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RESUMO
Dentre os mecanismos de expressao génica responsaveis por remediar danos celulares

ou induzir a apoptose, a via da proteina cinase B (PI3K/AKT), via de sinalizacdo envolvida
com os fatores NRF2 e elF2a, € uma das mais estudadas, sendo exemplo das estruturas
operacionais da biologia redox, cujos preceitos sdo essenciais para investigacdo de potenciais
alvos terapéuticos em doencas marcadas por inflamacao e estresse oxidativo, como na anemia
falciforme (AF), que possui, atualmente, como Unica estratégia medicamentosa a
hidroxicarbamida (HC), tal farmaco ndo apresentando resposta homogénea entre os pacientes.
Dessa forma, pretendeu-se investigar a influéncia do tratamento com HC em vias criticas de
adaptacdo redox em pessoas com AF, analisando expressdo génica em reticuldcitos das cinases
(PI3K e AKT) e dos fatores de transcricdo (ATF4 e NRF2), que modulam as vias de sinalizacao
propostas, bem como de alguns de seus principais genes alvo (CAT, SOD1, GPX1, GR), assim
como parametros bioquimicos modificadores da doenca. Foram utilizadas amostras de sangue
de individuos com AF, organizados em sob o uso (HC+) ou ndo (HC-) de hidroxicarbamida,
em acompanhamento clinico no Programa de Atencdo a Pessoa com Doenca Falciforme, da
Secretaria Municipal de Saude de Barreiras - BA. Os pacientes foram avaliados a partir de
questionario com critérios de inclusdo e exclusdo, com suas amostras coletadas somente ap6s
assinatura do termo de consentimento livre e esclarecido. Os dados referentes aos parametros
bioquimicos foram coletados com consulta aos prontuarios, e as amostras analisadas por RT-
gPCR, com RNA extraido de reticulécitos, apos confirmacdo do gendtipo hemoglobinico por
PCR-RFLP. Foram encontradas diferencas estatisticamente significantes nos transcritos
correspondentes a NRF2, maiores no grupo HC+, com AKT mostrando padréo de indugéo,
enquanto ATF4, SOD1 e CAT mostraram-se diminuidos para tal. Analises de VIP Score
apontaram ATF4 e NRF2 como os principais diferenciadores entre os grupos. Nosso estudo
sugere que o uso de HC resulta em uma dinamica relacdo entre as vias de sinalizagdo redox
como parte da resposta adaptativa do uso da hidroxicarbamida, com possivel associacéo deste

com producdo de HbF.

Palavras—chave: NRF2, ATF4, HbF.



ABSTRACT

Among the gene expression mechanisms responsible for remedying cellular damage or
inducing apoptosis, the protein kinase B (PI3K/AKT) pathway, a signaling pathway involved
with the factors NRF2 and elF2q, is one of the most studied, being an example of the operational
structures of redox biology, whose precepts are essential for the investigation of potential
therapeutic targets in diseases marked by inflammation and oxidative stress, such as sickle cell
anemia (SCA), which currently has hydroxycarbamide (HC) as its only medication strategy;
homogeneous response among patients. Thus, we intended to investigate the influence of HC
treatment on critical pathways of redox adaptation in people with SCA, analyzing gene
expression in reticulocytes of kinases (PI3K and AKT) and transcription factors (ATF4 and
NRF2), which modulate the proposed signaling pathways, as well as some of their main target
genes (CAT, SOD1, GPX1, GR), as well as disease-modifying biochemical parameters. Blood
samples from individuals with SCA were used, organized into those using (HC+) or not (HC-)
hydroxycarbamide, undergoing clinical monitoring in the Care Program for People with Sickle
Cell Disease, of the Municipal Health Department of Barreiras - BA. Patients were evaluated
using a questionnaire with inclusion and exclusion criteria, with their samples collected only
after signing the informed consent form. Data regarding biochemical parameters were collected
by consulting medical records, and samples were analyzed by RT-qPCR, with RNA extracted
from reticulocytes, after confirmation of the hemoglobin genotype by PCR-RFLP. Statistically
significant differences were found in the transcripts corresponding to NRF2, greater in the HC+
group, with AKT showing an induction pattern, while ATF4, SOD1 and CAT were shown to
be decreased. VIP Score analyzes pointed out ATF4 and NRF2 as the main differentiators
between the groups. Our study suggests that the use of HC results in a dynamic relationship
between redox signaling pathways as part of the adaptive response to the use of
hydroxycarbamide, with a possible association with HbF production.

keywords: NRF2, ATF4, HbF.



LISTA DE ILUSTRACOES

INTRODUCAO

Figural — Estagios de maturacéo do eritrdcito na medula 6ssea esquematizados.

Figura 2 - Esquematizacao de uma ilha eritroblastica.

Figura 3 — Hemoglobinas expressas durante o desenvolvimento humano.

Figura 4 - Modelo de looping da regido LCR com promotores génicos.

Figura 5- Atividade transcricional e mecanismo regulatorio de NRF2.

ARTICLE - Hydroxycarbamide and sickle cell anemia: paradoxical effects

related to redox mechanisms of cellular adaptation.

Figure 1 - Relative expression of the transcription’s factors and their

modulators in reticulocytes.

Figure 2 - Relative expression of essential antioxidants involved in redox

adaptation in reticulocytes.

Figure 3 - PLS-DA score plot of the two principal componentes.

14

15

16

17

22

30

31

32



LISTA DE TABELAS

ARTICLE - Hydroxycarbamide and sickle cell anemia: paradoxical effects

related to redox mechanisms of cellular adaptation

Table 1 - Descriptive data of study participants

Table 2 - Biochemical data of the study participants

Table 3 - Regression model analysis

Table S1 - Primers used in the study

27

28

32

38



AF

ARE
ATF4
Baso-E

BCL11A

BFU-E
bZip
CFU-E

DF

DNA

elF2a

EMP

ERO

GSK-3p

Hb

HbA

HBB

HbF

HC

LISTA DE ABREVIATURAS E SIGLAS

Anemia falciforme

Do inglés Antioxidante Response Element
Do inglés activating Transcription Factor 4
Do inglés basophilic erythrocytes

Do inglés B-cell lymphoma 11A

Do inglés burst-forming unit erythroid
Do inglés basic leucine zipper
Do inglés erythroid colony forming units

Doenca falciforme

Do inglés deoxyribonucleic acid

Do inglés eukaryotic translation initiation factor 2

Do inglés erytroblast macrophafe protein

Espécies reativas de oxigénio

Do inglés Glycogen synthase kinase-3 beta

Hemoglobina

Hemoglobina adulta

Gene que codifica a hemoglobina beta

Hemoglobina fetal

Hidroxicarbamida



KEAP1 Kelch-like ECH-associated protein 1

LCR Do inglés locus control region
MRNA RNA mensageiro

MYB Do inglés myeloblastosis oncogene

NADPH-  Complexo enzimatico
oxidase

NRF2 Do inglés nuclear factor erythroid 2-related factor 2
Ortho-E Do inglés orthochromatic erythrocytes
PIB Produto Interno Bruto

PKB/AKT Do inglés Protein kinase B

PKC Do inglés Protein Kinase C

Poly-E Do inglés polychromatic erythrocytes
sMaf Do inglés small Maf protein

SOX6 Do inglés SRY-box transcription factor 6

TCTH Transplante de células-tronco hematopoiéticas



H.0>

LISTA DE SIMBOLOS

Zeta

Alfa 1l

Alfa 2

Epsilon
Gama-guanina
Gama-alanina
Delta

Estrutura HbS
Célcio

Radical superdxido
Perdxido de hidrogénio

Radical hidroxil



PREFACIO

1  INTRODUCAO
1.1 Eritropoiese

1.2 llhas eritroblasticas
1.3 Switching

1.4 Hemoglobinopatias
1.5 Doenca falciforme
1.6 Hidroxicarbamida
1.7 Biologia redox

1.8 Oeste da Bahia

1.9 Justificativa

2. OBJETIVO

2.1 Objetivo geral

2.2 Objetivo especifico
ARTICLE

3. CONCLUSOES
REFERENCIAS

SUMARIO

12
13
13
14
15
18
18
20
20
22
23

24
24
24
25
39
40



PREFACIO

O trabalho aqui apresentado estd configurado no formato de manuscrito, que sera
submetido na revista internacional “Free radical Biology and Medice” sob o titulo
“Hydroxycarbamide and sickle cell anemia: paradoxical effects related to redox mechanisms of
cellular adaptation”. A revista acima referida possui fator de impacto (2023) 7,4 e
Qualis/CAPES - Ciéncias Biologicas | — Al.

Para a introducéo deste trabalho trazemos uma breve recapitulacdo sobre conceitos
chave a respeito da eritropoiese, ilhas eritroblasticas, destacando o switching, essencial para o
entendimento de hemoglobinopatias, com destaque, dentro da doenca falciforme, da anemia
falciforme. Explanando, posteriormente a respeito da terapia medicamentosa adotada para essa
patologia, a hidroxicarbamida, com conseguinte explanagdo a respeito da biologia redox.
Seguimos com objetivo geral e especificos, sendo que, material e métodos, resultados e

discuss@es, bem como conclusdes, estdo contempladas no corpo do manuscrito.
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1 INTRODUGCAO
1.1 Eritropoiese

O transporte de oxigénio dos pulmdes para os demais tecidos corporeos é realizado
por células sanguineas maduras, os eritrocitos. Tais células passam por um intricado processo
de producéo, estritamente regulado por uma variedade de fatores, como hormanios, citocinas e
fatores de crescimento, sendo esse denominado eritropoiese (TANG; WANG, 2023). De acordo
com a fase de desenvolvimento do individuo, a eritropoiese ocorre em diferentes locais, tendo
como local inicial, no desenvolvimento embrionario de mamiferos, o saco vitelinico, com
posterior mudanca para o figado fetal, antes de encontrar o seu destino final, a medula 6ssea
(SATISH K. NANDAKUMAR, 2017; TANG; WANG, 2023).

As células eritroides do saco vitelinico sdo nucleadas e de vida curta, derivadas de
células mesodérmicas formadas a partir de células epiblasticas. O inicio da eritropoiese no saco
vitelinico da-se com a interacdo das células mesodérmicas recém formadas, que adentram esse
local primario de eritropoiese, com células do endoderma, sendo que tais células migrantes,
além de iniciar seu comprometimento como progenitores eritroides, contribuem na formacao
das ilhas eritroblasticas (DZIERZAK; PHILIPSEN, 2013).

Apds a quarta semana de gestacdo, células hematopoiéticas comecam a colonizar o
figado recém-formado, que servira de sede para a hematopoiese pelo restante do Gltimo
trimestre. Neste, as células estdo em estreita associacdo com macrofagos, expelindo seu nucleo
antes de entrar na corrente sanguinea, sendo estas menores do que os derivados do saco
vitelinico. Com a entrada do segundo trimestre de desenvolvimento do concepto, comeca a
mudanca do local de eritropoiese do figado para a medula éssea, que sera palco de um complexo
processo com varios rounds de divisdo e sintese de hemoglobina (PALIS; SEGEL, 1998;
TANG; WANG, 2023).

Diferentemente do rapido comprometimento das celulas mesodérmicas migrantes no
saco vitelinico, na medula 6ssea, a linhagem para a formag&o das células eritroides adultas tem
origem em uma hierarquia mais complexa, derivando a partir de células tronco hematopoiéticas,
que podem se auto renovar, bem como gerar todos os tipos de células sanguineas e do sistema
imune. O primeiro estagio da diferenciacdo das células progenitoras comprometidas com a
linhagem eritroide é a formacdo da BFU-E, seguida da formacgéo da CFU-E, com subsequente
formacdo de pro-eritroblastos que avangam por multiplos estagios de diferenciagéo,
morfologicamente distinguiveis, englobando eritroblastos basdfilos, policromaticos,

ortocromaticos e por fim com a extrusdo do ndcleo e lancamento no sangue periférico dos
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reticuldcitos, estes Ultimos que se tornardo eritrécitos maduros. Morfologicamente ha reducdo
celular e nuclear, com acimulo de hemoglobina, todo esse processo multietapas ocorrendo em
areas especificas da medula 6ssea, denominada ilhas eritroblasticas (CAULIER; SANKARAN,
2022; DZIERZAK; PHILIPSEN, 2013; KOURY; PONKA, 2004; SATISH K.
NANDAKUMAR, 2017; TANG; WANG, 2023).

As fases decorrentes a formagdo do eritrcito humano maduro sdo esquematizadas

abaixo:

)
o ) Sangue periférico =
Primeiros estagios da maturagiio | | Q
‘./ \' Q
£ \'. c
Q /)HQH@ ®%v> “ o . a o O ’ o 0
0
HSPC BFU-E CFU-E Pro-E Bas-E Poly-E  Ortho-E  Reticulécito  Eritrdcito 0
X < cop S
Lstagios com distingdes morfoldgicas 0
0
‘ 0
r 0
M¢ddula dssca 0
-

Figural — Estagios de maturagdo do eritrécito na medula dssea esquematidos. Da esqueda para a direita séo
mostradas as células tronco hematopoiéticas, BFU-E, CFU-E, pro- eritroblastos, eritroblastos basofilos,
eritroblastos policromaticos, eritroblastos ortocromaticos, todos reresidente na medula, diferenciando-se nas ilhas
eritroblasticas. Por fim é mostrado o reticulécito, e posteriormente o eritrocito, concluindo a maturacéo das células
sanguineas. Figura adapatada de Tang & Wang, 2023.

1.2 llhas eritroblasticas

Simbolizada por um macrofago central circundado por eritroblastos em
desenvolvimento, ilhas eritroblésticas referem-se a um microambiente na medula onde o0s
percursores eritroides interagem com macréfagos, que provém sobrevivéncia e diferenciagéo,
com producdo de fatores de crescimento, citocinas, além de moléculas de adesdo. Eles séo
responsaveis também por fagocitar e expulsar nucleo, bem como organelas citoplasmaticas, dos
eritroblastos (figura 2) (TANG; WANG, 2023).
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A formacéo de eritrocitos funcionais deve-se a intima associagdo de eritrdcitos e
macrofagos, mediada por moléculas de adesdo, que também promovem interacdes
eritroblastos/eritroblastos, bem como com a matriz extracelular. Como exemplo dessas
moléculas de adesdo tém-se a EMP (erytroblast macrophafe protein), vital para proliferacéo,
maturacgdo e enucleacdo dos eritrocitos, além de outros receptores responsaveis por promover
interagBes célula-célula, como CD29, ICAM-4, VCAM-1, CD69, CD163, CD51, CD95.
Perturbacdo do arcabouco de ancoramento pode afetar a formacdo e funcdo das ilhas
eritroblasticas (CHASIS; MOHANDAS, 2008; DZIERZAK; PHILIPSEN, 2013; TANG;
WANG, 2023).

A troca dos locais de acontecimento da eritropoiese é acompanhada pela troca da
hemoglobina expressa. A primeira troca ocorrendo com a mudanca do saco vitelinico para o
figado fetal e, posteriormente, a segunda, 6 semanas apds nascimento, com eritropoiese
residindo na medula. Tal processo responde as necessidades de oxigénio durante o
desenvolvimento e é denominado switching (DIEPSTRATEN; HART, 2019).

A

Reticulécitos jovens e 45?
Nicleo exsudato C)
Enucleagéio eritroblasto ’//Cg
Eritroblasto jove /O
ritroblasto jovem ; i 5
/ ¢ &
Macrofago
Fagocitose de nicleo )%/OJ
5
Eritroblasto maduro
VCAMA
ICAM—4
[~ EMP

Figura 2 — Esquematizacdo de uma ilha eritroblastica. (A) Processo de proliferacdo e diferenciacdo em uma ilha
eritroblastica: macréfago demonstrado como a célula central com prolongamentos, em roxo, circundados de
eritroblastos em diversos estagios de diferenciacdo. De cima pra baixo: reticulécitos jovens, demonstrado sem a
presenca de nucleo; nicleo exsudado; eritroblasto passando por processo de exsudacdo de nucleo, eritroblasto
jovem (célula grande contendo nicleo central); nucleo exsudado sendo fagocitado por macréfago central;
eritroblasto maduro (célula menor com nucleo adjacente a membrana plasmatica). (B) Moléculas de interagdo
entre eritroblastos e macrdfagos. Adaptada de Diepstraten & Hartb, 2018.

1.3 Switching

Caracterizado como um processo conservado em vertebrados, neste ha a mudanca das

proteinas envolvidas no transporte de oxigénio ao longo do fluxo sanguineo, as hemoglobinas,



16

em resposta as necessidades de oxigénio durante o desenvolvimento (DIEPSTRATEN; HART,
2019). A hemoglobina é um tetrdmero composto por dois heterodimeros, um pertencente a
familia a-globina e outro a B-globina, codificados por genes organizados em clusters,
respectivamente, cromossomo 16 e 11, com organizacao fisica correlacionada com a ordem de
expressdo durante a vida (DIEPSTRATEN; HART, 2019; MILLER, 2002; WILBER,;
NIENHUIS; PERSONS, 2011). No cromossomo 16, que abriga o cluster o, tém-se,
sequencialmente, os genes que codificam para ¢, a1 e a2, enquanto a familia B € composta por
g, y©, ¥, e B (figura 3), tal cluster sendo extensivamente mais estudado (DIEPSTRATEN;
HART, 2019; MILLER, 2002).

A Cromossomo 16 - Genes o-globina

HS-40 HBZ HBA2 HBA1

Cromossomo 11 - Genes B-globina

LCR HBE1 HBG2 HBG1 HBD HBB

HbF HbA

(C282) (CAD) (aB2)

Figura 3 — Hemoglobinas expressas durante o desenvolvimento humano. (A) Disposi¢do espacial dos genes do
cluster a e . (B) Esquematizagdo estrutural das diferentes hemoglobinas formadas ao longo do desenvolvimento.
HbE — Hemoglobina embrionéria, HbF- Hemoglobina fetal e HbA — Hemoglobina adulta. Adaptada de Diepstraten
& Hartb, 2018.

Dessa forma, nos primeiros estidgios da gestacdo, a hemoglobina embrionéria
(HbE/Gowerl) é sintetizada no saco vitelinico, composta por dois heterodimeros de € e (-
globina, essa é a forma mais predominante neste estagio, entretanto, existem outras duas,
também encontradas no saco vitelinico, sendo Gower2 (a2¢2) e Portland ((2y2) (PALIS; SEGEL,
1998). Ocorre, na quinta semana, expressdo do gene da y-globina no figado fetal e

silenciamento do gene embrionario, com hemoglobina embrionaria gradativamente substituida



17

por hemoglobina fetal (HbF), a-globina e y-globina. A expressdo do gene da B-globina acontece
aproximadamente 6 semanas ap0s O nascimento, anteriormente expressa em menores
proporcdes, os niveis de y-globina diminuem, resultando na diminuicdo da HbF, e sintese da
hemoglobina adulta (HbA), a ¢ B-globina, na medula 6ssea. O decréscimo de HbF é progressivo
de forma que, com dois anos de idade, esta esteja em menor propor¢do nas células sanguineas
de pessoas saudadveis (DIEPSTRATEN; HART, 2019; JANE; CUNNINGHAM, 1996;
WILBER; NIENHUIS; PERSONS, 2011).

A regulacdo ocorre por intermédio da regido enhancer chamada LCR (locus control
region), responsavel pelo processo transcricional, com interacdo individual deste com as
sequéncias promotoras génicas, através do looping cromossdmico. LCR ativa um gene do locus
por vez, transitando entre os genes durante o switch (JANE; CUNNINGHAM, 1996; WILBER,;
NIENHUIS; PERSONS, 2011). Multiplos elementos cis reguladores e fatores de transcri¢do
influenciam a troca de HbF para HbA. Elementos como BCL11A, SOX6, KLF1, variantes
intergénicas entre HBSL1 e MY B, tem sido extensivamente estudados no intuito de estabelecer
terapias génicas que aumentem os niveis de HbF (figura 4), visto que essa pode melhorar a
severidade de hemoglobinopatias como B-thalassemia e doencgas falciforme (DAME; JUUL,
2000; SANKARAN, 2016; WILBER; NIENHUIS; PERSONS, 2011).
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Figura 4- Modelo de looping da regido LCR com promotores génicos. (A) Modelo proposto para a expressdo do
gene y-globina, e formagdo da hemoglobina fetal (HbF). (B) Organizagdo do LCR com genes B-globina para
formagdo da hemoglobina adulta (HbA), com repressores ligando-se ao promotor de y-globina. Adaptada de
Adaptada de Diepstraten & Hartb, 2018.




18

1.4 Hemoglobinopatias

Consistindo no grupo de doengas genéticas mais comuns em todo o mundo, em geral séo
herdadas de maneira autossomica recessiva, podendo ser caracterizadas ou pela diminuicéo da
sintese da hemoglobina, no caso das talassemias, ou pela mudanca estrutural da hemoglobina,
como nas doengas falciforme (MAMAS et al., 2022). A maioria dessas variantes patogénicas
ocorre nos genes que codificam os quatro polipeptidios da hemoglobina adulta (HbA), com
alteracdes em a-globina ou f-globina, sendo que, dentre essas, as de maior destaque sdo as
talassemias maior e doengas falciforme, essa ultima afetando milhdes de pessoas ao redor do
mundo, especialmente afrodescendentes, com grande variabilidade clinica (HARTEVELD et
al., 2022; KATO et al., 2018; MAMAS et al., 2022; WANG; ZENNADI, 2021).

1.5 Doenca falciforme

Doenca falciforme (DF) é um termo genérico que define um grupo de doencas
hereditarias, incluindo anemia falciforme (AF), HbSC e HbSp-talassemia, caracterizadas por
mutagdes no gene que codifica a subunidade B da hemoglobina (JAMES V NEEL, 1949). As
DF sdo caracterizadas por uma alteracdo genética da hemoglobina (Hb) causada pela mutagéo
pontual no gene da globina beta (BUNN, 1997; STEINBERG; SEBASTIANI, 2012).

O gene da hemoglobina B esta localizado no brago curto do cromossomo 11 e é
responsavel pela sintese das cadeias globinicas B que compdem a Hb adulta normal (HbA -
a2f32) (BUNN, 1986). Entretanto, a troca do vigésimo nucleotideo, no sexto codon do exon 1 do
gene, acarreta a substituicdo do acido glutdmico (com caracteristicas hidrofilicas) por uma
valina (com caracteristicas hidrofobicas) resultando na formacédo de uma proteina com estrutura
e caracteristicas bioquimicas diferentes, conhecida como HbS (a2p%2) (INGRAM, 1957;
PERUTZ, M. F.; ROSSMANN, M. G.; CULLIS, A.F.; MUIRHEAD, H.; WILL, G.; NORTH,
1960; WEATHERALL; CLEGG, 2001).

A valina, presente na cadeia da HbS, produz regibes hidrofobicas de contato no
tetrdmero desoxigenado, ligando-se a outros aminoacidos hidréfobos, como alanina,
fenilalanina e/ou leucina da molécula de HbS adjacente, que resulta na ligacdo entre esses
aminoéacidos, produzindo um polimero que se estende e preenche o eritrécito, rompendo a
arquitetura e flexibilidade eritrocitaria (FRONTICELLI; GOLD, 1976; WISHNER et al.,
1975).

A polimerizagdo da HbS é o mecanismo patogénico primario, que fornece um

ambiente deterministico para a evolucdo das manifestacfes clinicas da doenca (NOGUCHI,;
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SCHECHTER, 1981; SERJEANT, G. R.; PETCH, M. C.; SERJEANT, 1973; VEKILOV,
2007). Dessa forma, a presenca da HbS , a polimerizacdo seguida de falcizacdo alteram
drasticamente as propriedades mecanicas e reologicas das hemacias, prejudicando o fluxo
sanguineo através da microvasculatura (FRENETTE, 2002; KAUL; FABRY; NAGEL, 1989).

Sucessivo as alteracBes das propriedades mecanicas e reoldgicas, as hemécias
falciformes apresentam auto-oxidagdo instavel da Hb e altas exigéncias metabdlicas devido aos
ciclos recorrentes de polimerizacdo e despolimerizacdo da HbS que exacerbam a geracéo de
espeécies reativas de oxigénio (ERO) (BANERJEE; KUYPERS, 2004; WANG; ZENNADI,
2021). Somado a isso tém-se eritrocitos falcémicos gerando ERO enzimaticamente por
intermédio da NADPH-oxidase (GEORGE et al., 2013).

A atividade da NADPH-oxidase parece ser regulada pela proteina quinase C (PKC),
Rac GTPase e niveis de Ca’* (GEORGE et al., 2013). Dessa forma, as hemacias falciformes
geram pelo menos duas vezes mais Oze-, H2Op, radicais hidroxil (HO¢) e produtos de oxidagao
lipidica em relacéo a eritrocitos contendo Hb A (ASLAN; THORNLEY-BROWN; FREEMAN,
2000; HEBBEL et al., 1982; RICE-EVANS; OMORPHOS; BAYSAL, 1986; SHENG;
SHARIFF; HEBBEL, 1998). A capacidade antioxidante prejudicada das células falcémicas
contribui significativamente para a ruptura da homeostase metabdlica destas células,
culminando em hemélise (CHAVES et al., 2019).

Embora grandes avancos tenham sido feitos na compreensao da patologia molecular
da DF a base genética da sua heterogeneidade clinica esta muito distante de ser completamente
compreendida (HABARA; STEINBERG, 2016; MENZEL; THEIN, 2019), sendo escar¢as as
alternativas terapéuticas para essa doenca.

No Brasil, o “Protocolo Clinico e Diretrizes Terapéuticas da Doenga
Falciforme”, aprovado pela Portaria Conjunta n° 05, de 19 de fevereiro de 2018, regulamenta e
estabelece os critérios de incluséo e exclusdo, esquema de administragdo medicamentosa e de
monitoramento de toxicidade dos tratamentos disponiveis para pessoas com DF (MINISTERIO
DA SAUDE, 2018). Resumidamente, o Protocolo estabelece as diretrizes para profilaxia
antibiotica, tratamentos adjuvantes usados na prevencdo de complica¢fes e no tratamento de
intercorréncias incluem &cido folico (uso continuo), analgésicos, anti-inflamatérios e quelantes
de ferro. Define as diretrizes a respeito de tratamentos ndo medicamentosos, como regime de
transfusdo de sangue, e transplante de células-tronco hematopoiéticas (TCTH), sendo esse, 0
Unico tratamento curativo da DF; e o uso de hidroxicarbamida (HC), at¢é o momento,
considerada a Unica terapia medicamentosa eficaz da DF (ANDERSON, 2006; MINISTERIO
DA SAUDE, 2018; PLATT, 2008).
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1.6 Hidroxicarbamida

A HC (também conhecida como hidroxiureia) € um agente citostatico e, na DF, seu
principal mecanismo de acéo € a inducdo da producdo de hemoglobina fetal (HbF), que reduz
a polimerizagdo da HbS. O mecanismo exato pelo qual a HC induz a geracéo de Hb F néo é
claro, mas ha evidéncias que sugerem que a ativacdo dependente de 6xido nitrico da guanilil
ciclase soltvel em células eritroides pode estar envolvida. Além disso, a HC reduz a contagem
de leucotcitos e reticulécitos, previne a ativacdo do sistema complemento, diminui a
hipercoagulabilidade e as interacbes de adesdo celular e tem efeitos anti-inflamatdrios
imediatos independentes dos niveis de HbF (COLELLA et al., 2012; ROUMENINA et al.,
2020; WARE et al., 2017), levando a uma reduc¢éo na incidéncia de crises algicas e de sindrome
toréacica aguda, bem como a diminuicdo das taxas de hospitalizacao, de transfusdo de sangue e
de mortalidade entre pessoas com DF.

Mesmo com 0s mecanismos incitados por esse medicamento alguns individuos nao
apresentam uma resposta terapéutica eficiente, geralmente devido as limitacdes da adesdo ao
tratamento, mas também, devido a fatores fisiologicos, metabdlicos, socioeconémicos e
ambientais e, possivelmente, por razdes farmacogenémicas (HUSAIN; HARTMAN; DESAI,
2017; WALSH et al., 2014). Recentemente, estudos com pessoas com DF mostraram que, além
das variagGes genémicas no gene HBB, variantes em genes modificadores fora do HBB também
estdo significativamente associadas ao aumento dos niveis de HbF e, consequentemente, a
resposta e a tolerancia ao tratamento com HC. Estas questBes implicam diretamente na
variabilidade clinica observada entre as pessoas com DF (GRAVIA et al., 2014; MA et al.,
2007; SEBASTIANI et al., 2008).

1.7 Biologia Redox

As células eucarioticas reconhecem e processam diversos sinais de estresse para
suscitar mecanismos de expressdo génica responsaveis por remediar danos celulares ou,
alternativamente, induzir apoptose (WEK; JIANG; ANTHONY, 2006). Varias vias de
sinalizacdo convergem para maquinaria translacional para regular tais funcbes e, até o
momento, o papel da via da fosfatidilinositol-3-cinase/proteina cinase B (PI3K/AKT) na
regulacao da tradugéo esta entre os mecanismos mais bem compreendidos e estudados (ROUX;
TOPISIROVIC, 2018).

E bem conhecido que a ativagdo da via de sinalizagdo PI3K/AKT desempenha um

papel significativo na ativacdo do fator de transcricdo NRF2, a qual ¢ feita pela fosforilacao da
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glicogénio sintase cinase 38 (GSK-3p) (ZHANG et al., 2017; ZHUANG et al., 2014). Ademais,
dados recentes sugerem seu envolvimento na fosforilacdo do elF2a e, consequentemente, na
regulacao de sua cascata de sinalizacdo (ROUX; TOPISIROVIC, 2018). A fosforilacdo do elF2
reduz a sintese proteica global concomitantemente com a inducdo da traducdo de mRNAS
especificos, como aqueles que codificam o fator de ativacao transcricional 4 (ATF4) da familia
de fatores de transcrigdo do tipo ziper de leucina de regido basica (bZip). Niveis elevados de
ATF4 levam a inducdo de reguladores de transcricdo bZIP adicionais, que juntos induzem um
programa de expressdo génica importante para homeostases redox e metabdlica, e apoptose
(HARDING et al., 2000; JIANG et al., 2004; LU; HARDING; RON, 2004; VATTEM; WEK,
2004; WEK; JIANG; ANTHONY, 2006).

NRF2 desempenha papel central no controle da expressdo de enzimas de defesa
antioxidantes (ISHII et al., 2000; ITOH et al., 1997). Ele dimeriza com uma das pequenas
proteinas Maf (sMaf), formando o heterodimero NRF2-sMaf, que liga-se ao elemento de
resposta antioxidante 2 ou elemento de resposta eletrofilica (ARE) localizado nas regides
reguladores de muitos genes de enzimas citoprotetoras (ITOH et al., 1997; RUSHMORE;
MORTON; PICKETT, 1991). Desta forma, esse fator de transcri¢do ativa uma ampla gama de
processos de defesa celular, eliminando substancias nocivas. Ele também é influenciado pela
proteina KEAP1, que atua como subunidade de reconhecimento de substrato de ligase de
ubiquitina E3 atingindo-o especificamente (KOBAYASHI et al., 2004). Na auséncia de
estresse, 0 NRF2 é eficientemente ubiquitinado pela Keapl-Cul3 E3 ligase e degradado
rapidamente através da via do proteassoma, de tal forma que sua atividade celular é suprimida
constitutivamente. Por exposi¢do a estresses oxidativo ou eletrofilico, 0 KEAPL perde sua
capacidade de ubiquitinar o NRF2, permitindo seu acimulo no nucleo e ative seus genes-alvo
(figura 5) (SUZUKI; YAMAMOTO, 2017). Este tipo de regulacdo é um dos exemplos de

estruturas operacionais centrais da biologia redox (JONES; SIES, 2015).
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Figura 5- Atividade transcricional e mecanismo regulatério de NRF2. (A) Em condi¢Bes normais (eustresse)
KEAP1 se liga a NRF2 ubiquitinando-o eficientemente, por intermédio da via proteossomal. (B) Dentro de
condigdes de estresse oxidativo (distresse) KEAPL ndo se liga a NRF2, este sendo translocado para o nucleo,
formando heterodimero com proteinas SMAF e ligando ao elemento de resposta antioxidantes (ARE), incitando
um programa transcricional de importantes genes que codificam para enzimas antioxidantes. Adaptada de Zhang
et al, 2022.

Ao contrério dos codigos genético e de histonas, responsaveis pelo armazenamento e
transferéncia de informacGes, os cddigos epigenéticos e redox definem as operacdes dos
codigos genéticos e de histonas na estrutura organizacional, diferenciacdo e adaptacdo de um
organismo (JONES; SIES, 2015). Portanto, o “paradigma da biologia redox”, refere-se ao papel
desempenhado pelos antioxidantes que modulam as redes complexas que controlam a
sinalizacdo e o metabolismo celular. Este dogma central da regulacdo redox permite a
compreensdo dos mecanismos que levam ao desenvolvimento de novas estratégias terapéuticas,
potencialmente atraentes como alvo terapéutico para doengas, nas quais o estresse oxidativo e
a inflamacéo desempenham um papel importante (GROEGER; FREEMAN, 2010; LEVONEN
etal., 2014; YATES; KENSLER, 2007), como na DF.

1.8 Oeste da Bahia

Diferentemente das demais regides do estado, o Oeste da Bahia ¢ marcado por
peculiaridades econémicas, bem como caracteristicas naturais e agentes de territorializacao
responsaveis pela identidade atualmente assumida pela regidfo (REBOUCAS; BARBOSA,;
GIUDICE, 2007). Tal regido possui 35 municipios localizados a margem esquerda do Rio Sdo
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Francisco, abrangidos quase que em sua totalidade em é&reas de dominio do cerrado
(APARECIDA; OLIVEIRA, 2015), dentre esses tém-se Barreiras como polo regional em
importancia econémica (REBOUCAS; BARBOSA; GIUDICE, 2007).

Com populacdo estimada, em 2018, de 153.831 habitantes, Barreiras € o0 11° municipio
mais populoso do estado, sendo o 18° do interior da regido nordeste. Categorizada em 2007
como capital regional C na hierarquia urbana do Brasil, € importante polo agropecuario,
econdmico, turistico, educacional e médico da regido Oeste (SOBRE BARREIRAS, 2023),
com importante centro médico, Hospital do Oeste, para atendimento de alta complexidade,
situado neste municipio, atendendo toda a regido Oeste, bem como cidades do Piaui
(HOSPITAL GERAL DO OESTE, 2020). Destaca-se, além do supracitado, o centro médico de
salde Leonidia Ayres de Almeida, que abarca importantes programas de atencao a patologias
especificas como Doenca de Chagas, Tuberculose, Hanseniase e de Doenca Falciforme
(CENTRO DE SAUDE LEONIDIA AYRES DE ALMEIDA E REFERENCIA EM
ATENDIMENTO DE MEDIA COMPLEXIDADE PARA BARREIRAS E OESTE DA
BAHIA, 2017).

1.9 Justificativa

Dessa forma, considerando o supracitado, e observando a heterogeneidade clinica da
supracitada doenca, as alternativas terapéuticas escarcas no tratamento desta, bem como a
importancia da biologia redox em doencas marcadas por estresse oxidativo e inflamacao,
caracteristicas centrais na DF, pretende-se gerar conhecimentos especificos sobre importantes
mecanismos de adaptacdo redox indispensaveis para homeostase e sobrevida celular,
alavancando preceitos fundamentais para futura implementacdo de antioxidantes como
alternativas terapéuticas no tratamento de individuos com DF e ampliando a compreenséo sobre

a variabilidade fenotipica e resposta diferencial ao uso de HC em pessoas com AF.
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2. OBJETIVOS
2.1 Objetivo Geral

Investigar a influéncia do tratamento com HC em vias criticas de adaptagdo redox em
pessoas com AF, analisando expressdo génica em reticuldcitos, associando tais influéncias com

parametros bioquimicos modificadores da doenca.

2.2 Objetivos especificos
- Analisar a expressdo génica das cinases (PI3K e AKT) e dos fatores de

transcricdo (ATF4 e NRF2) que modulam as vias de sinalizagdo propostas, bem
como de seus principais genes-alvo (PRDX1, GPX1, CAT, SOD1);

- Verificar a influéncia do tratamento com HC sobre as vias de adaptacéo e
homeostase celular avaliadas;

- Investigar a contribuicdo desses mecanismos de adaptacdo redox sobre
parametros bioquimicos modificadores da doenca.
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Hydroxycarbamide and sickle cell anemia: paradoxical effects related to redox
mechanisms of cellular adaptation

llana Luize Rocha Santana®; Victoria Simdes Bernardo!: Edis Belini Junior?; Larissa Paola
Rodrigues Venancio®; Danilo Griinig Humberto da Silval?

1 Department of Biology, Universidade Estadual Paulista (UNESP), S&o Paulo, Brazil.

2 Campus de Trés Lagoas, Universidade Federal de Mato Grosso do Sul (CPTL/UFMS), Mato Grosso do Sul,
Brazil.

3 Campus Reitor Edgard Santos, Barreiras, Centro das Ciéncias Bioldgicas e da Saude, Universidade Federal do
Oeste da Bahia (UFOB), Bahia, Brazil.

Abstract:

Sickle cell anemia (SCA) is a hemolytic anemia characterized by a chronic redox imbalance. In this study,
we aimed to determine the influence of hydroxycarbamide (HC) treatment, the primary medication used
for this disease to date, on the redox mechanisms of cellular adaptation in patients with SCA. We analyzed
ten patients treated (HC") and nine not treated (HC") with the HC. We evaluated, by RT-qPCR, the
transcript levels of the transcription factor NRF2 and ATF4, their modulators (KEAP1, AKT, and PI13K),
as well as essential antioxidants involved in redox adaptation (SOD1, CAT, PRDX1, and GPX1). We also
collected data on biochemical parameters such as total leukocyte number, direct and indirect bilirubin,
lactic acid dehydrogenase (LDH), and fetal hemoglobin (HbF%) levels by analyzing the participants'
medical records. Among the results obtained, it is noteworthy that NRF2 presented increased expression
in the HC* group but reduced ATF4, CAT, and SOD1 mRNA levels. Multivariate statistical analysis
ranked NRF2 and ATF4 as the markers that most characterized the groups studied. Therefore, taking
together our results and the literature, we suggest that HC use results in a dynamic relationship between
the redox signaling pathways of the investigated transcription factors triggered as part of an adaptive
response to this medication, possibly associated with their involvement in Hb F production.

Keywords: hemoglobinopathies, redox homeostasis, antioxidants, transcript levels, HbF,
NRF2, ATF4.

1. Introduction

Sickle cell anemia (SCA) is a hemolytic anemia characterized by a punctual mutation
(HBB:c.20A>T; rs334) in homozygosis that produces the hemoglobin S (HbS) [1-4]. The HbS
is responsible for most of the reactive oxygen species (ROS) generated in these cells
(approximately double the amount compared to the red blood cells), causing extensive oxidative
damage [5,6]. Despite its well-defined molecular characterization, SCA presents many
complications, such as chronic inflammation and oxidative stress [7], resulting in a clinical
heterogeneity that is not fully understood [8-11]. Thus, redox homeostasis disruption forms an
essential part of the complex pathology of this disease, with signs of oxidative stress observed
in various tissues [7]. Therefore, highlighting the importance of redox biology in SCA and
emphasizing that studies that aim to understand this disease's redox signaling network are
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crucial [12-14]. In this scenario, nuclear factor erythroid 2-related factor 2 (NRF2) is one of
the central players controlling the oxidative stress response [15].

Under oxidative stress, the NRF2 translocates to the nucleus and initiates the
transcription of numerous antioxidant genes with the Antioxidant Response Element (ARE)
promoter, such as superoxide dismutase 1 (SOD1), catalase (CAT), glutathione peroxidase 1
(GPX1), peroxiredoxins 1 (PRDX1) [16,17]. Under physiological conditions, NRF2 is
degraded through the ubiquitin-proteasome pathway, a mechanism triggered by the KEAP1
(Kelch-like ECH-associated protein 1), an oxidative stress sensor [18]. Unlike what we
observed for KEAPL, other elements, such as proteins protein kinase (PKB/AKT) and
phosphoinositide 3-kinase (PI3K), stabilize NRF2 and, consequently, suppress NRF2'
degradation [15,18]. Therefore, as a master regulator of the antioxidant processes, the
NRF2/ARE signaling pathway is protective in multiple diseases with redox imbalance
conditions, such as SCA [19].

Unfortunately, few disease-modifying agents that target the underlying pathophysiology of
SCA exist. And even fewer are approved for use. The first Food and Drug Administration
(FDA)-approved drug (and still the primary medication used to date) was Hydroxycarbamide
(HC), a compound that decreases intracellular HbS polymerization [20] . This oral drug has
been shown to have many other beneficial effects for treating SCA, including improvement of
sickle cell metabolism, reducing inflammation and oxidative stress [21,22]. However, despite
decades of study, HC's action mechanism still needs to be fully understood to explain the
different patients' responses to its use, which fascinates scientists to this day [23].

Recently, Santana et al. (2020) provided evidence that HC directly neutralizes free radicals
and stimulates the production of antioxidant genes via activating the NRF2 signaling pathway,
using human peripheral blood mononuclear cells (PBMC) and human umbilical vein
endothelial cells (HUVEC) [24]. In addition, Huang et al. (2020) identified transcription factor
Activating transcription factor 4 (ATF4), a known HRI-regulated protein, as a novel gamma
(y)-globin regulator. ATF4 directly stimulates the transcription of BCL11A, a repressor of y-
globin transcription, by binding to its enhancer and fostering enhancer-promoter contacts [25].
Furthermore, gene expression analysis of patients with SCA during vaso-occlusive crises and
in a steady state, compared with age-matched healthy patients, highlights both NFR2 and ATF4
differential expressions, indicating they are possible candidates involved in the severity of this
pathology [26].Thus, observing the beneficial effects of HC in the treatment of individuals with
SCA and viewing the scarce knowledge involving its influence on redox homeostasis, this study
aimed to determine the influence of HC treatment on critical pathways of redox adaptation in
patients with SCA and their association with biochemical disease modifiers and gene expression
on reticulocytes.

2. Material and methods

2.1 Biological Samples

Blood samples (4mL) were collected through venipuncture in EDTA tubes from SCA
patients, aged between 18-40 years old, enrolled in the Sickle Cell Disease Program in
Barreiras, Bahia, Brazil, located at the Leonidia Ayres de Almeida health center. According to
Brazilian Regulations, the Data Safety Monitoring Board (DSMB) approved this study (CAAE
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n® 29075620.6.0000.5026). After giving their informed consent, all patients answered a
questionnaire to screen them according to the following exclusion criteria: transfusion in the
last 120 days, pregnancy and bone marrow transplant, and presenting pain on the collection
day. Individuals were grouped according to HC use (n=10) or not (n=9). The use of other
medications, the history of pain crises in the collection year, and the number of transfusions
performed throughout life were investigated (Table 1). After consulting the corresponding
medical records, we obtained patients’ information on biochemical parameters (Table 2).

Table 1. Descriptive data of study participants

Characteristics HC* (N=10) HC- (N=9)
Age (Years) 26.8+7.17 21+3.24
Gender

Female 6 5

Male 4 4

Transfusion history

0-10 5 7

11-20 0 0

21-30 4 1

31-40 1 1

>40 0 0

Clinical history

Number of pain crises in
the last year

0-2 9 6
3-5
>5 0

Number of infections in
the last year

0-2 10
3-5
>5
Number of
hospitalizations in the last
year

0-2 10 9
3-5 0 0
>5 0 0

Mean dose mg/kg per 20 mg/kg -

day
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For age, the mean value with standard deviation is indicated. HC* refers to the group using the medication and the
HC group without it. Mean dose of hydroxyurea obtained with the mean dose to the group.

Table 2. Biochemical data of the study participants
Characteristics HC* HC- P value
Total leukocytes ~ 75504£5.08 12750+3.48  0.07
Indirect bilirubin ~ 1.97£2.23 3.30+2.07 0.16
Direct bilirubin 0.65+0.20  0.90+1.50 0.36
Hb F% 13.50+£7.69  10.55+8.67 0.76
LDH 728+3.48 916+5.05 0.79

Biochemical parameters were collected from patient records. The indicated values refer to the mean and standard
deviation, analyzed individually by group, using hydroxycarbamide (HC*) and without the medication (HC"). Hb
F% percentage of fetal hemoglobin. LDH lactate dehydrogenase. The P-value was obtained from the General
Linear Model (GLM) analysis.

2.2 Hemoglobin phenotypes and genotypes

The Hb fraction quantification was obtained by high-performance liquid
chromatography (HPLC) using Ultra 2 Resolution equipment (Trinity Biotech), according to
the manufacturer's instructions. We confirmed the Hb genotype in all patient samples by
molecular analysis using PCR-RFLP. The PCR-RFLP reactions were ostandardized in a
SimpliAmp gradient thermocycler (Applied Biosystems). From this, the defined reaction
conditions were: 10X buffer; 1.25 mM dNTP; 25 mM MgCI2; 10 uM of HBS1 primer (5' GGC
AGA GCC ATC TAT TGC TTA 3), 10 uM of HBS2 primer (5' ACC TTA GGG TTG CCC
ATA AC 3"; 5 U of Platinum Taq (Invitrogen™) and ~100 ng of total genomic DNA, in a final
reaction volume of 24 uL. The amplicon obtained was digested by FastDdel® (Applied
Biosystems-Thermo Fisher Scientific, Waltham, Massachusetts, USA) restriction
endonuclease, according to the manufacturer's instructions.

2.3 Sample transport and preparation

The samples were stored in an iced styrofoam box and sent to the Laboratory of
Infectious Agents and Vectors (LAIVE) at the Federal University of West Bahia (UFOB),
Campus Rector Edgard Santos, for reticulocytes separation following the protocol used in The
New York Blood Center. The obtained pellet was immersed in 1mL of RNA Latter solution.
The RNA was extracted following the TRI reagent™ protocol (Sigma-Aldrich), according to
the manufacturer’s instructions, and its concentration was measured by spectrophotometry using
Varioskan™ multimode microplate reader (Thermo Scientific).

2.4 Real-time PCR

The cDNA synthesis was carried out through the reverse transcription reaction, High-
Capacity cDNA Reverse Transcription Kits (Applied Biosystems-Thermo Fisher Scientific,
Waltham, Massachusetts, USA), according to the manufacturer's instructions. The primers for
the genes that encode the transcription factors NRF2 and ATF4, their modulators (KEAPL,
AKT, and PI3K), as well as the antioxidants (SOD1, CAT, PRDX1, and GPX1), were obtained
from the literature (Table S1 — Supplementary material). The samples were amplified in
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triplicate with real-time amplification detection performed in the QuantStudio 5 equipment
(Applied Biosystems), using the PowerUp™ SYBR™ Green PCR Master Mix reagent
(Applied Biosystems). Except for SOD1, which had a temperature of 62°C for 1 min, all other
analyzed genes followed a standard melting temperature of 60°C for 1 min. The fold change in
mMRNA levels was calculated using 2722¢T, and all the values were normalized to the expression
of the beta-actin (BAC) gene [25].

2.5 Statistical analysis

We performed the analysis using Statistica 8.0 software (StatSoft Inc., Tulsa, OK,
USA). Graphics used GraphPad Prisma version 5.01 for Windows (GraphPad Software, La
Jolla, CA, USA). For the univariate analysis, we assessed data normality using Normal
Probability Plots of Residuals. Thus, all data were logarithmically transformed (log10). We used
General Linear Models (GLM) for comparison analysis because these approaches generalize to
unbalanced designs with more factors, including crossed and nested, and combinations of
categorical and continuous variables. Thus, we have established the groups (HC- and HC+) as
predictors with adjustment for gender, age at investigation, and HC dose, and the transcript
levels and biochemical parameters as dependent variables.

We also performed a multivariate analysis on all markers studied (mRNA levels and
clinical follow-up) based on a supervised clustering/classification method, Partial Least Squares
Discriminant ~ Analysis  (PLS-DA), wusing the MetaboAnalyst 3.0 software
(http://www.metaboanalyst.ca) [26], essentially as previously described. As a multivariate
alternative for analyzing the degree of association, the General Regression Model (GRM)
analysis with multiple regression design was adopted, implementing more about the
relationship between several independent variables and a dependent one. This analysis also
provided the partial correlation, that is, the individual contribution of a certain independent
variable from the set on the dependent one, after the control for all the other variables in the
equation. The results were expressed as mean + 95% of the confidence intervals of their values,
and p<0.05 was considered statistically significant.

3. Results

3.1 Gene expression of the redox signaling pathways

We found statistically significant reduced expression of ATF4, SOD1, and CAT
transcripts of 2, ~1.3, and ~1.5-fold, respectively, in the HC" group compared with HC".
Additionally, mRNA levels of NRF2 increased by ~3-fold in the HC* group compared to HC".
Although not statistically significant, a similar pattern of increased expression was observed for
AKT in the HC* group (figure 1).


http://www.metaboanalyst.ca/
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Figure 1. Relative expression of the transcription’s factors and their modulators in reticulocytes. Results were
generated with General Linear Model (GLM) analysis. P <0.05 was considered to be statistically significant (in bold)
(*). (A) Activating Transcription Factor 4 (ATF4). (B) NF-E2 p45-related factor 2 (NRF2). (C) Protein kinase B
(PKB/AKT). (D) Kelch-like ECH-associated protein 1 (KEAP1). (E). Phosphoinositide-3-kinase (PI3K).

Therefore, it is possible to assume that the NRF2 pathway is active in the HC+ group.
However, the absence of an increase in the transcripts of the antioxidant enzymes evaluated
suggests that its main role did not involve ROS resistance in retyculocytes (figure 2).
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Figure 2. Relative expression of essential antioxidants involved in redox adaptation in reticulocytes. Results
were generated with General Linear Model (GLM) analysis. P <0.05 was considered to be statistically significant
(in bold) (*). (A). Superoxide dismutase 1 (SOD1). (B). Catalase (CAT) (C). Glutathione Peroxidase 1 (GPX1).
(D). Peroxyredoxin-1 (PRDX1).

3.2 Metabolic separation of sickle cells with or without HC use

We investigated if the dataset of evaluated biomarkers would be able to distinguish HC™ and
HC™ groups, according to their data distribution, through a multivariate statistical analysis. We
found a differentiation pattern between groups, but not as characteristic in the PLS-DA score
plot, primarily because of the high variability among the patients under HC treatment (Figure
3-A). In addition, the analysis identified the most critical features ranked based on the projection
of important variables (VIP) scores that contributed to validating the biomarkers evaluated
(Figure 3-B). Despite the low score values, the transcription factor levels were the variable that
most depicted the studied groups, with statistical differences in the univariate analysis.
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Figure 3. PLS-DA score plot of the two principal components. (A) Shaded elliptical areas indicate regions with
95% confidence. Green dots indicate patients using HC (HC™), and red dots indicate patients not using the drug
(HC) (B). VIP Score ranked the most important features. On the y-axis, left corner of the image, all the variables
studied for the groups (HC* vs HC") are shown. The analyzed genes, Activating Transcription Factor 4 (ATF4),
Protein kinase B (PKB/AKT), Phosphoinositide-3-kinase PI3K., NF-E2 p45-related factor 2 (NRF2), Kelch-like
ECH-associated protein 1 (KEAP1), Peroxyredoxin-1 (PRDX1), Superoxide dismutase 1 (SOD1), Glutathione
Peroxidase 1 (GPX) Catalase (CAT); biochemical parameters, fetal hemoglobin (HbF), leucocytes, direct bilirubin
(DIR. BIL), lactate dehydrogenase (LDH), indirect bilirubin (IND. BIL). The miniheatmap on the right represents

concentration variations within groups. Source: Metaboanalyst.

3.3 Association degree results

We investigated any relationship between the mMRNA levels obtained to transcriptions
factors and their modulators, the antioxidants and the HbF levels to expand the understanding
of the redox homeostasis contribution to the SCA phenotypic variability. We verified whether
the data distribution of the transcript factors and their modulators (as independent variables)
showed any effect on the expression of their downstream target-genes, and on HbF levels. We
did not find any association (Table 3).

Table 3. Regression model analysis

Dependent Variable Independent Variable
ATF4/NRF2/AKT/KEAP1/PI3
K
Hb F% R=0.85; p=0.35
CAT R=0.74;p=0.24
SOD1 R=0.72; p=0.22
GPX1 R=0.83; p=0.05
PRDX1 R=0.49; p=0.74
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Multiple associations between the mRNA levels obtained to transcriptions factors their modulators, the
antioxidants and the HbF analyzed in the study. Dependent variables being the antioxidants and HbF and
independent ones such transcriptions factors and their modulators analyzed in the study. R: multiple association
coefficient (General Regression Model analysis, multiple regression design); p <0.05 was considered to be

statistically significant.

4. Discussion

HC was the first and only FDA-approved drug for treating SCD from 1998 to 2017
[27]. Notably, while other drugs have been studied over the past decades, HC is still considered
the pillar for the pharmacological treatment of SCD due to its multifactorial protection
mechanism for sickle RBC alterations. HC is a compound with a multifactorial mechanism of
action whose beneficial effects are associated with several underlying pathophysiology of this
disease, including an increase in the cell's antioxidant capacity [28-33]. To our knowledge, our
study is the first to use reticulocytes to establish the transcript levels to investigate the impacts
of HC use on the gene expression of critical cellular redox pathway members. Therefore, the
present study aimed to establish how HC interferes with redox mechanisms indispensable for
cellular homeostasis.

As previously mentioned, NRF2 is a transcription factor central to redox
homeostasis [15,18,34,35], whose expression was increased in the HC* group. A similar
induction pattern was reported for AKT, known to be responsible for maintaining the integrity
of NRF2 [18], indicating greater activation of the NRF2/ARE redox pathway in this group.
However, unlike expected, a greater expression of the evaluated antioxidants genes downstream
of this transcription factor was not observed in the HC* group, especially considering studies
like Santana et al., 2020, which observed induction of the expression of antioxidant genes
induced by the NRF2 pathway in PBMCs and HUVECs cells [24].

We found a decrease in the antioxidant transcripts levels SOD and CAT in the HC*
group. Previously reported studies associated greater expression and even enzyme activity
(mainly for SOD) in SCD with HC use [36-38], like some studies in cellular models showed
an increase in the enzymatic activity of SOD1 [24],with authors such as Silva et al. (2011)
reporting a decrease of ~30% in CAT activity in the group without HC, in vivo [32]. Therefore,
we demonstrated the high levels of NRF2 transcripts in the HC* group were not associated with
a redox response, as sees in table 3 where transcription factors and their modulators did not
influence the antioxidants studied. We hypothesize that the high NRF2 levels is associated with
Hb F induction, even though our correlation analyzes didn’t show significant results, this could
be justified by other factors that affect HbF expression and were not analyzed in the present
study, since this correlation is well defended in the literature.

It is important to highlight that in the present study, we evaluated gene expression
in reticulocytes, which are immature forms of RBC in the final stages of differentiation (i.e.,
cells without the presence of the nucleus) [39], from SCA patients while the work by Santana
et al. was with PBMCs, from healthy volunteers (HbAA genotype), and HUVECs, which still
have a nucleus as well as cytoplasmic organelles [35,36], which may be one of the reasons for
the different expression pattern found. In addition to those mentioned earlier, it is important to
consider that, according to Kleiveland (2015), standard in vivo conditions to which cells are
exposed differ from in vitro experiments with PBMC cell cultures [40].
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NRF2 has been reported as an inducer of HbF, as it contains a consensus sequence
with the locus control region of the B-globin cluster. Thus, it forms a heterodimer with the
sMAF protein and mediates looping between LCR and y-globin promoters, activating
transcription [41,42]. Such action is not independent, requiring specific posttranscriptional
modifications of NRF2 that do not occur without the presence of KEAP1, such as the interaction
of NRF2 with the MAPK pathway [17], a pathway widely involved in the transmission of redox
signaling [43]. Thus, considering the role of NRF2 related to the increase in HbF [17,42] and
its activation through signaling cascades such as p38 MAPK [43] also known for increasing the
expression of HbF [44,45], we hypothesize that the response to HC use would be associated
with NRF2, preventing interaction with KEAP1 and favoring your translocation to nucleus.

Another exciting result is decreased ATF4 transcription factor expression within the
HC™ group. This transcription factor is widely documented as a central player in the stress
response and regulation of other physiological and pathological processes [46]. It has also been
demonstrated to be necessary for erythroid differentiation through the HRI-elF2-ATF4 pathway
by regulating the translation of globins and preventing excessive synthesis [47]. Recent studies
have correlated ATF4 and BCL11A, a known repressor of y-globin genes. Thus, ATF4
promotes the transcription of BCL11A and leads to HbF repression [25], acting opposite to
NRF2. Our results, highlighted by the VIP score analysis, showed that ATF4 strongly correlated
with the HC" group, while NRF2 was strongly associated with the HC* group, corroborating the
previously mentioned studies. Therefore, we suggest that one of the main action mechanisms
of HC could involve central redox pathways.

5. Conclusion

Our study suggests that HC use results in a dynamic relationship between the redox
signaling pathways of the investigated transcription factors triggered as part of an adaptive
response to this medication, possibly associated with its role in HbF production. Other factors
that influence HbF were not analyzed.
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SUPPLEMENTARY MATERIAL

Genes Forward
primer

BAC 5’-
CAAGCAGG
AGTATGACG
AGTC-3’

PRDX1 5'-
TGTAAATGA
CCTCCCTGT
TGG-3'

CAT 5'-
TGAATGAGG
AACAGAGG
AAACG-3'

SOD1 5'-
GGGCAAAG
GTGGAAATG
AAG-3'

GPX1 5'-
TTCCAGACC
ATTGACATC
GAG-3'

ATF4 5'-
CACTAGGTA
CCGCCAGAA
GA-3’

NRF2 5’-
GCTACGTGA
TGAAGATGG
AAAAC -3’

KEAP1 5’-
AACAGAGA
CGTGGACTT
TCG-3’

AKT 5'-
TCTATGGCG
CTGAGATTG
TG-3'

PI3K 5'-
GGTTGTCTG
TCAATCGGT
GACTGT-3'

38

Reverse primer

5’-
GCCATGCCAATC
TCATCTTG-3

5
TATCACTGCCAG
GTTTCCAG-3'

5
GTACTTGTCCAG
AAGAGCCTG-3'

5
CAGCTAGCAGGA
TAACAGATGAG-
3

5
CACCCTCATAGA
TGAAAACCCC-3'

S'=
AATCCGCCCTCT
CTTTTAGA-3

5.
AGCTCAGAAAAG
GTCAAATCCTC-
3

5.
GTGTCTGTATCT
GGGTCGTAAC-3’

5.
TCTATGGCGCTG
AGATTGTG-3'

5
GAACTGCAGTGC
ACCTTTCAAGC-3'

Information genes analyzed in the study. Sequences for the forward and reverse primers of the genes used. Control
endogenous beta-actin (BAC), transcription factors: Activating Transcription Factor 4 (ATF4), NF-E2 p45-related
factor 2 (NRF2). Expression modulators of NRF2, Kelch-like ECH-associated protein 1 (KEAP1), protein kinase
B (PKB/AKT) and phosphoinositide-3-kinase PI3K, antioxidants superoxide dismutase 1 (SOD1), catalase (CAT),
peroxyredoxin-1 (PRDX1) e Glutathione Peroxidase 1 (GPX1).
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CONCLUSAO

Houve maiores expressdes do fator de transcricdo NRF2, com padrdo de inducéo para
AKT, com menores expressdes de ATF4, SOD1 e CAT, no grupo HC+;

Uso de HC mostrou influencia na via NRF2;

N&o foi vista influéncia das vias de adaptacdo redox sob os parametros bioquimicos.
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