary relative tubulointerstitial areas in the DM VitDD
group when compared to the Ctrl VitDD and DM VitD groups
24 weeks after diabetes induction (interaction between diabetes
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and VitDD, P = 0.0002, P = 0.02, P < 0.0001, respectively) (Table 1,
Figs. 2, 3). No statistical differences in these changes between
the experimental groups of 12 weeks were observed (P> 0.05)
(Table 1, Figs. 2, 3).

EMT expression

The DM VitDD group showed a significant increase in desmin
immunostaining at 24 weeks after diabetes induction (P = 0.0004)
(Fig. 4) compared to rats of the Ctrl VitDD and DM VitD groups.
The same observation was made for vimentin at 12 and 24 weeks
after diabetes induction (P =0.002, P = 0.001, respectively) (Fig. 5).
Increased immunostaining for cortical a-SMA at 12 weeks after
diabetes induction was observed when compared to rats of the
Ctrl VitDD and DM VitD groups (P = 0.002) (Fig. 6). Furthermore,
VitD deficiency led to increase in the cortical and outer medulla
expression of a-SMA at 24 weeks after diabetes induction when
compared to the Ctrl VitDD and DM VitD groups (interaction
between diabetes and VitDD, P=0.004, P=003, respectively)
(Fig. 6, Supplementary Fig. 2).

ZEB1/2 and miR-200a/b/c gene expression

The DM VitDD group presented an increase in ZEB1 gene
expression at 12 weeks (P=0.04) after diabetes induction
compared to Ctrl VitDD and DM VitD groups (Fig. 7A). At 24 weeks,
VitD deficiency favored increased expression of ZEB 1 in the DM
VitDD group compared to Ctrl VitDD and DM VitD groups

Nutrition and Diabetes (2023)13:9
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(interaction between diabetes and VitDD, P=001) (Fig. 7A).
Vitamin D deficiency also led to a reduction in miR-200b gene
expression in the DM VitDD group compared to Ctrl VitDD and DM
VitD groups at 12 weeks after diabetes induction (interaction
between diabetes and VitDD, P=0.02) (Fig. 7D). No statistical
difference was observed for ZEB2 mRNA, miR-200a/c between the
experimental groups either (Fig. 78, C, E).

ZEB2 and Smad2/3 protein expression

The DM VitDD group presented an increase of ZEB2 protein
expression at 24 weeks after diabetes induction compared to Ctrl
VitDD and DM VitD groups (P=0.003) (Fig. 8A). No statistical
difference for Smad2/3 between the experimental groups was
observed (P> 0.05) (Fig. 8B).

TGF-1 levels

The tissue levels and urinary excretion TGF-B1 were higher in the
rats of the DM VitD and DM VitDD groups when compared to Ctrl
VitD and Ctrl VitDD groups (P < 0.05) (Fig. 9A, B). However, this
increase was more intense in the DM VitDD group (Fig. 9A, B) and
significantly different in urinary excretion at 12 weeks compared
to the DM VitD group (P = 0.04) (Fig. 9B).

DISCUSSION
This study evaluated the VitD deficiency influence in the progression
of DKD and the ZEB1/ZEB2 contribution in this process. Our results
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demonstrated that VitD-deficient diabetic rats have an increase in the
renal structural changes, in the transdifferentiating markers in the
different kidney cells, ZEB1/2 expressions, TGF-B1 levels, a decrease
in renal function and miR-200b downregulation compared to the
diabetic rats with normal VitD levels.

Our data demonstrated an increase in blood pressure (BP) in
VitD-deficient diabetic rats eight weeks after diabetes induction.
Clinical and experimental studies have reported an increased
prevalence of hypertension associated with VitD deficiency
[29, 30). In a previous study by our laboratory, it was
demonstrated that the increase in BP of the adult offspring of
mothers submitted to VitD deficiency during pregnancy and the
period of renal development was related to the increase in the
renin renal tissue expression and of the receptor for type 1
angiotensin Il [28]. Andersen et al. (2015) demonstrated that VitD
depletion led to increasing endogenous and human renal
expression of renin mRNA in dTGR rats (double-transgenic rats
expressing human renin and angiotensinogen) and increased
hypertension in this experimental model [29].

In the 24™ week after the diabetes induction, we observe a
reduction in VDR expression in the VitD-deficient rats. As in our
findings, Braganca et al. (2018) also showed reduced VDR
expression in VitD-deficient 5/6 nephrectomized and sham rats
[31]. Studies demonstrated that VDR-knockout mice increase the
glomerulosclerosis and tubulointerstitial fibrosis in the UUO model
[32], deteriorate renal function and tubular injury in cisplatin-
induced acute kidney injury (AKI) [33] and contribute to severe
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albuminuria, worsen of tubular injuries, an increase of inflamma-
tion and to defective autophagy in the DKD [34].

Hypovitaminosis D is frequently related to the development of
mild albuminuria [13], sustained decline in the renal function and
increase glomerular and tubular lesions in diabetic patients
[35-37]. In our study, VitD deficiency worsens changes in renal
structure and function in diabetic rats. Previous reports demon-
strated that VitD deficiency increases glomerulosclerosis and
relative interstitial area, and impairs renal function in the
progression to CKD after ischemia/reperfusion (I/R) and in the 5/
6 nephrectomized rats (31, 38]. Studies suggest that these
alterations occur due to a lower VDR modulation [39], local
overactivation of the renin angiotensin aldosterone system
[28, 32, 40] and/or secondary factors such as elevated PTH levels
in VitD deficiency [41]. However, the mechanisms by which VitD
deficiency contributes to the worsen of these changes, mainly in
DKD, should be further explored.

The EMT is an important mediator in the development and
progression of DKD [4, 5] During this fibrotic process, the renal cells
change their phenotype to myofibroblasts and start to express
mesenchymal marker-positive epithelial cells such as desmin,
vimentin and a-SMA [42]. Our data demonstrated an increase in
EMT in the VitD-deficient diabetic rats. Similar to our findings,
previous studies have also demonstrated that VitD deficiency is
related to increase expression of vimentin and a-SMA in tubular and
tubulointerstitial cells, respectively, of the rats submitted to a high-fat
diet [43] and in rats euthanized sixty days after I/R renal injury [38].
An increase in the desmin, vimentin and a-SMA expressions may
contribute to the accumulation of ECM and consequent glomerulo-
sclerosis and tubulointerstitial fibrosis considered the end common
pathway to all progressive kidney diseases and which can culminate
in ESRD [42, 44]. Despite this, the mechanisms that lead to the
accumulation of these proteins in a DKD model in VitD deficiency are
still poorly studied. In our study, we investigated the ZEB1/2
participation, an important transcriptional co-repressors related to
the EMT process. Our data demonstrated an increase in the
expression of these transcription factors. Associated with this, was
observed an increase in TGF-B1 levels and miR-200b downregulation
in VitD-deficient diabetic rats, main regulators of ZEB1/2 expression.

The relevance of both ZEB proteins is mainly due to their roles in
tumorigenesis related to cell proliferation and tumor invasion,
metastasis and resistance to chemotherapy drugs (45). ZEB1/2 bind
directly to the promoter of genes encoding epithelial proteins,
suppressing their expression while inducing the expression of
proteins with mesenchymal characteristics [7]. Several studies have
also demonstrated the importance of the ZEB1/2 signaling pathway
in renal fibrosis [6, 8, 9, 46]. Wei et al. (2014) demonstrated that
aldose reductase negatively regulates the miR-200a expression and
this was associated with the upregulation of TGF1/2 and ZEB1/2
expressions and consequent increase in fibrogenesis and EMT in
mesangial cell culture and diabetic mice [46]. Studies in renal tubular
cells culture demonstrated that overexpression of all members of
miR-200 family leds to the the reduction of ZEB1/2 and TGF-B1 gene
and protein expression at the early stage of EMT (8], and miRNA-
200b alone was able to suppress EMT induced by TGF-B1 via
reducing ZEB1/2 expression [47]. Additionally, in vitro studies
demonstrated that miR-200b overexpression decreases the prolifera-
tion, migration and metastasis in lung [48] and breast [49] cancer
cells. Taken together, these studies show that regulation of ZEB1/2 by
the miR-200 family and TGF-f plays an essential role in renal EMT. To
date, no studies were found showing the relationship between VitD
deficiency and ZEB1/2 regulation in renal diseases. Nevertheless, it
was demonstrated that VitD deficiency contributed to increasing
expression of TGF-B1 and ZEB1, which in turn, mediated EMT in
bleomycin-induced pulmonary fibrosis [50].

In conclusion, our data demonstrate that VitD deficiency
provided a favorable condition for ZEB1/2 upregulation and
miR-200b downregulation, which contributed to the EMT process
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and consequently increase in the structure and function renal
changes in diabetic rats.
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ANEXO A - Comité de ética 194/2017

UNIVERSIDADE DE SAO PAULO
FACULDADE DE MEDICINA DE RIBEIRAO PRETO %EUA(\)
COMISSAO DE ETICA NO USO DE ANIMAIS Er..:. iy o Un d Al

FMRP

Ddanos USP

CERTIFICADO

Certificamos que o Protocolo intitulado “Efeito do tratamento com Vitamina D
na evolugdo da nefropatia induzida pela administracdo de adriamicina em ratos”, registrado
com o niimero 194/2017, sob a responsabilidade da Profa. Dra. Terezila Machado Coimbra,
envolvendo a produgio, manutengéio ou utilizagio de animais pertencentes ao filo Chordata,
subfilo Vertebrata (exceto humanos) para fins de pesquisa cientifica, encontra-se de acordo com
os preceitos da Lei n® 11.794 de 8 de outubro de 2008, do Decreto n° 6.899 de 15 de julho de
2009 e com as normas editadas pelo Conselho Nacional de Controle de Experimenta¢@o Animal
(CONCEA), e foi APROVADO pela Comissdo de Etica no Uso de Animais da Faculdade de
Medicina de Ribeirdo Preto da Universidade de S&o Paulo em reunido de 30 de outubro de 2017.

Este Protocolo prevé a utilizagao de 50 ratos Wistar-Old machos pesando 200g
oriundos do Servigo de Biotério da Prefeitura do Campus de Ribeirdo Preto da Universidade de
Séo Paulo. Vigéncia da autorizagdo: 30/10/2017 a 30/06/2019.

We certify that the Protocol n* 194/2017, entitled “Effect of Vitamin D treatment on the progression of
nephropathy induced by administration of adriamycin in rats” is in accordance with the Ethical Principles in
Animal Research adopted by the National Council for the Control of Animal Experimentation (CONCEA) and was
approved by the Local Animal Ethical Committee from Ribeirdo Preto Medical School of the University of Sdo
Paulo in 09/25/2017, This protocol involves the production, maintenance or use of animals from phytum Chordata,
subphylum Vertebrata (except humans) for research purposes, and includes the use of 50 male Wistar-Old rats
weighing 200g from the Central Animal House of Ribeirao Preto Medical School, University of So Paulo. This
certificate is valid until 06/30/2019,

Ribeirdo Preto, 30 de outubro de 2017

Temasd

Prof. Dr. Fernaplfo Silva Ramalho
Presidente da fEUA-FMRP — USP

Faculdade do Medicina de Ribairéo Preto - USP - Av. Bandairantes, 3800 - Ribairio Preto - SP - Brasil -14048-900 - Tel. (16) 3315-3301 { 3315 3275 - e-mall. coun@fmm. usp br
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ANEXO B - Adendo do comité de ética

UNIVERSIDADE DE SAO PAULO

FACULDADE DE MEDICINA DE RIBEIRAO PRETO CEUAC;;, D
COMISSAO DE ETICA NO USO DE ANIMAIS FMRP-USP ' "~

- Voot mmtnt] W ssi b e | b 1 kot
¥ eV MRP

Sanon USP

DECLARACAO

Declaramos que o Adendo ao Protocolo para Uso de Animais em
Experimentagdo nimero 194/2017 sobre o projeto intitulado “Efeito do tratamento
com calcitriol (vitamina D ativada) na evolugdo da lesao renal induzida pela
administragdo de adriamicina em  ratos: mecanismos envolvidos”, sob a
responsabilidade da Profa. Dra. Terezila Machado Coimbra, esta de acordo com os
Principios Eticos em Experimentagdo Animal adotado pelo Conseltho Nacional de
Controle de Experimentagio Animal (CONCEA) ¢ foi APROVADO na data de 26 de
agosto de 2019.

We declare that the Addendum to the Protocol #° 194/2017, entitled “Effect of calcitriol (vitamin D activated)
on the evolution of adriamycin-induced renal injury in rats: involved mechanisms”, is in accordance with the
Ethical Principles in Animal Rescarch adopied by the National Council for Control of Animal Experimentation
(CONCEA) and was approved in 08/26:2019 by the Local Animal Ethical Committee from the Ribeirdio Preto
Medical School of the University of Séo Paulo.

Ribeirdo Preto. 26 de agosto de 2019

Led ) SO

Profa. Dra. Katiuchia Uzzun Sales
Coordenadora da CEUA-FMRP - USP

Facudade de Medicna de Rberdo Prato < USP - Ay Bancerantes 2900 . Rbeirdo Protwo - SP - Brasi -14045.900 - Tel (16) 33153301 / 3315 3275 - e-mal cous@imrp usp br




