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A ciéncia nunca resolve um problema sem criar pelo menos outros dez.

(George Bernard Shaw)



RESUMO

A anemia falciforme (AF) € caracterizada por um curso clinico altamente varidvel. Essa
variabilidade reflete a complexidade de sua fisiopatologia que ¢é afetada por diversos
moduladores, como polimorfismos genéticos associados a eventos clinicos e a resposta ao
tratamento com hidroxiureia (HU), assim como pelo quadro inflamatdrio e estresse oxidativo
cronico. O presente estudo objetivou avaliar a influéncia de marcadores genéticos sobre o
perfil oxidativo de pessoas com AF, e a sua relacio com uso de HU e manifestacdes
fenotipicas; e, verificar possiveis efeitos antioxidantes diretos e indiretos da melatonina
(MEL), usando suspensdo de células falciformes como modelo experimental. Apos
consentimento informado, os grupos estudados foram divididos de acordo com o tipo de
experimentagdo a qual foram submetidos. Andlises in vivo: composto por 95 individuos com
AF, independente do género, com idade variando de 10 a 59 anos, em acompanhamento
clinico regular no Hemocentro do Rio de Janeiro (RJ). Todos os pacientes estudados estavam
sob tratamento profilatico com &cido folico (5 mg/dia), enquanto 41 (43,2%) deles estavam
sob uso de HU (dose média: 22 mg/Kg/dia) por pelo menos 90 dias. Para a confirmagao
diagnostica da AF, foram utilizados métodos citoldgicos, eletroforéticos, cromatograficos e
moleculares. Foram investigados polimorfismos genéticos nos genes de enzimas envolvidas
em diferentes vias metabdlicas: metilenotetrahidrofolato redutase (MTHFR; c¢.677C>T,
rs1801133), cistationina beta-sintase (CBS; 68ins844) e adenosina deaminase (ADA;
¢.22G>A; 1s73598374). Os parametros bioquimicos foram avaliados por meio de métodos
espectrofotométricos [atividade das enzimas catalase e glutationa S-transferase, glutationa
peroxidase e glutationa redutase] e cromatograficos [niveis de malondialdeido (MDA) e
glutationa reduzida (GSH)]. Andlises ex vivo: Dez pessoas, previamente diagnosticadas com
AF, foram incluidas no estudo - seis mulheres (60%) e quatro homens (40%), dentro da faixa
etaria de 20 a 40 anos. Todos os participantes estavam sob o mesmo protocolo de
acompanhamento clinico no Hemocentro de Sido José do Rio Preto (SP). Eritrdcitos
falciformes foram suspensos em solugdo salina tamponada contendo fosfato em pH 7.4,
compondo grupo controle externo. Da mesma forma, outras aliquotas de cada paciente foram
suspensas e incubadas a 37°C, na auséncia (grupo controle experimental ou na presenca de N-
acetilcisteina  (NAC), MEL e combinagdo de ambos compostos (NAC+MEL), em
concentragdes de 100 pM, 100 nM e 100 pM, por uma hora (grupos tratados). Os marcadores
bioquimicos foram avaliados de acordo com o exposto para as andlises in vivo, porém com
algumas medidas espectofotométricas adicionais - grau de hemolise e atividade das enzimas
glicose-6-fosfato desidrogenase (G6PDH) e superdxido dismutase (SOD). Dentre os 95
pacientes avaliados in vivo, 66 (69,5%) eram homozigotos selvagem para MTHFR, 27
(28,4%) heterozigotos e dois (2,1%) homozigotos mutante, com freqiiéncias alélicas de 0,84
para o alelo ancestral (677C) e 0,16 para o mutante (677T). A frequéncia alélica obtida para
CBS: 0,85 para o alelo ancestral (A) e 0,15 para a inser¢do (I). Além disso, identificou-se a
seguinte distribuicdo genotipica para o gene CBS - 69 (72,6%) homozigotos selvagem, 23
(24,2%) heterozigotos e trés (3,2%) homozigotos mutantes. A prevaléncia da coeranca de
ambas mutacdes em pelo menos um cromossomo foi de 8,4%. Enquanto que para o gene
ADA, ndo foram encontrados homozigotos mutantes: 80 (84,2%) homozigotos selvagem e 15
(15,8%) heterozigotos; com frequéncia de 0,92 para o alelo ancestral (22G) e de 0,08 para o
alelo mutante (22A). Foram constatados efeitos farmacologicos da HU esperados, como a
reducdo dos niveis de peroxidagdo lipidica, aumento do contetido de hemoglobina fetal (HbF),
e melhoria de marcadores hematoldgicos e hemoliticos, independente da presenca de qualquer
um dos polimorfismos avaliados. A presenga do polimorfismo (677C>T) no gene MTHFR



ndo influenciou a resposta ao tratamento com HU ou os marcadores de estresse oxidativo.
Porém, os pacientes com a mutagdo (677C>T) em pelo menos um cromossomo apresentaram
os valores mais baixos de HbF (p < 0,01). Para a inser¢do no gene CBS, encontramos
atividades elevadas da lactato desidrogenase (p < 0,01), aspartato transaminase (p = 0,01) e
gama-glutamil transferase (p = 0,04) nos pacientes com a inser¢cdo em pelo menos um
cromossomo ¢ em uso de HU. Além disso, observou-se um efeito sinérgico de ambos os
polimorfismos na redu¢@o dos niveis de GSH, independentemente do tratamento com HU (p =
0,04). A presenca da mutagdo no gene ADA ndo exerceu qualquer tipo de influéncia sobre os
marcadores de estresse oxidativo avaliados. J4 os resultados ex vivo mostraram que o periodo
de incubacdo foi capaz de causar um aumento de cerca de 64% no grau de hemolise (p < 0,01)
dos eritrdcitos falcémicos, bem como praticamente dobrou os niveis de peroxidacao lipidica
(p < 0,01). No entanto, quase todos os tratamentos antioxidantes testados foram capazes de
neutralizar este efeito do periodo de incubagdo, observado sobre niveis de MDA. Dentre os
marcadores antioxidantes avaliados, observou-se um efeito modulador do tratamento
combinado (NAC+MEL) sobre as atividades da GPx e da SOD (p <0,01), culminando na
diminui¢do de aproximadamente 25% em suas atividades. Além disso, verificou-se um efeito
antioxidante dose-dependente para MEL sobre os valores de MDA (r = - 0,29; p = 0,03) e
para os tratamentos combinados (NAC+MEL) também sobre os niveis de MDA (r=-0,37; p
=0,01) e sobre a atividade da SOD (r = - 0,54; p <0,01). De forma geral, os resultados obtidos
para os polimorfismos nos genes MTHFR e CBS indicam que seu envolvimento na
fisiopatologia da AF, provavelmente, ¢ mais complexo do que o explorado até o momento. Ja
a presenca do polimorfismo no gene ADA (22 G> A), aparentemente, ndo desempenha papel
significativo na alteracdo do metabolismo redox de eritrdcitos falciformes. Em contrapartida,
os resultados da experimentacdo ex vivo contribuem para a utilizagdo da MEL,
individualmente ou em combina¢ao com a NAC, no tratamento da anemia falciforme.

Palavras-chave: hemoglobina S, hidroxiureia, metilenotetrahidrofolato redutase, cistationina

beta-sintase, adenosina deaminase, N-acetilcisteina, melatonina



ABSTRACT

Sickle cell anemia (SCA) is characterized by a clinical course highly variable. This feature
reflects the complex pathophysiology of SCA which can be affected by a number of modifying
factors including polymorphisms associated with clinical aspects and with hydroxyurea (HU)
treatment response, and chronic inflammation and oxidative states. Thus, this study aimed to
evaluate the influence of genetic markers on oxidative profile of SCA patients. We also
correlated these results with hydroxyurea (HU) therapy and with phenotypic manifestations.
Moreover we verified a potential direct and indirect antioxidant effects of melatonin (MEL),
using a sickle cell suspension as experimental model. After informed consent, the studied
groups were divided according to the experimentation manner. Analysis in vivo: the group
was composed by 95 SCA patients, regardless gender, and age ranging from 10 - 59 years
old. All subjects were regularly in clinical follow-up in the Blood Center of Rio de Janeiro
(RJ) and received a prophylactic treatment with folic acid of 5 mg/day since the SCA
diagnosis, while 41 (43,2%) of them were under HU treatment (average dose: 22 mg/Kg/day)
for at least 90 days. In order to confirm homozygosity of HBB*S gene we used cytological,
electrophoretic, chromatographic and molecular methods. We investigated genetic
polymorphisms in the genes of enzymes involved in different metabolic pathways:
methylenetetrahydrofolate reductase (MTHFR; c.677C>T; rsi1801133), cystathionine beta-
synthase (CBS; 68ins844) and adenosine deaminase (ADA; c.22G>A; rs73598374).
Biochemical parameters were measured using spectrophotometric [catalase, glutathione S-
transferase, glutathione peroxidase, glutathione reductase activities] and chromatographic
methods [glutathione (GSH) and malondialdehyde (MDA) levels]. Analysis ex vivo: Ten
previously diagnosed SCA patients were included in the study - six (60%) women and four
(40%) men, within the age range of 20-40 years. All subjects enrolled were under the same
clinical follow-up protocol at the Blood Center of Sdo José do Rio Preto (SP). Sickle
erythrocytes were suspended in phosphate-buffered saline, pH 7.4, composing external
control group. They were also suspended and incubated at 37°C either in absence
(experimental control group) or presence of N-acetylcysteine (NAC), MEL and their
combination (NAC+MEL) at concentrations of 100 pM, 100 nM and 100 uM for one hour
(treatment groups). Biochemical markers were evaluated in the same manner that in vivo
ones, but with some additional spectrophotometric measures - hemolysis degree and activities
of the enzymes glucose-6-phosphate dehydrogenase (G6PDH) and superoxide dismutase
(SOD). Among the 95 SCA patients evaluated in vivo, we found 66 (69.5%) wild homozygous
for MTHFR, 27 (28.4%) heterozygous and two (2.1%) mutant homozygous, leading to an
allelic frequency of 0.84 for the ancestral allele (677C) and 0.16 for the mutant one (6777).
The allelic frequency obtained for CBS mutation was very similar to the MTHFR one: 0.85
for the ancestral allele (A) and 0.15 for the insertion (I). Moreover, we identified the
following genotyping distribution for CBS gene - 69 (72.6%) ancestral homozygous, 23
(24.2%) heterozygous and three (3.2%) insertion homozygous. In addition, the co-heritance
prevalence of both mutation in at least one chromosome was 8,4%. While for the ADA gene,
we found none homozygous mutant: 80 (84.2%) patients were wild homozygous and 15
(15.8%) were heterozygous, with a frequency of 0.92 for ancestral allele (22G) and 0.08 for
mutant one (224). We observed expected pharmacological effects of HU, such as reduction of
the lipid peroxidation levels, increased fetal hemoglobin content (HbF), and improvement of
hematological and hemolytic markers, regardless the presence of evaluated polymorphisms.
The presence of MTHFR (677C>T) polymorphism did not influence the response to HU
treatment or oxidative stress markers. However, patients with the mutation (677C> T) in at



least one chromosome showed the lowest HbF value (p <0.01). For insertion into the CBS
gene, we found high activities of lactate dehydrogenase (p <0.01), aspartate transaminase (p
= 0.01), and gamma-glutamyl transferase (p = 0.04) in patients with insertion in at least one
chromosome and under HU use. Furthermore, we observed a synergistic effect of both
polymorphisms on decreasing GSH levels, regardless of HU treatment. The presence of
mutation in ADA gene did not exert any influence on the oxidative stress markers evaluated.
Incubation period was able to cause a rise about 64% on hemolysis degree (p < 0.01) as well
as practically doubled the lipid peroxidation levels (p < 0.01). However, almost all
antioxidants tested treatments neutralized this incubation effect observed in MDA levels.
Among the antioxidant biomarkers evaluated, we observed a modulating effect of combined
treatment (NAC+MEL) on GPx and SOD activities (p < 0.01), which showed ~25% decrease
in their activities. In addition, we found an antioxidant dose-dependent effect for melatonin on
lipid peroxidation (r = - 0.29; p = 0.03) and for combined antioxidant treatments also on
MDA levels (r = - 0.37;, p = 0.01) and on SOD activity (r = - 0.54; p < 0.01). Overall, the
results for MTHFR and CBS polymorphisms contribute to highlight that the MTHFR and CBS
polymorphisms involvement in SCA pathophysiology is likely to be far more complex than it
was explored to date. The presence of the polymorphism in the ADA gene (22 G> A)
apparently plays no significant role in disruption of the sickle erythrocyte redox metabolism.
On the other hand, ex vivo results contribute with important insight that MEL individually or
in combination with NAC may be useful for sickle cell anemia management.

Keywords: hemoglobin S, hydroxyurea, methylenetetrahydrofolate reductase, cystathionine

beta-synthase, adenosine deaminase, N-acetylcysteine, melatonin
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1. INTRODUCAO
1.1. Anemia Falciforme

A anemia falciforme (AF) ¢ uma alteracdo genética da hemoglobina (Hb), causada
pela herangca em homozigose da mutacdo pontual no gene da globina beta (HBB; ¢.20A>T;
rs334) (BUNN, 1997; STEINBERG; SEBASTIANI, 2012). O gene HBB esta localizado no
brago curto do cromossomo 11 (11p15.5) e é responsavel pela sintese das cadeias globinicas 3
que compdem a Hb adulta normal (Hb A; a,p3;) (BUNN; FORGET, 1986). Entretanto, a troca
do vigésimo nucleotideo (GAG — GTG) no sexto codon do exon 1 do gene acarreta na
substitui¢do do acido glutamico (com caracteristicas hidrofilicas) por uma valina (com
caracteristicas hidrofébicas) (HBBY-VeVAL

caracteristicas bioquimicas diferentes, conhecida como Hb S (0up,) (WEATHERALL;
CLEGG, 2001; BERTHOLO; MOREIRA, 2006).

) e na formagdo de uma proteina com estrutura e

O aminodcido substituido na cadeia da Hb S produz regides hidrofobicas de contato,
no tetrdmero desoxigenado, entre a valina de uma molécula de Hb S e uma alanina,
fenilalanina e/ou leucina da molécula de Hb S adjacente que resulta na liga¢do entre esses
aminodacidos, produzindo um polimero que se estende e preenche o eritrocito, rompendo a
arquitetura e flexibilidade eritrocitaria (WISHNER et al., 1975; FRONTICELLI; GOLD,
1976; SAMUEL; SALMON; BRIEHL, 1990). Essas modificagdes alteram drasticamente suas
propriedades mecanicas e reologicas, prejudicando o fluxo sanguineo através da
microvasculatura (NOGUCHI; SCHECHTER; RODGERS, 1993; BUNN, 1997).

A polimerizagdo da Hb S dentro das hemacias também acarreta alteracdes celulares:
efluxo de ions monovalentes como o potassio, desidratacao celular, aumento da densidade dos
eritrécitos, oxidagdo instavel da Hb (formacdo de metahemoglobina e radical superoxido),
desnaturagdo da Hb (formagdo de hemicromos, heme livre e ferro livre), exposicdo de
epitopos protéicos e lipidicos (banda 3, espectrina, fosfatilserina, CD36, CD47) (Figura 1) e
por fim a hemolise (FRENETTE; ATWEH, 2007). Dessa forma, tais alteracdes celulares e
vasculares relacionadas a presenca da Hb S culminam em dois importantes mecanismos
fisiopatoldgicos da AF: a vaso-oculsdo e, consequentes lesdes decorrentes de processos de
isquemia-reperfusdo e anemia hemolitica (NOGUCHI; SCHECHTER; RODGERS, 1993;
BUNN, 1997; REES; WILLIAMS; GLADWIN, 2010). Estes eventos se sobrepdem e se
retro-alimentam desencadeando diversas complicagdes clinicas, as quais apresentam idade e
risco de ocorréncia, assim como gravidade, altamente varidveis entre as pessoas com AF

(Figura 2) (GLADWIN; VICHINSKY, 2008).
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Figura 1. Deformacdo da membrana eritrocitaria pela polimerizacio da Hb S. A desoxigenagdo induz a
mudan¢a na conformacdo estrutural da proteina, em que as cadeias globinicas  mutante se ligam ao sitio
hidrofébico complementar, originado pela substituicdo do acido glutdmico pela valina, levando a formagdo do
polimero de Hb. Os feixes de polimeros de Hb S alongam-se e rompem a ligacdo da membrana do eritrdcito com
proteinas do citoesqueleto, resultando em protrusdes na membrana e exposicdo de proteinas e lipidios
(modificado de FRENETE; ATWEH, 2007).
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Figura 2. Mecanismos hipotéticos de subfenétipos clinicos da AF. Supde-se que muitas das complica¢des da
AF podem ser divididas em dois subfenétipos de sobreposi¢do, cada um acionado por mecanismos distintos.
Ulceras de perna, priapismo, hipertenso pulmonar, morte subita e acidente vascular encefalico (AVE) estdo
associados com niveis baixos de Hb durante o periodo estacionario da doenca e com aumento da taxa de
hemolise intravascular, mostrado do lado esquerdo da figura. Estas complicagdes vasculares resultam de
disfuncdo endotelial, mediada pela inativagdo de 6xido nitrico (NO) pela Hb livre e liberagdo e formagdo de
espécies reativas de oxigénio, catabolismo da arginina (Arg) promovido pela arginase livre no plasma. Este
processo de hemdlise acompanhado de disfungdo endotelial causa a ativagdo hemostatica e proliferagdo
neointimal e do musculo liso. Tais complicagdes clinicas como crises de dor vaso-oclusivas, a sindrome toracica
aguda, necrose avascular dos ossos estdo associadas com o numero elevado de leucocitos durante periodo
estacionario e niveis elevados de Hb. Estas complicagdes resultam da obstru¢do dos capilares e vénulas pds-
capilares por eritrocitos falcizados e por leucdcitos (representados pelo monécito), como mostrado no lado
direito da figura. ET-1: endotelina-1; NOS: éxido nitrico sintetas; O,": superoxido, VCAM-1: proteina de adesdo
vascular-1; XO: xantina oxidase (GLADWIN; VICHINSKY, 2008).
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Apesar da base molecular para a formagido da HbS ser bem conhecida, e, da descrigdo
da polimeriza¢dao da HbS como o evento primario indispensavel na patogénese molecular da
doenga, estes mecanismos nao sdo suficientes para explicar a alta heterogeneidade fenotipica
encontrada nos individuos com AF (REES; WILLIAMS; GLADWIN, 2010; BALLAS et al.,
2012). Dentre os diversos biomarcadores estudados, os niveis de HbF e coeranga da a-
talassemia sdo principais modulares da gravidade clinica de pessoas com AF, amplamente
relatados na literatura (HIGGS et al., 1982; KAR et al., 1986; STEINBERG, 2009; REES;
GIBSON, 2012; DAMANHOURI et al., 2015). No entanto, desde a primeira descri¢cdo de
hemacias falciformes feita por Herrick, em 1910, o entendimento da fisiopatologia da AF tem
aumentado gradualmente e, entre as novas evidéncias, destacam-se a coeranca de diferentes
marcadores genéticos associados aos eventos clinicos da AF e a resposta ao tratamento com
hidroxiureia (HU), e o estresse oxidativo cronico e sist€émico (STEINBERG, 2005;
STEINBERG; ADEWOYE, 2006; FRENETTE; ATWEH, 2007; GLADWIN; VICHINSKY,
2008; FERTRIN; COSTA, 2010; SILVA et al., 2013D).

1.2. Estresse oxidativo

A producdo de espécies reativas de oxigénio (ERO), espécies reativas de nitrogénio
(ERN), entre outras espécies reativas, ¢ parte integrante do metabolismo humano, observada
em diversas condigdes fisiologicas (FINKEL; HOLBROOK, 2000). Por exemplo, ¢ estimado
que 1 - 2% dos elétrons que se deslocam ao longo da cadeia respiratdria "escapam" da via e
reduzem o oxigénio (O,) a superdxido (O,"), que por sua vez pode sofrer dismutagio, gerando
peréxido de hidrogénio (H,O,) (FREIL, STOCKER; AMES, 1988; THOMAS; DAVIES;
STOCKER, 1998). O sistema do citocromo P450 e oxidases, tais como o nicotinamida
adenina dinucleotideo fosfato (NADPH) oxidase das células fagociticas (por exemplo,
neutréfilos € mondcitos), sdo outras fontes enddgenas de produg¢do de O, (FINKEL;
HOLBROOK, 2000). O excedente de ERO ¢, em grande parte, neutralizado por um sistema
de defesa antioxidante, formado por compostos enzimaticos € ndo enzimadticos, a fim de
controlar e restabelecer o equilibrio (HALLIWELL, 1997; FINKEL; HOLBROOK, 2000;
SCHAFER; BUETTNER, 2001). Tal equilibrio entre a produ¢do de ERO e as defesas
antioxidantes determina o grau de estresse oxidativo, que pode acarretar em
danos/modificagdes em proteinas celulares, lipidios e DNA (Figura 3) (FINKEL;
HOLBROOK, 2000).
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Figura 3. Esquema simplificado de sistemas oxidativos e antioxidantes. O metabolismo aerdbio apresenta
uma série de reagdes que podem formar ERO e ERN, como pela agdo da enzima NADPH oxidase, presente em
diversas células. A oxidagdo ndo-enzimatica de lipidios de membrana por ERO produz MDA ou F8-isoprostano
como subprodutos, enquanto a oxidacdo do DNA pode originar o mutagénico 8-ox0-dG, por exemplo. NOS:
oxido nitrico sintase; SOD: superdxido dismutase; GPx: glutationa peroxidase; Prx: peroxirredoxinas; GR:
glutationa redutase; TrxR: tiorredoxina redutase; Trx:tiorredoxina; GSH: glutaiona reduzida; GSSG: glutationa
dissulfeto; MDA: malondialdeido; 8-oxo-dG: 8-0xo0-2'-desoxiguanosina (BARBOSA; DE MEDEIROS;
AUGUSTO, 2006).

Nos eritrdcitos, a auto-oxidacdo da Hb com consequente formagdo de meta-
hemoglobina e O," pode representar uma fonte adicional e quantitativamente significativa de
geragdo O,  em sistemas bioldgicos (CARRELL; WINTERBOURN; RACHMILEWITZ,
1975; ASLAN; THORNLEY-BROWN; FREEMAN, 2000). Entretanto, existe uma taxa
"fisioldgica" normal de formag¢do de meta-hemoglobina nos globulos vermelhos que
proporciona uma fonte continua de O, que, por sua vez gera H,O, e de O, como subprodutos
de dismutagdo enzimatica (FREEMAN; CRAPO, 1982). Dessa forma, perturbagdes na funcio
e estrutura dos eritrocitos podem desencadear aumento no fluxo de geragdo de prdé-oxidantes
com consequente estabelecimento de estresse oxidativo (SILVA et al., 2013b). Com intuito de
neutralizar o estresse oxidativo, os eritrdcitos possuem um sistema de defesa antioxidante
auto-sustentavel, incluindo as enzimas superdxido dismutase (SOD), catalase (CAT),
glutationa peroxidase (GPx) e glutationa redutase (GR), além de antioxidantes de baixo peso
molecular , tais como a glutationa (GSH) e vitaminas E e C, proporcionando uma prote¢ao
antioxidante ndo apenas para si, mas também para outros tecidos e Orgdos (SIEMS;
SOMMERBURG; GRUNE, 2000; PERRONE et al., 2012).

Porém, as hemacias falciformes apresentam uma auto-oxidagao instavel da HbS e altas
exigéncias metabolicas devido aos ciclos recorrentes de polimerizagdo e despolimerizagido da
HbS que exacerbam a geracdo de ERO (HEBBEL et al., 1988; BANERJEE; KUYPERS,

2004). Dessa forma, as hemadcias falciformes geram pelo menos duas vezes mais O,", H,O,,
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radicais hidroxil (HO") e produtos de oxidagdo lipidica em relagdo a eritrocitos contendo Hb
A (RICE-EVANS; OMORPHOS; BAYSAL, 1986; HEBBEL et al., 1988; HEBBEL, 1991;
SHENG; SHARIFF; HEBBEL, 1998; ASLAN; THORNLEY-BROWN; FREEMAN, 2000;
KLINGS; FARBER, 2001). A geragdo incessante de agentes pré-oxidantes na AF culminam
no consumo das defesas antioxidante e, estabelecimento do estresse oxidativo (BANERJEE;
KUYPERS, 2004; REID et al., 2006, CHAVES; LEONART; DO NASCIMENTO, 2008).

A glutationa (GSH) ¢ um tripeptideo, y-L-glutamil-L-cisteinilglicina, presente em
concentracdes elevadas (cerca de 2 mM) em eritrocitos saudaveis como o tiol ndo-proteico
mais abundante, atuando como antioxidante ndo enzimatico e co-fator de enzimas
antioxidantes (LU, 2013). Entretanto, eritrocitos de pacientes com AF podem apresentar
redugdo de até 50% dos seus niveis de GSH, mesmo com taxa de reciclagem e biossintese
mais elevadas em relagdo a eritrocitos de individuos saudaveis (TATUM; CHOW, 1996;
REID et al., 2006; MORRIS et al., 2008). A biossintese ocorre no meio intracelular (exceto
em células epiteliais), pela acdo consecutiva de duas enzimas e com consumo de ATP:
formacao da y-L-glutamil-L-cisteina a partir do 4cido glutdmico e cisteina, catalisada pela
glutamato-cisteina ligase (GCL); e a ligagdo deste dipeptideo a glicina pela acdo da glutationa

sintetase (GS) (Figura 4) (LU, 2013).

7-glutamilcisteinilglicina
Acido yglutamilcisteina  Glicina Gsm
Cisteina ~ Slutimico

Figura 4. Biossintese da glutationa. Primeiramente ¢ catalisada a formagdo da y-glutamilcisteina pela GCL,
que ¢ composta por duas subunidades catalitica (GCLC) e modificadora (GCLM). Posteriormente, a sintese da vy-
glutamilcisteinilglicina (GSH) pela agdo da GSH sintetase. A GCL sofre regulagdo pela GSH através de um
feedback negativo, o que previne a produgdo excessiva desta ou o acumulo do intermediario y-glutamilcisteina.
GCL: glutamato-cisteina ligase; GS: glutationa sintetase; ATP: adenosina trifosfato; ADP: adenosina difosfato
(adaptado de LU, 2013).

Sob condigdes fisiologicas normais, a taxa de sintese de GSH ¢ em grande parte
determinada por dois fatores, a biodisponibilidade da cisteina e da atividade da GCL (LU,
2013; VAN ZWIETEN R.; VERHOEVEN; ROOS, 2014). A cisteina ¢ normalmente derivada

a partir da dieta, da degradacdo de proteinas e principalmente no figado, por meio da via de
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transulfuracdo da homocisteina (FINKELSTEIN, 1990; LU, 2013). Além disso, o estresse
oxidativo ¢ um regulador positivo da via de transulfuragdo, pois ativa a enzima cistationina
beta-sintase (CBS), promovendo assim a conversao de metionina a cisteina, com consequente

aumento da sintese de GSH. Entretanto, mecanismo exato ndo € completamente

compreendido (MCBEAN, 2012).

1.3. Metabolismo da homocisteina dependente de folato

A CBS ¢ a enzima fundamental na via de transulfuracdo, pois catalisa a condensagao
irreversivel da homocisteina (Hmc) com serina para formar cistationina numa reagdo
dependente de vitamina B6. Em seguida, a cistationina € clivada por outra enzima dependente
de vitamina B6, a y-cistationase, liberando cisteina para a sintese de GSH (Figura 5)
(FINKELSTEIN, 1990). A via de transulfura¢do desempenha papel significativo no complexo
metabolismo da Hmc dependente de folato, em conjunto com a via de remetilagdo
(dependente de folato e vitamina B12), cuja enzima principal ¢ a metilenotetrahidrofolato
redutase (MTHFR) (SELHUB, 1999). A MTHFR catalisa a redugdo irreversivel do 5,10-
metilenotetrahidrofolato a 5-metiltetrahidrofolato (a forma circulante do folato), que por sua
vez atua como co-substrato da enzima metionina sintetase, na remetilagdo da metionina a
partir de Hmc (Figura 5) (SELHUB, 1999). Dessa forma, polimorfismos genéticos nos genes
que codificam as enzimas MTHFR e CBS sao importantes determinantes dos niveis de Hmc
e, podem estar envolvidos na biodisponibilidade da cisteina.

Entre os polimorfismos descritos para estas enzimas, os mais estudados sdo mutacdo
de ponto no gene MTHFR (c.677C> T;. rs1801133), localizado no brago curto do
cromossomo 1 (1p36.3) (FROSST et al.,, 1995) e uma insercdo de 68 pb na regido
codificadora do exon 8 do gene CBS (844ins68; 21g22.3) (SEBASTIO et al., 1995). O alelo
mutante MTHFR 677T esta associado a redugdo da atividade enzimatica, a diminui¢ao das
concentracdes de folato no plasma e nas células vermelhas do sangue, aumento dos niveis de
Hcm plasmaticos (FROSST et al., 1995; JACQUES et al., 1996), e ¢ um fator de risco para
complicagdes vasculares (TRABETTI, 2008), inclusive em pessoas com AF (MOREIRA et
al., 2006; ALVES JACOB; DA CUNHA; BONINI-DOMINGOS, 2011; NISHANK; SINGH;
YADAYV, 2013). Ja para a inser¢do no gene CBS, ndo ha consenso sobre seu efeito sobre a
atividade da CBS e sobre os niveis de Hmc (SEBASTIO et al., 1995; TSAI et al., 1996; TSAI
et al., 1999). Apesar disso, Alves-Jacob et al. (2011) demonstraram que a presenca da

mutacdo ¢ um fator de risco para episddios vaso-oclusivos em pacientes SCA. Além disso,
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estudos recentes tém demonstrado que alteracdes nas vias de transsulfuracdo e remetilacio
estdo associadas ao aumento da geragdo de ERO (DRAGANI et al., 2012; RAHIMI et al.,
2013; RICHARD et al., 2013), o que poderia agravar a perfil oxidativo de pacientes com AF.

Proteina da Dieta

Serina Metionina MAT
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Figura 5. Metabolismo da homocisteina. A fim de manter o fornecimento de cisteina para a sintese de
glutationa, estresse oxidativo (EO) atua como regulador positivo da via de transulfuragdo. MAT: metionina
adenosiltransferase; MTHFR: metilenotetrahidrofolato redutase (modificado de FINKELSTEIN, 1990).

Também € parte integrante do catabolismo da metionina, a geracdo de S-
adenosilmetionina (SAM), o principal doador bioldgico de grupamentos metil, por meio da
reacdo catalisada pela metionina adenosiltransferase (MAT) (LU; MATO, 2012).
Posteriormente, SAM doa seu grupo metil a uma variedade de moléculas receptoras em
reacoes catalisadas por metiltransferases (MTs), gerando S-adenosil-homocisteina (SAH), que
por sua vez ¢ hidrolisada reversivelmente pela SAH-hidrolase, formando Hmc e adenosina
(Figura 5) (FINKELSTEIN, 1990). A adenosina funciona como molécula sinalizadora que
induz multiplas respostas fisiologicas associadas a fisiopatologia da AF (ZHANG; XIA,
2012).

1.4. Adenosina

A adenosina ¢ um nucleosideo de purina enddgeno envolvido na sinalizagdo da
vasodilatacdo, reducdo da inflamag¢do e na citoprotecdo durante processos de isquemia e
reperfusdo em diversos o0rgdos, por meio de quatro subtipos de receptores de adenosina Aj,

Aoa, Aog ¢ Az, (MAHAFFEY et al., 1999; HASKO et al., 2008). Dentro das células, a
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adenosina ¢ formada, predominantemente, por meio da desfosforilagio do monofosfato de
adenosina (AMP), catalisada pela 5'-nucleotidase citosolica (Cito 5'-NT), enquanto que no
meio extracelular, ectonucleotidases (CD39 e CD 73) desempenham papel fundamental na
formacdo de adenosina (ZHANG; XIA, 2012). E, tanto intra quanto extracelularmente, a
adenosina deaminase (ADA) catalisa a conversdo irreversivel da adenosina a inosina,
promovendo a manutencdo de seus niveis (ZHANG; XIA, 2012). O complexo metabolismo

da adenosina encontra-se resumido na Figura 6.
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Figura 6. Metabolismo e sinalizacio da adenosina. As células liberam ATP em resposta a hipoxia e danos
celulares. A ATP extracelular € convertida a adenosina pela agdo consecutiva de duas ectonucleotidases, CD39 e
CD?73. A adenosina resultante pode ativar os receptores de adenosina (AR), ser convertida a inosina pela agdo da
adenosina desaminase (ADA) ou ainda, reingressar na célula por meio de transportadores de nucleosideos
(ENT). Dentro das células a adenosina tem varios destinos: conversdo em inosina através de desaminacio;
conversdo em S-adenosilhomocisteina (SAH) por intermédio da S-adenosilhomocisteina hidrolase (SAHH); ou a
conversdo em AMP pela adenosina-quinase (ADK). A adenosina também pode ser derivada do AMP por agéo de
5'-nucleotidase citosélica (Cito 5'-NT) (modificado de ZHANG:; XIA, 2012).

O metabolismo da adenosina pode ser prejudicado pela presenca de mutagdes no gene
ADA (20q13.11). Por exemplo, o gene ADA apresenta uma mutacdo pontual no seu primeiro
exon (¢.22G>A; rs73598374), promovendo a troca de um dcido aspartico por asparagina na

posicdo 8 da proteina (ADA®STASN

). A presenga do polimorfismo (22A) confere perda de
aproximadamente 35% da atividade da enzima, consequentemente portadores apresentam
niveis mais elevados de adenosina circulante e intracelular, e possivel comprometimento de
respostas fisioldgicas (BATTISTUZZI et al., 1981; RIKSEN et al., 2008), principalmente em

pessoas com AF, que ja possuem niveis elevados de adenosina (GLADWIN, 2011).
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Neste contexto, a coeranca de HBB*S e ADA (22G>A) poderia agravar o efeito
prejudicial causado pela adenosina em eritrocitos falciformes, observado por Zhang et al.
(2011). Resumidamente, os autores demonstraram em eritrcitos normais que a adenosina
pode aumentar a sintese de 2,3-bisfosfoglicerato (2,3-BPG) através da ativacdo do receptor
Ajp (via proteina quinase dependente de cAMP). Este mecanismo sugere que o aumento dos
niveis de adenosina tem um papel fundamental em eritrocitos normais, de promover a
liberagio do O, e evitar lesdo tecidual isquémica aguda. No entanto, em eritrdcitos
falciformes, este papel benéfico da adenosina torna-se prejudicial, pois ao promover a
desoxigenacdo, favorece a polimerizagdo da Hb S (ZHANG et al, 2011) e,

consequentemente, desencadeamento dos processos fisiopatoldgicos previamente descritos.

1.5. Terapia antioxidante

A compreensdo acerca dos processos oxidativos que ocorrem na AF resultou em novos
percepgodes sobre os mecanismos de agdo de algumas terapias atualmente aceitas, como a HU,
e também em novas abordagens terapéuticas fundamentadas nas propriedades antioxidantes
de diferentes compostos (GIZI et al., 2011; SILVA et al., 2013b), com intuito de prevenir ou
retardar o desenvolvimento de complicagdes clinicas nos individuos com AF (NUR et al.,
2011).

Estudos in vitro e em animais experimentais demonstraram que o tratamento com N-
acetilcisteina (NAC) de células sanguineas de pessoas com AF aumentou a concentragdo
intracelular de GSH e diminuiu pardmetros do estresse oxidativo (AMER et al., 2000).
Posteriormente, Nur et al (2012) demonstraram que o tratamento oral com NAC (2400 mg)
de individuos com AF promoveu a reducdo da exposi¢do de fosfatidilserina no exterior da
membrana de eritrécitos, dos niveis plasmaticos de produtos finais de glicagdo avangada
(AGEs), e dos niveis de Hb livre. Porém, o grupo carboxil da NAC ¢ carregado
negativamente em pH fisioldgico, limitando a capacidade do agente de atravessar membranas
celulares (GRINBERG et al., 2005) e, consequentemente seu efeito farmacologico esperado.

Ao contrario da NAC, a melatonina (N-acetil-5-metoxitriptamina) possui capacidade
de atravessar qualquer barreira morfofisiologica (REITER et al., 2013) e exibe propriedades
antioxidantes importantes na neutralizacdo de efeitos deletérios promovidos pelas ERO
(REITER et al., 2003). De grande interesse e importancia sdo as observacdes de que nio s a
melatonina (MEL) ¢ um antioxidante altamente eficaz contra uma variedade de ERO, mas

também os metabolitos que resultam da sua interacdo com as mesmas (GALANO; TAN;
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REITER, 2013). Dessa forma, a redu¢do dos niveis de MEL tem sido observada em muitas
doencas inflamatorias e/ou com quadro oxidativo cronico (REITER et al., 2003), inclusive na
AF (SHIMAUTI et al., 2010).

A administragdo de MEL em ratos espontaneamente hipertensos reverteu,
parcialmente, a hipertensdo estabelecida; e, o seu efeito anti-hipertensivo foi mais
pronunciado do que o efeito observado nos ratos tratados com NAC nas mesmas condi¢des
experimentais (PECHANOVA et al., 2007). Miller et al (2011) demonstraram que a
administragdo de MEL (10 mg) em pacientes com esclerose multipla aumentou
significativamente as atividades das enzimas antioxidantes SOD e catalase. As propriedades
antioxidantes da MEL, especialmente em doses farmacoldgicas parecem ser evidentes, pois a
MEL foi capaz de reduzir a peroxidagdo lipidica de forma mais eficaz que a vitamina C ou E
em homogenatos de figado de ratos. Além disso, in vivo, foi demonstrada sua capacidade de
reduzir os danos causados por isquemia-reperfusdo em varios 6rgdos, incluindo o coragdo
(TAN et al., 1998), rim (SAHNA et al., 2003), cérebro (CHO et al.,, 1997) e figado
(SEWERYNEK et al., 1996) de ratos. Ou seja, tais implicagdes terapéuticas promissoras da
MEL sugerem seu uso como um adjuvante na reducgdo do estresse oxidativo em pessoas com

AF.

Os processos fisiopatoldgicos complexos e intimamente relacionados com estresse
oxidativo cronico e sistémico fundamentam a hipdtese do presente estudo de que
polimorfismos genéticos em enzimas de importantes vias metabdlicas podem agravar o
quadro oxidativo e, modular manifestagdes fenotipicas da AF. Dessa forma, a MEL pode ser
um alvo terapéutico promissor nessa afeccdo genética, de maneira mais eficaz que o

antioxidante NAC, atuando como adjuvante na reducdo do estresse oxidativo.
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2. OBJETIVOS

2.1 Objetivo geral

Avaliar a influéncia de marcadores genéticos sobre o perfil oxidativo de pessoas com
anemia falciforme, e a sua relagdo com uso de medica¢do especifica e manifestacdes
fenotipicas. Ainda, verificar possiveis efeitos antioxidantes diretos e indiretos da melatonina,

usando uma suspensdo de células falciformes como modelo experimental.

2.2 Objetivos especificos

- Investigar as frequéncias de polimorfismos nos genes de enzimas da via metabdlica
da homocisteina dependente de folato (metilenotetrahidrofolato redutase e cistationina-f3-
sintetase) ¢ do metabolismo da adenosina (adenosina desaminase) em individuos com anemia
falciforme;

- Avaliar marcadores do estresse oxidativo e capacidade antioxidante,
correlacionando-os com a presenca dos polimorfismos supracitados;

- Relacionar os resultados obtidos com o uso de medicagdo especifica e marcadores do
acompanhamento clinico dos pacientes;

- Avaliar o efeito antioxidante da N-acetilcisteina, da melatonina ¢ da combinacdo
destes compostos sobre marcadores de hemolise e do estresse oxidativo, por meio do

tratamento ex vivo de células sanguineas de pessoas com anemia falciforme.
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3. MATERIAL E METODOS

3.1. Consideracoes éticas

O presente projeto foi registrado sob o n° 0023.0.229.000-11 CAAE (Certificado de
Apresentagdo para Apreciacdo Etica) e aprovado pelo Comité de Etica em Pesquisa (CEP) da
Universidade Estadual Paulista “Julio de Mesquita Filho”, Campus de Sdo José do Rio Preto

(UNESP/IBILCE) sob o protocolo nimero 071/11.

3.2. Casuistica

O grupo amostral geral constituiu-se de 105 individuos com AF, independente do sexo
e da etnia e, provenientes da regido sudeste do Brasil. Todas as amostras de sangue foram
coletadas apos obtencdo de assinatura no Termo de Consentimento Livre e Esclarecido,
conforme a Resolugdo do Conselho Nacional de Saude (CNS) N° 466/12.

Todos os individuos foram avaliados por meio de questionario, quanto ao atendimento
dos critérios de inclusdo/exclusdo do estudo. Mulheres gravidas, fumantes e pessoas que
haviam ingerido 4lcool dentro de 24 horas anteriores a coleta das amostras biologicas foram
excluidos do estudo. Dentro deste mesmo periodo, aqueles sujeitos que estavam sob uso de
medicamentos, tais como acido acetilsalicilico, antibioticos, vitaminas ou quelantes de ferro,
conhecidos por afetarem os parametros avaliados, também foram excluidos do estudo.
Aqueles pacientes que estivessem em crise de dor ou hemolitica no dia da coleta; e que
tiveram acidentes vasculares encefalicos ou que tinham recebido transfusdo sanguinea dentro
do periodo de 120 dias anteriores a data da coleta, também foram excluidos do estudo.
Historico de episodios de crise de dor, necessidade de internacdo e diagndstico de
complicagdes agudas nos ultimos 12 meses também foram abordados no questionario.

Todas essas informagdes foram confirmadas por meio de consulta aos prontuarios
médicos, aos bancos de dados dos hemocentros envolvidos; assim como a obtencdo dos dados
referentes ao uso de medicagdo especifica e manifestacdes fenotipicas. Toda a consulta aos
prontudrios banco de dados foi supervisionada pelos clinicos responsdveis pelos pacientes.
Todos os marcadores de acompanhamento clinico dos pacientes, por exemplo, hemograma
completo, marcadores hemoliticos e de funcdo hepatica e renal, foram realizados por

laboratorios especializados nos respectivos hemocentros envolvidos neste estudo.
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3.2.1. Experimentagdo in vivo

O grupo de estudo foi composto por 95 individuos com AF; 53 (55,8%) mulheres e 42
(44,2%) homens, com média de idade de 24,4 anos, variando de 10 a 59 anos. Todos os
pacientes estavam em acompanhamento clinico regular no Hemocentro do Rio de Janeiro (RJ)
- HEMORIO. Todos os pacientes estudados estavam sob tratamento profilatico com acido
folico (5 mg/dia) desde o diagnostico de doenga, enquanto 41 (43,2%) deles estavam sob uso
de HU (dose média: 22 mg/Kg/dia) por pelo menos 90 dias (média de dias: 1151,1; variagdo:
90 - 2897 dias).

3.2.2. Experimentac¢do ex vivo

Dez individuos, previamente diagnosticados com AF, foram incluidos no estudo: seis
mulheres (60%) e quatro homens (40%), com média de idade de 27,4 anos, e, dentro da faixa
etaria de 20 a 40 anos, pois a idade é um fator limitante da sintese e secre¢do de melatonina.
Todos os pacientes estavam em acompanhamento clinico regular no Hemocentro de Sao José
do Rio Preto (SP). A Tabela 1 apresenta a caracterizagdo do grupo de estudo quanto a dados
demograficos, perfil haplotipico da globina beta, uso de medicagdo especifica e historicos

transfusional e clinico.
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Tabela 1. Caracterizacdo do grupo de estudo

Caracteristica n=10
Idade (anos: X+ DP) 274£7,6
Género [n (%)]

Feminino 6 (60,0)
Masculino 4 (40,0)
Peso (Kg: X + DP) 55,3+7,0

Perfil haplotipico da globina beta [n (%)]
Bantu/Bantu 3 (30,0)
Bantu/Benin 3 (30,0)
Bantu/Atipico 1(10,0)
Benin/Atipico 2 (20,0)
Atipico/atipico 1 (10,0)
Uso de medicacdo*
HU" (dose média: 23,7 + 3,3) 3 (30,0)
HU" 7 (70,0)
Historico tmnsfusiona[# [n (%)]
0-10 0 (0,0)
11-20 0 (0,0)
21-30 3 (30,0)
31-40 0 (0,0)
> 40 7 (70,0)
Historico clinico
N° de crises de dor no ultimo ano [n (%)]
0-2 7 (70,0)
3-5 3 (30,0)
>5 0 (0,0)
N° de infecg¢des no ultimo ano [n (%)]
0-2 10 (100,0)
3-5 0 (0,0)
>5 0 (0,0)
N° de internag¢des no ultimo ano [n (%)]
0-2 10 (100,0)
3-5 0 (0,0)
>5 0 (0,0)

X £ DP: média = desvio padrio.

*Todos os pacientes estavam sob uso de acido folico (5 mg/dia).

"Ntmero de transfusdes recebidas até a data da coleta.
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3.3. Metodologia

3.3.1. Técnicas citologicas, eletroforéticas e cromatogrdfica para identifica¢do da Hb S

Andlise, a fresco, da morfologia eritrocitaria (BONINI-DOMINGOS, 2006)

Os esfregacos sanguineos foram analisados ao microscopia de luz, com objetivas de

40x, quanto ao tamanho, forma e quantidade de Hb nos eritrécitos.

Resisténcia globular osmotica em solu¢do de NaCl a 0,36% (SILVESTRONI;
BIANCO, 1975)

Técnica seletiva, baseada no aumento resisténcia globular osmotica promovido,
principalmente, pela presenga de eritrocitos microciticos. A microcitose ¢ caracteristica de
algumas hemoglobinopatias, porém mais comum em casos de talassemias do tipo beta,
principalmente na forma heterozigota, e também em anemias caréncias e hemoglobinopatia

do tipo Hb C.

Eletroforese de hemoglobinas em pH alcalino (MARENGO-ROWE, 19635)

As amostras de sangue, previamente hemolisadas segundo Naoum (1990) (1990),
foram submetidas a eletroforese de Hb em pH 8,6 em acetato de celulose. Técnica qualitativa
utilizada para detec¢do perfil hemoglobinico normal e de Hb variantes, baseada nas diferentes

cargas liquida dessas proteinas que acarretam mobilidades eletroforéticas especificas.

Eletroforese de hemoglobinas em pH dacido (VELLA, 1968)

Técnica utilizada para diferenciacdo de alguns tipos de Hb variantes que migram em
posi¢des muito semelhantes na eletroforese em pH alcalino. Os hemolisados, previamente

preparados, sdo submetidos a uma corrida eletroforética em gel de agar-fosfato, pH 6,2.
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Cromatografia liquida de alta performance de fragoes hemoglobinicas

(INSTRUCTION MANUAL OF BIO-RAD, 2006)

Cromatografia de troca ionica acoplada a detecgdo UV/Vis (415 nm). O sistema
utilizado foi o VARIANT I (BIO-RAD) com Kit de andlise Beta Talassemia Heterozigota,
que permitiu a separacdo e identificagdo presumivel de Hb variantes por meio de "janelas"
especificas de tempo de retencdo, e a quantificacdo percentual relativa das fracdes

hemoglobinicas, baseada em calibradores previamente injetados no sistema.

3.3.2. Analises moleculares

Extragdo de DNA (SAMBROOK,; FRITSCH; MANATIS, 1989)

O DNA genomico foi extraido de leucdcitos do sangue periférico, segundo a técnica

de extragdo por fenol-cloroférmio e precipitacdo por etanol.

Confirmag¢do da homozigose para o polimorfismo no gene HBB*S ( ¢.20A>T; rs334)
por PCR-RFLP (SAIKI et al., 1985)

Para a realizacdo da PCR foram utilizados os seguintes oligonucleotideos iniciadores:
P 277 (sense) 5 GGC AGA GCC ATC TAT TGC TTA 3’ e P 278 (antisense) 5° ACC TTA
GGG TTG CCC ATA AC 3’. Apds a amplificacdo, o fragmento gerado de 382 pb foi
submetido a restri¢do enzimatica a 37 °C por 5 minutos pela enzima FastDigest Ddel. A
mutacdo elimina um sitio de restricdo; assim apds a digestdo o alelo normal gerou 3
fragmentos de 201 pb, 88 pb e 87 pb o alelo mutante gerou dois, um de 288 pb e outro de 88
pb

Andlise dos haplotipos HBB*S (SUTTON,; BOUHASSIRA; NAGEL, 1989)

A determinacdo dos haplotipos foi realizada por PCR — RFLP, por meio da analise de

seis sitios polimdrficos (Figura 7).
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Figura 7. Representacio esquematica dos sitios polimérficos estudados na determinacio dos haplétipos p°

(SUTTON; BOUHASSIRA; NAGEL, 1989).

cluster da globina B estdo listadas na Tabela 2.

As sequéncias dos oligonucleotideos iniciadores para andlise dos polimorfismos do

Tabela 2. Oligonucleotideos iniciadores utilizados para amplificaciio de regides do cluster p.

Oligonucleotideo iniciador Sequéncia do oligonucleotideo iniciador (5°—3’) Dire¢io  Regido
HO AACTGTTGCTTTATAGGATTTT - G
H1 AGGAGCTTATTGATAACTCAGAC — >
H2 AAGTGTGGAGTGTGCACATGA — G
H3 TGCTGCTAATGCTTCATTACAA - !
H3 TGCTGCTAATGCTTCATTACAA — A
H4 TAAATGAGGAGCATGCACACAC — !
H5 GAACAGAAGTTGAGATAGAGA —

H6 ACTCAGTGGTCTTGTGGGCT — vP
H7 TCTGCATTTGACTCTGTTAGC — ,
H8 GGACCCTAACTGATATAACTA — WP
H9 CTACGCTGACCTCATAAATG - ,
H10 CTAATCTGCAAGAGTGTCT — B

—: sense ; «— anti-sense

O produto da PCR foi digerido, a 37°C durante 3 horas, para a regido 5’y ¢ e para as

demais foi digerido por 5 minutos a 37°C com endonucleases de restricdo apropriadas para

cada sitio polimoérfico. O tamanho dos produtos de amplificacdo e apds clivagem, podem ser

observados na Tabela 3.
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Tabela 3. Tamanho dos produtos amplificados e apds a clivagem com as endonucleases especificas.
Tamanho do

Oligonucleotideo . . Tamanho dos fragmentos

A Enzima Regiso fragmento , .

iniciador . apos a clivagem

amplificado

HO e H1 Xmn 1 5y ¢ 657 pb 450 pb + 200 pb

H2 e H3 Hind 111 y S 780 pb 430 pb + 340 pb + 10 pb
H3 ¢ H4 Hind I y A 760 pb 400 pb + 360 pb

H5 e H6 Hinc 11 Vj§] 701 pb 360 pb + 340 pb + 1 pb
H7 e HS Hinc 11 3B 590 pb 470 pb + 120 pb

H9 e H10 Hinf1 5B 380 pb 240 pb + 140 pb

Detecgdo do SNP (c.677C>T; rs1801133) no gene MTHFR por PCR-RFLP (FROSST
etal., 1995)

A deteccio da mutacdo do gene MTHFR foi realizada por PCR seguido de andlise de
restri¢do enzimatica. Os oligonucleotideos iniciadores utilizados foram: MTHFR 1 (sense) 5
AGG ACG GTG CGG TGA GAG TG 3'e o MTHEFR 2 (antisense) 5’TGA AGG AGA AGG
TGT CTG CGG 3". Apds a amplificagdo, o fragmento de 198 pb foi digerido a 37°C por 5
minutos pela enzima FastDigest Hinfl. A mutagdo gera um sitio de restri¢do para a enzima,

culminando na obtencdo de dois fragmentos para o alelo mutante: 175 pb e 23 pb.

Investiga¢do da inser¢do de 68 pb (844ins68) no gene CBS por PCR (TSAI et al.,
199¢6)

A detecg@o da insercdo de 68 pb (844ins68) no gene da CBS foi realizada por PCR
com a utilizagdo dos seguintes oligonucleotideos iniciadores: Cys A (sense) 5’CTG GCC
TTG AGC CCT GAA3’ e Cys B (antisense) 5> GGC CGG GCT CTG GAC TC 3°. Assim,
apds a amplificagdo o alelo ancestral gera um fragmento 184 pb, enquanto que o alelo

mutante gera um fragmento de 252 pb.
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Identificagdo do SNP (c.22G>A; rs73598374) no gene ADA por PCR (HotStart)-
RFLP (SAFRANOW et al., 2007)

A detec¢do da mutacdo foi realizada por PCR HotStart seguido de analise de restrigao.
Os oligonucleotideos iniciadores utilizados foram: ADA*1 (sense) 5S'"GCC CGG CCC GTT
AAG AAG AGC3’ e ADA*2 (antisense) 5’GGT CAA GTC AGG GGC AGA AGC AGA3’.
Apds a amplificacdo, o fragmento de 397 pb foi submetido a restri¢do enzimatica a 65 °C por
10 minutos pela enzima FastDigest Tagl. A mutagdo elimina o sitio de restricdo para a

enzima, portanto o alelo ancestral gera dois fragmentos - 245 ¢ 152 pb.

3.3.3. Andlises bioquimicas

Experimentagdo ex vivo (adaptado de GRINBERG et al., 2005)

As amostras de sangue total (cerca de 8 mL) foram coletadas em tubos contendo
EDTA , entre as 7:00h e as 9:00h. Em seguida, foram imediatamente centrifugadas a 800 g por
10 minutos a 4°C. O plasma e a camada de leucécitos foram removidos e a fragdo celular
sanguinea lavada trés vezes com tampao PBS-1 (136 mM NaCl, 3 mM KCI, 10 mM
Na,HPO4+/KH,POy4, pH 7,4).

Os eritrocitos lavados foram ressuspensos em tampao PBS-2 (100 mM NaCl; 0,5 mM
EDTA, 50 mM Na,HPO./ NaH,PO4, pH 7,4) em um hematdcrito final de 10%. A suspensdo
eritrocitaria foi submetida a 11 condig¢des experimentais diferentes:

- Grupo 1 (G1 - controle externo): suspensdo de eritrécitos falciformes (hematdcerito
final de 10%) nao foi tratada com quaisquer antioxidantes e processadas imediatamente para
posterior analise;

- Grupo 2 (G2 - controle experimental): suspensdo de eritrocitos falciformes
(hematocrito final de 10%) ndo foi tratada com quaisquer antioxidantes, mas foi incubada
durante uma hora a 37 ° C;

- Grupos de 3 a 5 (G3-G5 - tratamentos com NAC): suspensdes de eritrdcitos
falciformes (hematocrito final de 10%) foram tratadas com NAC nas concentragdes finais de
100 pM, 100 nM e 100 uM, respectivamente, ¢ incubadas durante uma hora a 37 ° C;

- Grupo 6 a 8 (G6-G8 - tratamentos com MEL): suspensdes de eritrdcitos falciformes
(hematocrito final de 10%) foram tratadas com MEL nas concentragdes finais de 100 pM, 100

nM e 100 uM, respectivamente, e incubou-se durante uma hora a 37 ° C;
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- Grupo 9 a 11 (G9-G11 - tratamentos combinados): suspensdes de eritrocitos
falciformes (hematocrito final de 10%) foram tratadas com NAC e MEL nas mesmas
concentracdes finais de 100 pM, 100 nM e 100 uM, respectivamente, ¢ foram incubadas
durante uma hora a 37°C. Ao final do periodo de exposi¢do, cada suspensdo celular foi
centrifugada a 800 g por 10 minutos a temperatura ambiente, o sobrenadante foi coletado para
as analises de grau de hemdlise e niveis de peroxidagao lipidica. Enquanto que com a fracdo
celular foram preparados hemolisados com agua ultra pura para as demais analises dos

marcadores de capacidade antioxidante.

Analise do grau de hemdolise eritrocitaria (LI et al., 2006)

O grau de hemdlise da suspensdo eritrocitaria foi determinado pela absorbancia da Hb
a 540 nm, comparada a absorbancia do padrao100% de hemdlise, obtido pela adi¢do de 10 uLL
de Triton X-100 (10% V/V) a 1 mL da suspensao de eritrocitos.

Avaliagdo dos niveis de peroxidagdo lipidica (MDA) (ESTERBAUER; ZOLLNER,
1989; DE ALMEIDA et al., 2003; DE ALMEIDA et al., 2004)

Os niveis de peroxidacdo lipidica foram avaliados por meio do produto formado a
partir de malondialdeido (MDA) e acido tiobarbiturico (TBA), de acordo com Esterbauer e
Zollner (1989), com algumas modificagdes. O produto foi detectado por meio de
cromatografia liquida de alto desempenho acoplada a um detector UV/Vis (UV/Vis-HPLC).
Resumidamente, 0,5 mL do sobrenadante da suspensdo celular foi misturado em uma
proporcdo de 1:1 (V/V) com uma solug@o contendo 40% de acido tricloroacético. Em seguida,
esta mistura foi centrifugada a 1500 g durante 5 minutos a 4°C. Ao sobrenadante obtido foi
adicionada 0,3 mL de uma solug@o de TBA (40 mg em 10 mL de HCI1 0,2 M) e ambos foram
homogeneizados. As misturas resultantes foram aquecidas a 90°C durante 40 minutos. Em
seguida, 1 ml de n-butanol foi adicionado e as amostras foram vigorosamente agitadas e
centrifugadas a 1500 xg durante 5 minutos para extrair os derivados de MDA-TBA. Os
extratos de MDA-TBA foram coletados e injetados diretamente no sistema do HPLC.

O sistema HPLC consistia de bomba ESA584 e um detector UV/Vis ESA526 fixado
em 532 nm. Os extratos foram separados por uma coluna Shimadzu C18 (150 x 4,6 mm, 5
um) munida de uma pré-coluna com a mesma composicao. A fase mével (fosfato de potassio

0,05 M; pH 7,0; com 40% de metanol) foi bombeada a um fluxo isocratico de 1 mL min™. O
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monitoramento dos cromatogramas e identifica¢do e quantificacdo dos pico foram realizados
utilizando o software EZ Chrom Elite (Agilent Technologies). Os calculos basearam-se em
uma curva de calibragdo previamente construida e preparada de acordo com o mesmo

procedimento utilizado para as amostras a partir de padrdes auténticos.

Determinagdo da atividade enzimdtica da catalase (BEUTLER, 1975)

Os hemolisados foram submetidos a andlise da atividade catalase. A quantificacio se
baseia na velocidade de decomposi¢do do peroxido de hidrogénio pela enzima, por meio do

decréscimo de absorbancia em 240 nm.

Determina¢do da atividade enzimdtica da GST (KEEN; HABIG; JAKOBY, 1976)

A atividade da GST foi feita nos hemolisados preparados previamente. A amostra foi
adicionada em um meio de reacdo contendo 1 mM de 1-cloro-2,4-dinitrobenzeno (CDNB), 1

mM de GSH, e o aumento de absorbancia foi acompanhado a 340 nm.

Analise da atividade enzimatica da glutationa peroxidase (GPx) (SIES et al., 1979)

A andlise da GPx foi feita pela medida do decréscimo de absorbancia a 340 nm,
promovido durante a reducdo da glutationa oxidada (GSSG). A reducdo ¢ catalisada pela
glutationa redutase (GR) em presengca de NADPH.

Andlise da atividade enzimadtica da glutationa redutase (GR) (BEUTLER, 1969)

A amostra lisada foi adicionada em um meio de reag¢do contendo 125 mM de GSSG ¢

6 mM de NADPH, e o decréscimo de absorbancia ¢ acompanhado a 340 nm.
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Determinacdo da atividade enzimatica da G6PDH (BEUTLER, 1994)

O teste mediu a taxa de redugdo de NADP" a NADPH durante a incubagio do

hemolisado com glicose-6-fosfato, acompanhando a absorbancia a 340 nm.

Andlise da atividade enzimdtica da superdxido dismutase (SOD) (MCCORD;
FRIDOVICH, 1969)

O método baseia-se em um sistema de geracdo de superdxido (xantina/xantina
oxidase) acoplado a redugdo do citocromo c pelo radical anion superoxido, provocando
aumento de absorbancia em 550 nm. A adi¢do da amostra contendo a SOD promove uma
inibicdo na velocidade de reducdo do citocromo c, uma vez que a SOD compete com o

citocromo c pelo radical superdxido.

Determinagdo dos niveis plasmdticos e eritrocitarios da GSH (RODRIGUEZ-ARIZA;
TORIBIO; LOPEZBAREA, 1994)

A concentracdo de GSH foi analisada por cromatografia liquida de alta performance
(HPLC) acoplada a detector eletroquimico coulométrico ajustado com potencial de 650 mV
para a GSH. Cada amostra de hemolisado foi foi filtrada em unidades filtradoras Millex (0,22
um) acopladas a seringa de insulina sem agulha e, posteriormente injetadas diretamente no
sistema de HPLC.

A coluna foi uma ESA C18 (250 x 4,6 mm, 5 pum) igualmente munida de uma pré-
coluna com a mesma composi¢do. A fase mdvel consistiu em fosfato de soédio a 0,05 M, acido
octanossulfénico a 0,025 M; pH 2,5, com acetonitrila a 2% ( V/V) e foi bombeada a um fluxo
de isocratico de 0,9 mL min”'. O monitoramento dos cromatogramas e identificacio e
quantificacdo dos pico foram realizados por meio do mesmo software utilizado no ensaio da
peroxidacdo lipidica. Os calculos basearam-se uma curva de calibragdo previamente

construida através da inje¢@o de padrdes auténticos de GSH no sistema de HPLC.
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Anadlises estatisticas

As analises estatisticas foram realizadas nos grupos que continham pelo menos trés
individuos, utilizando-se o software Statistica 9.0 (Statsoft Inc., Tulsa, OK, USA). Os dados
foram testados quanto a normalidade e homogeneidade das varidncias, por meio dos testes de
Shapiro Wilk e Levene, respectivamente. Os grupos que atenderam as premissas (dados
paramétricos) foram comparados por meio da aplicagdo do teste t ou one-way ANOVA
seguido pelo post hoc de Tukey. Aqueles grupos que nao cumpriram os pressupostos (dados
ndo paramétricos) foram comparados pelo teste de Mann-Whitney ou Kruskal-Wallis seguido
pelo post hoc de Dunn.

A comparagdo dos tratamentos da experimentacdo ex vivo, por se tratarem de dados
pareados, foi feita por meio do método de ANOVA de medidas repetidas seguido pelo post
hoc de Tukey para dados paramétricos, ou teste de Friedman pelo post hoc de Dunnet para
dados ndo paramétricos. Para avaliar o grau de associagdo entre as varidveis estudadas,
utilizou-se a correlacdo de Pearson para dados paramétricos e de Spearman para dados nao-

paramétricos. O nivel de significancia foi fixado em p < 0,05.
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4. RESULTADOS

Os resultados estdo apresentados sob o formato de artigos cientificos, de acordo com
as normas das revistas selecionadas para posterior submissdo, em cumprimento as normas
para a obten¢do do titulo de Doutor em Genética, pelo Programa de Pds-Graduagdo em
Genética, Instituto de Biociéncias, Letras e Ciéncias Exatas, da Universidade Estadual
Paulista “Julio de Mesquita Filho” — UNESP.

Os dados obtidos a partir das andlises in vivo, de 95 pessoas com AF, para os
polimorfismos nos genes MTHFR ¢ CBS foram reunidos no artigo intitulado "Impact of
genetic polymorphisms in key enzymes of homocysteine metabolism on the pathophysiology of
sickle cell anemia” (Capitulo I) que sera submetido a revista Molecular Genetics and
Metabolism (FI = 2,827). Trata-se de uma abordagem da influéncia da coeranca destes
polimorfismos e AF sobre marcadores do estresse oxidativo, parametros de rotina do
acompanhamento clinico dos pacientes e resposta diferencial do tratamento com HU.

O Capitulo II compreende os trés primeiros objetivos especificos propostos, com o
artigo "Relationship between adenosine deaminase polymorphism (22G>A) and oxidative
stress in sickle cell anemia"que serd submetido a revista Blood Cells Molecules and Disease
(FI = 2,331). Este artigo apresenta, pela primeira vez na literatura, a frequéncia do
polimorfismo 22G>A no gene ADA em individuos com AF e sua relagdo com perfil oxidativo
de pacientes tratados ou nao com HU.

Os resultados obtidos, de acordo com o ultimo objetivo especifico proposto neste
estudo, foram compilados no artigo cientifico intitulado "Potential utility of melatonin as an
antioxidant therapy in the management of sickle cell anemia” (capitulo III), publicado na
revista Journal of Pineal Reaserch (FI = 7,812). O trabalho abordou efeitos antioxidantes
diretos e indiretos da melatonina sob uma suspensdo de células falciformes, como modelo
experimental.

E importante ressaltar que parte da fundamentacdo tedrica deste projeto também
resultou em um artigo de revisdo, publicado na revista Free Radical Biology and Medicine (F1
= 5,710) sob o titulo de "Oxidative stress in sickle cell disease: an overview of erythrocyte

redox metabolism and current antioxidant therapeutic strategies”" (ANEXO D).



Capitulo 1
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Abstract: This work aimed at studying a possible influence of methylenetetrahydrofolate
reductase (MTHFR; c. 677C>T) and cystathionine p-synthase (CBS; 844ins68)
polymorphisms on overall oxidative status of SCA patients and on routine markers,
correlating them with hydroxyurea (HU) treatment. We evaluated 95 unrelated Brazilian
sickle cell anemia (SCA) patients. All patients received a prophylactic treatment with folic
acid of 5 mg/day, while 41 (43.2%) of them were under HU treatment (average dose: 22
mg/Kg/day) for at least 90 days. MTHFR and CBS polymorphisms were identified by PCR-
RFLP. Biochemical parameters were measured using spectrophotometric [catalase,
glutathione S-transferase, glutathione peroxidase, glutathione reductase activities] and
chromatographic methods [fetal hemoglobin (HbF), glutathione (GSH) and malondialdehyde
(MDA) levels]. Routine markers were developed by specialized laboratory. We did not find
any differential response to HU treatment or influence on oxidative markers caused by
MTHFR 677T mutation, but it was related to the lowest HbF levels in the patients untreated
with HU. For CBS polymorphism, we found high activities of lactate dehydrogenase,
aspartate transaminase and gamma-glutamyl transferase in those patients under HU use.
Moreover, we observed a synergic effect of both polymorphisms on decreasing GSH levels,
regardless HU treatment. These findings may contribute to highlight that the MTHFR and
CBS polymorphisms involvement in SCA pathophysiology is likely to be far more complex
than it was explored to date.

Key words:

Hemoglobin S
Methylenetetrahydrofolate reductase
Cystathionine B-synthase
Hydroxyurea
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1. Introduction

Sickle hemoglobin (HbS) is caused by single point mutation in beta-globin gene
(HBB; c.20A>T; rs334), and its homozygosity is termed sickle cell anemia (SCA) which is a
chronic and progressively debilitating medical condition common worldwide [1,2]. SCA is an
hemolytic anemia characterized by a complex pathophysiology that is affected by a number of
modifying factors, including coinheritance of polymorphisms associated to clinical aspects
[3,4] and to treatment response [5], as well as a chronic and systemic oxidative stress [6],
culminating in antioxidant deficiency [7,8].

Glutathione (GSH) is a tripeptide (y-L-glutamyl-L-cysteinylglycine), present at high
concentrations (about 2 mM) in healthy erythrocytes as the most abundant non-protein thiol
that protects against oxidative stress [9]. However, GSH concentration is significantly reduced
in SCA patients [7,10], with some studies noting a 50% decrease in sickle erythrocytes
compared with healthy ones [11], even though its de novo synthesis and recycling rate have
been shown to be higher as compared to healthy erythrocytes [7]. GSH is synthesized from
cysteine, glutamic acid, and glycine in a two ATP-requiring enzymatic steps, being the
availability of cysteine a rate limiting of GSH synthesis [9,12]. Under physiological
conditions, cysteine is derived from the diet, protein breakdown and transsulfuration pathway
that allows the utilization of methionine for GSH synthesis [9,13].

Transsulfuration pathway plays a significant role in the complex folate-dependent
homocysteine (Hcy) metabolism along to the remethylation pathway [14].
Methylenetetrahydrofolate reductase (MTHFR) and cystathionine B-synthase (CBS) are key
enzymes that play a role in the balance of Hcy concentrations by converting it to methionine
or cystathionine, respectively [15,16,17]. Genetic defects occur in either genes encoding for
MTHEFR and CBS enzymes, leading to an alteration of Hcy levels that may be involved in the
cysteine availability. Among the polymorphisms described for these enzymes, the most
studied ones are single point mutation in MTHFR gene (c. 677C>T; rs1801133) [18] and an
68-bp insertion in the exon 8 coding region of CBS (844ins68) [19].

The MTHFR 677T allele is associated with reduced enzymatic activity, decreased
folate concentrations in serum and red blood cells, increased plasma Hcy levels [18,20], and it
is a risk factor for vascular complications [21], including SCA patients [22-24]. Otherwise,
there is no consensus about the 68-bp insertion effect on CBS activity and on Hcy levels
[19,25,26]. In spite that, Alves-Jacob [23] showed that the presence of the 844ins68 mutation

in the CBS gene is a risk factor for vaso-occlusive episodes in SCA patients. Furthermore,
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recent studies have demonstrated that defects in either transsulfuration and remethylation
pathways are related to increased generation of reactive oxygen species (ROS) [27-29] which
could exacerbate the oxidative condition in SCA patients.

Some studies have been carried out to determine the association of the MTHFR
(677C>T) or CBS (844ins68) polymorphisms with higher risk to develop wvascular
complications in SCA patients. However there is no report regarding the functional impacts of
these polymorphisms on GSH concentration and consequently on oxidative stress and routine
markers in SCA patients. For this reason, this work aimed at studying a possible influence of
the mentioned polymorphisms on overall oxidative status of SCA patients and on routine

markers, correlating them with hydroxyurea (HU) treatment.

2. Subjects and Methods

2.1. Subjects

It were analyzed 95 unrelated Brazilian SCA patients (53 women and 42 men; mean
age: 24.4 years old; range: 10 — 59 years old). All subjects were regularly in clinical follow-up
in the Blood Center of Rio de Janeiro (RJ, Brazil) and had access to the same medication
protocol established and regulated by the Brazilian Ministry of Health for the entire national
territory. All the patients studied received a prophylactic treatment with folic acid of 5 mg/day
since the SCA diagnosis, while 41 (43,2%) of them were under HU treatment (average dose:
22 mg/Kg/day) for at least 90 days. The study was approved by the Data Safety Monitoring
Board (DSMB) according to Brazilian Regulations.

After they gave their informed consent, all patients have answered a questionnaire in
order to screen them according to the exclusion criteria listed below. Patients were asked
specifically whether they were taking any nutritional supplements, nonsteroidal anti-
inflammatory drugs (NSAID), opioids, or iron chelating agents. Further exclusion criteria
were pregnant women, smokers or drinkers and patients who had had a stroke, pain and/or
hemolytic crisis, or received blood transfusion within the 120 days prior to the study start.
The medications used were accessed and those ones taking medication known to affect the
analyzed parameters (such as acetylsalicylic acid, antibiotics or vitamins) within 24 h of
sample collection were also excluded.

Patient routine markers, such as complete blood count, hemolytic, hepatic and renal

markers, were developed by the Blood Center of Rio de Janeiro, Brazil. These data were
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obtained by reviewing the medical records from the Blood Center database, where the
informations given in questionaries were also confirmed for each patient, under supervision of

clinicians responsible for the patients.

2.2. Biological samples

Blood samples (about 8 mL) were collected through venipuncture in ethylenediamine
tetra acetic acid (EDTA) tubes. Four milliliters of whole blood were used for cytological,
electrophoretic and chromatographic hemoglobin identification tests, as well as for DNA
extraction from leukocytes for further molecular analysis. An aliquot of the other 4 mL were
firstly used to prepare hemolysate for CAT activity analysis - whole blood diluted in ultrapure
water (1:50, v/v). Then the remaining whole blood samples were centrifuged in a refrigerated
centrifuge at 800 xg for 15 min at 4°C in order to obtain plasma for lipid peroxidation assay
while buffy coat were carefully removed. The erythrocytes obtained were washed three times
with cold phosphate-buffered saline (PBS - 136 mM NaCl, 3 mM KCI, 10 mM Na2HPO4 /
KH2PO4, pH 7.4). The supernatant and buffy coat were carefully removed after each wash.
Finally, the erythrocytes were diluted in a 3.5 uM 2-mercaptoethanol 10 pM NADP 2.7 mM
EDTA hemolyzing solution (1:20, v/v) for GST, GPx and GR activities and GSH content
measurement. All hemolysates and plasma samples were immediately frozen at -80°C until

the analysis.

2.3. Hemoglobin identification tests

Cell morphology microscopic analysis was performed on the stained blood using May-
Griinwald-Giemsa at photonic microscopy using 40x objective. Hb phenotype identification
was performed using electrophoresis on cellulose acetate at pH 8.6 [30], and agar
electrophoresis at pH 6.2 [31]. The Hb fraction quantification was obtained using high
performance liquid chromatography (HPLC) by the automated VARIANTTM equipment

(Bio-Rad Laboratories, Hercules, CA, USA), according to manufacturer's manual.

2.4. Molecular analysis

DNA was extracted from peripheral blood leucocytes and isolated by phenol-
chloroform methodology, according to Sambrook et al. [32]. HBB*S homozigous genotype
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was confirmed by molecular analysis by PCR-RFLP using Ddel as restriction endonuclease
(New England BioLabs, Ipswich, MA, USA) [33]. MTHFR (c.677C>T) polymorphism was
assessed through PCR-RFLP using FastDigest Hinfl (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) as restriction endonuclease, according to Frosst et al. [18]. Briefly, the
PCR product (198-bp) remained uncleaved for ancestral allele, whereas mutant one produced
175- and 23-bp fragments. CBS (844ins68) mutation was detected using PCR as previously
described by Tsai et al. [25]. After PCR, we obtained a 184-bp fragment for ancestral allele

and a 252-bp for mutant one.

2.4. Biochemical measurements

Lipid peroxidation levels were assessed in the plasma samples by the product formed
from malondialdehyde (MDA) and thiobarbituric acid (TBA), according to Silva et al. [34].
The product was detected by high performance liquid chromatography coupled to UV/Vis
detector (UV/Vis-HPLC) [35,36]. The HPLC system consisted of ESA584 pump and an
ESAS526 UV/Vis detector set in 532 nm. The MDA-TBA derivative extracts were separated
by a Shimadzu (Kyoto, japan) C18 column (150 x 4.6 mm, 5 um) that was fitted with a guard
column cartridge of the same composition. The mobile phase (potassium phosphate 0.05 M,
pH 7.0, with 40% methanol) was pumped at an isocratic flow of 1 mL min-1. Chromatogram
monitoring and peak identification and quantification were performed using the EZ Chrom
Elite software (Agilent Technologies, Santa Clara, CA, USA). The calculations were based on
a calibration curve previously constructed and prepared according to same procedure used for
the samples from authentic standards. The results were expressed in ng/mL.

Catalase (CAT) [37], glutathione S-transferase (GST) [38], glutathione peroxidase
(GPx) [39], and glutathione reductase (GR) [40], activities were determined
spectrophotometrically, while GSH concentration was determined HPLC coupled to a
coulometric electrochemical detection (ECD-HPLC) [41]. A hemolysate aliquot was filtered
through Millex syringe filter units (0.22 um) and directly injected into the HPLC system,
consisted of ESA584 pump and an electrochemical coulometric detector (ESA Coulochem III,
Bedford, MA, USA) with potential set at 650 mV. The column was an ESA CI18 (250 x 4.6
mm, 5 pum) also fitted with a guard column cartridge of the same composition. The mobile
phase consisted of sodium phosphate 0.05 M, octanesulfonic acid 0.025 M, pH 2.5, with

acetonitrile (2%; v/v) was pumped at an isocratic flow of 0.9 mL min-1.
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Chromatogram monitoring and peak identification and quantification were performed
using the same software used in the lipid peroxidation assay. The calculations were based on a
calibration curve previously constructed by injecting authentic GSH standards into the HPLC

system. The antioxidant enzymes were expressed in U/mL, while GSH levels were in pM.

2.5. Statistical Analysis

Statistical analysis was performed in groups with at least three individuals using the
Statistica 9.0 software (Statsoft Inc., Tulsa, OK, USA). Data were firstly tested regarding
normality and homogeneity of variances assumptions according to Shapiro-Wilk test and
Levene's test, respectively. Groups that met the assumptions (parametric data) were compared
by applying one-way ANOVA followed by Tukey's post hoc test. Those groups that did not
meet the assumptions (non-parametric data) were compared by Kruskal-Wallis followed by
Dunn's post hoc test.

Data were expressed as mean + standard error and we considered p < 0.05 as

statistically significant.

3. Results

Among the 95 SCA patients evaluated, we found 66 (69.5%) wild homozygous for
MTHFR (677CC), 27 (28.4%) heterozygous (677CT) and two (2.1%) mutant homozygous
(677TT), leading to an allelic frequency of 0.84 for the ancestral allele (677C) and 0.16 for
the mutant one (677T) in the studied group. The allelic frequency obtained for CBS
(844ins68) mutation was very similar to the MTHFR one: 0.85 for the ancestral allele (A) and
0.15 for the insertion (I). Moreover, we identified the following genotyping distribution for
CBS gene - 69 (72.6%) ancestral homozygous (AA), 23 (24.2%) heterozygous (Al) and three
(3.2%) insertion homozygous (II). In addition, the co-heritance prevalence of both mutation in
at least one chromosome (T /I ) was 8.4%.

In order to better address MTHFR 677T polymorphism influence on HU response, and
on oxidative stress and routine markers, we formed four sample subgroups - wild
homozygous treated [CC (HU+)] or not treated with HU [CC (HU-)] and the association of
heterozygous and mutant homozygous under HU use [T_ (HU+)] or not [T (HU-)]. We did
not find any differential response to HU treatment caused by 677T mutation, since no

statistical difference was found between CC (HU+) and T (HU+) subgroups for all the
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markers evaluated. HU presented its well-documented pharmacological effects such as
reduction of lipid peroxidation levels, HbF content increase, and improvement of
hematological and hemolytic markers (Table 1).

The presence of MTHFR 677T allele did not influence any of the oxidative stress
parameters studied. Unexpectedly, this mutation was related to the lowest HbF levels in the
patients not treated with HU [T_ (HU-)]. This subgroup presented less than a half of HbF
amount found in the CC (HU-) subgroup (p < 0.01). We did not find any other MTHFR 677T

influence on routine markers (Table 1).
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Table 1. MTHFR 677T polymorphism influence on HU response, and on oxidative stress and
routine markers

Subgroups MTHFR (677C>T)

Markers CC (HU) T_(HUY) CC (HU) T_(HU) P value Rit:lf:s“e
n=27 n=14 n=39 n=15
MDA (ng/mlL) 307.5 + 30.7° 328.3+46.7° 532.9+33.2° 5093 +643"  <0.01% =
CAT (U/mL) 3416.1 + 189.8% 35448 +£303.9° 3876.6+234.4° 29361 £289.7°  0.09% = oeee
GST (U/mL) T 0.9+0.1° 1.1£0.1° L.1+0.1 0.65%*
GPx (U/mL) 1.1+0.1° 1.3+0.2° 1.0£0.1¢ 0.9+0.1° 0.28%* —
GR (U/mL) 0.5+0.1° 0.4+0.1° 0.5+ 0.0 0.6+0.1° BRI
GSH (uM) 770.1 +94.7°  747.1+1372°  813.7+67.1° 502.1 + 56.3° (1 NT0 —
Hb F levels (%) 13.9+ 1.7 122 +£18° 8.1+09" 3.7+0.7° <0.017 0.0-1.0
Erythrocytes (k/ul) 2.4+0.1° 2.5+0.2° 2.6+0.1° 2.7+0.1° 0.25% 45-6.0
Hemoglobin (g/dL) 8.6+0.3" 8.5+0.5 8.0+0.2° 83+0.2° 0.50" 11.5-17.0
Hematocrit (%) 24.2+0.8° 243 + 1 4° 22.9+0.5° 23.4+0.7° 0.63 35.0 -43.0
MCV (fL) 101.7 £ 2.6" 99.6+3.9° 88.0+1.1" 85.7+14° <0.01"  77.0-100.0
MCH (pg) 36.2+1.1° 35.1+ 1.5 313£05 30,5+ 1.0° <0.01"  25.0-34.0
MCHC (g/dL) 35.6+0.2 352 403" 3544 02° 35.5+0.3" 0.66% 31.0-37.0
Leucocytes (k/ul) 9.1 +0.6° 8.4+0.7° 10.6 + 0.5 102 +0.5° 0.05* 5.0-13.0
Neutrophils (k/uL) 4.4 0.4 3.3+02° 5.0+0.3" 4.8+0.3"° 0.03* 1.5-10.0
Lymphocytes (k/ulL) 3.5+0.3% 3.0+£04" 42+0.2° 4.1+0.4% 0.01* 1.0 - 6.0
Monocytes (k/uL) 0.7=0.1*" 0.5=0.04" 0.8 £ 0.04° 0.7+0.1° <0.01"  0.08-13
Eosinophils (k/uL) 0.2 +0.03" 0.2 £0.05“ 0.3 £0.04“" 04+0.1 0.01* 0.0-0.6
Basophils (k/ulL) 0.1 £0.01° 0.1 £0.02 0.2 +0.01° 0.2 +0.03" 0.13* 0.0-02
Platelets (k/uL) 4100 £24.6°  453.4+42.1° 4254 +21.1° 457.3 +26.2° 0.62*  140.0 - 400.0
Reticulocytes (%) 87+0.7 8.8+0.9° 10.0 +0.5° 10.7 +0.7° 0.18% 0.8-2.
Reticulocytes (K/ulL) 207.1 +17.5° 2212+ 18.7° 244.6 £ 6.7 276.1+13.5"  <0.01"  60.0-150.0
LDH (U/L) 805.3 + 85.5° 799.0+ 60.5°  1153.5+61.6° 12065+1252" <0.01* <480.0
AST (U/L) 48.6 + 3.6 46.9 4.1 55.7+2.9° 58.5+4.7° 0.13* <35.0
ALT (U/L) 24,6+ 2.0° 218237 19.9+ 1.2° 23,8+ 28" 0.20% <41.0
TB (mg/L) 2.4+02° 2.2+04° 3.7+03° 3.7+04% <0.01* <1.0
DB (mg/dL) 0.6+ 0.04° 0.5+0.1° 0.6 +0.02° 0.6 + 0.04° 0.08" <0.2
IB (mg/dL) 1.8+0.2° 1.8+0.4° 3.1+0.3 2.7+0.3% <0.01" <08
ALP (U/L) 137.9 + 10.5" 121.6+11.3° 137.7£9.9° 138.6 + 19.3° 0.82*  53.0-141.0
GGT (U/L) 63.0 + 8.4° 50.6 +9.3° 33.7+£2.5° 44,7 + 1.6 0.05" 8.0-73.0
Creatinine (mg/dL) 0.7 + 0.03° 0.7+0.1° 0.7 £ 0.03" 0.7 £ 0.04" 0.52* 0.6-13

CC: wild homozygous; T : heterozygous and mutant homozygous; (HU+): patients under hydroxyurea use;
(HU-): patients not treated with hydroxyurea; MDA: malondialdehyde; CAT: catalase; GST: glutathione S-
transferase; GPx: glutathione peroxidase; GR: glutathione reductase; GSH: glutathione; Hb F: fetal hemoglobin;
MCV: Mean corpuscular volume; MCH: Mean corpuscular hemoglobin; MCHC: Mean Cell Hemoglobin
Concentration; LDH: lactate dehydrogenase; AST: aspartate transaminase; ALT: alanine transaminase; TB: total
bilirubin, DB: direct bilirubin; IB: indirect bilirubin; ALP: alkaline phosphatase; GGT: gamma-glutamyl
transferase

*Comparisons were made by one-way ANOVA followed by Tukey's post hoc test when applicable
#Comparisons were made by Kruskal-Wallis followed by Dunn's post hoc test when applicable

Different letters indicate statistical differences among the subgroups

We investigated CBS 844ins68 insertion influence in the same manner as MTHFR
gene, through subgroups formation: ancestral homozygous under HU use [AA (HU+)] or not
[AA (HU-)] and the association of heterozygous and insertion homozygous treated [I_ (HU+)]
or not with HU [T_ (HU-)]. Among these CBS subgroups, all biomarkers evaluated presented
average values very similar to the MTHFR subgroups. Furthermore, HU treatment showed the
same MTHFR gene pattern of beneficial effects on lipid peroxidation and HbF levels and

hematological markers (Fig. 1) but slightly different on some hemolytic parameters.
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Fig. 1. HU beneficial effects according to CBS (844ins68) subgroups studied. Lower lipid peroxidation levels
(A) in the patients under HU use than in the patients without the insertion not treated with HU, regardless
polymorphism presence. HbF (B), MCV (C) and MCH (D) increment in the AA (HU+) subgroup when
compared to AA (HU-) and I (HU-) ones. Lymphocyte (E) and monocyte (F) count decrease due to HU use in
SCA patients, regardless polymorphism presence.

AA (HU+): ancestral homozygous under HU use (N = 28); I (HU+): association of heterozygous and insertion
homozygous under HU use (N = 13); AA (HU-): ancestral homozygous not treated with HU (N =41); I (HU-):
association of heterozygous and insertion homozygous not treated with HU (N = 13).

*Indicates statistical differences (p < 0.01; one-way ANOVA followed by Tukey's post hoc test)

#Indicates statistical differences (p < 0.01; Kruskal-Wallis followed by Dunn's post hoc test)

Similarly to the results obtained for MTHFR subgroups, we observed both expected
HU response and no significant CBS (844ins68) influence on reticulocyte and bilirubin levels
(Figure 2). On the other hand, the presence of the insertion in at least one chromosome

seemed to cause differential HU treatment response, since we found higher LDH (p < 0.01)
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and AST (p = 0.01) activities in the I (HU+) subgroup when compared to the AA (HU+)
subgroup. Furthermore, I (HU+) showed threshold reference value for GGT activity and
higher than both subgroups untreated with HU (p = 0.04) (Figure 3). The other routine and

antioxidant markers analyzed did not differ statistically among the CBS subgroups (data not

shown).
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Fig. 2. HU improvement of some hemolytic markers evaluated. A) AA (HU+) subgroup showed decreased
relative reticulocyte count in relation to I (HU-) one. Lower absolute reticulocyte amount (B) and total bilirubin
(TB) levels (C) in the AA (HU+) subgroup compared to both subgroups not treated with HU. D) Effective
decrease of indirect bilirubin (IB) levels due HU use, regardless CBS polymorphism presence.

AA (HU+): ancestral homozygous under HU use (N = 28); I (HU+): association of heterozygous and insertion
homozygous under HU use (N = 13); AA (HU-): ancestral homozygous not treated with HU (N = 41); I (HU-):
association of heterozygous and insertion homozygous not treated with HU (N = 13).

*Indicates statistical differences (p < 0.01; one-way ANOVA followed by Tukey's post hoc test)

#Indicates statistical differences (p < 0.01; Kruskal-Wallis followed by Dunn's post hoc test)
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We also assessed a possible gene-gene interaction effect on HU response and on
biomarkers evaluated. In this way, the statistical comparisons were performed among the
following subgroups: ancestral homozygous for both MTHFR (677C>T) and CBS (844ins68)
polymorphisms treated [CC/AA (HU+)] or not treated with HU [CC/AA (HU-)], and at least
heterozygous for both polymorphisms studied, under HU use [T /I (HU+)] or not [T /I
(HU-)]. We obtained mostly the same results for the association gene analysis that those ones
for each gene individually (data not shown). Thus, HU influence on patient hematological and

hemolytic profile, regardless the presence of the polymorphism association.
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Notwithstanding, we found only one synergic effect of 677T and "I" alleles on GSH
levels. The co-inheritance of the polymorphisms investigated was related to about 35%

reduction of GSH levels in SCA patients under HU use or untreated with HU (Fig. 4).

900 ' . Fig. 4. Influence of 677T and "I" alleles on GSH
800 ¥ T levels. T /I (HU") subgroup showed about 1.7-
00 T . fold decrease in the GSH amount compared to

CC/AA (HU") one. The same pattern of allelic
synergism occurred in the untreated subgroups.
CC/AA: wild homozygous for both MTHFR
(677C>T) and CBS (844ins68); T /I : at least
300 heterozygous for both polymorphisms studied;
(HU"): SCA patients treated with HU; (HU):
untreated patients.

"Indicates statistical differences (p = 0.04;
COMAHUN T/ (HUD)  CCMAAMUY T (HUD Kruskal-Wallis followed by Dunn's post hoc

(N=18) (N=4) (N =30) (N=4) test).
MTHFR (677C>T)*CBS (844ins68)

-

-H

4. Discussion

Although SCA was one of the first disorders clearly defined at molecular level, genetic
understanding of the basis for disease expression variability is still unclear [42]. In this way,
despite HbS presence is indispensable for the disease establishment, several other phenomena
affected by a multitude of genes other than the one directly involved (HBB*S) play an
important role [43]. Thus, to our knowledge, this is the first report focusing on the possible
influence of the polymorphisms in MTHFR and CBS genes and their association on oxidative
stress markers and routine measurements, and on HU treatment in SCA patients.

The prevalence of MTHFR (677C>T) and CBS (844ins68) mutations reveals an
extensive ethnic and geographic variability [44,45]. For instance, the prevalence of MTHFR
homozygosity (677TT) may vary between 1 and 30% in the general population [46], while
CBS homozygosity shows a much lower variance, ranging from absent to 4% [45]. However,
the genotypic frequency data obtained for these polymorphisms in our study is in agreement
to previous studies in Brazilian SCA patients [22,23,47].

HU administration is the only currently available disease-modifying therapy for SCA
[48,49,50]. HU is an antineoplastic drug which its main pharmacological action is to increase
Hb F levels [48]. It has other potentially beneficial effects including improved nitric oxide
(NO) metabolism, reduced red cell-endothelial interaction, decreased erythrocyte density [48],
improvement of mean corpuscular volume (MCV) and mean corpuscular hemoglobin (MCH)

[51,52], and reduction of white cell counts [53], lipid peroxidation levels [54,55] and
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hemolysis [56]. We observed these expected pharmacological effects, regardless the presence
of both polymorphisms investigated, except on some hemolytic markers (LDH and AST
activities) in those SCA patients at least heterozygous for 68-bp insertion in CBS [I_ (HU+)].

The polymorphism (844ins68) in the CBS gene was initially thought to mandate the
use of an insertion-associated premature stop codon in the CBS mRNA and result in the
translation of an inactive truncated enzyme [19]. Subsequently, Tsai et al. [25] showed that
the 68-bp insertion generates an alternative splice site that permits the elimination of the
entire inserted region, thereby allowing the formation of a normal mRNA transcript and a
fully functional CBS enzyme. Moreover, it was speculated that this insertion is associated
with somewhat higher CBS enzyme activity [26]. Assuming that the CBS (844ins68) mutation
causes higher CBS activity, and taking into consideration: i) transsulfuration pathway is
particularly active in hepatocytes [13]; i1)) HU is mostly metabolized in the liver [57]; ii1)) LDH
and AST are also hepatic enzymes [58,59]; and iv) threshold reference value obtained for
GGT activity, we hypothesized that these are signal of initial establishment of hepatic
dysfunction in the SCA patients from the I (HU+) subgroup. Therefore, our results leave
perspectives for further studies to better address this hypothesis.

The single nucleotide polymorphism at position 677 in the MTHFR gene had the
functional influence on 30 and 65% reduced enzyme activity in heterozygous (CT) and
homozygous (TT) variants, respectively [60]. Thus, it is associated with elevated Hcy levels
[61,62], which in turn are responsible for an increased ROS production in several tissues such
as bone and vascular endothelium [63,64], and correlated positively with MDA levels [65]. In
this way, we expected that the co-inheritance of HBB*S and MTHFR 677T would worsen the
oxidative status in SCA patients. However, none of the polymorphisms influenced
individually any of the oxidative stress parameters assessed. We believe that the lack of
MTHFR and CBS mutations on oxidative stress markers can be attributed to daily folic acid
treatment administered in the SCA patients evaluated. According to Dragani et al [27], a
regimen of folate intake (5 mg daily) is capable to produce a 58% decrease in Hcy levels,
improving vascular function and oxidative stress in patients with coronary heart disease.

Despite the lack of MTHFR 677T polymorphism influence on oxidative status and on
HU response, this mutation may be related to ineffective erythropoiesis in SCA patients, that
was in vivo demonstrated to contribute with SCA pathophysiology [66]. MTHFR reduced
activity caused by the polymorphism studied promotes a significantly reduction in the
production of 5-methyl-THF (the primary form of plasma folate), culminating in lower

plasma and erythrocyte folate concentrations [67]. In addition, SCA patients normally present
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lower serum cobalamin (Vitamin B12) levels, without macrocytosis or hypersegmented
neutrophils [68-70]. Deficiency in any one of these micronutrient can cause increased
erythroid progenitor cell death through impaired DNA synthesis and its consequences during
erythropoiesis [71]. Moreover, according to Moestrup [72], during increased hemolysis (one
characteristic pathophysiological event of SCA), erythropoiesis is accelerated by
erythropoietin (EPO), making this process extremely sensitive to deficiency of cobalamin and
folate. Altogether, this hypothesis is plausible and worthy of further investigation.

The "ineffective erythropoiesis" hypothesis may partially explain the lowest HbF
levels we found in the SCA patients at least heterozygous for MTHFR untreated with HU [T
(HU-)]. According to Wiles and Howard [73], erythroid progenitors that divide faster tend to
be those with a high HbS level, while the red cells with a high HbF tend to arise from
progenitors that divide less rapidly. In this way, if we assume that extra- and intramedullar
hemolysis is occurring due to HBB*S and MTHFR 677T co-inheritance, the hyper-hemolysis
state might be triggering erythroid hyperplasia through enhanced EPO-stimulus, favoring
production of red cells with a low Hb F amount. This idea is corroborated by the highest
reticulocyte count found in the same SCA patient subgroup [T _ (HU-)]. One might speculate
that folic acid supplementation would mitigate or blunt the processes in the above mentioned
hypothesis. However, even though SCA patients routinely using folic acid to improve
erythropoiesis, folate status can be found at sub-clinical levels when compared to healthy
control serum folate levels [74].

Finally, we demonstrated a synergic effect of 677T and "I" alleles on decreasing GSH
levels. This observation may be a result of a "Hcy-trapping effect", since from 10 - 20% of
Hcy is present as homocysteine-cysteine in the circulation [21], depleting cysteine availability
before its utilization for GSH synthesis. Either, a genetic or functional defect in the y -
cystathionase, the second enzyme of the transsulfuration pathway [21]. However, this
reflection should be carefully interpreted due to the small sample size in the affected

subgroups, and it leaves new perspectives for further studies.

5. Conclusions

A number of limitations of the present study need to be acknowledged, including no

functional analysis of MTHFR and CBS enzymes, neither measurements of folate, cobalamin,

and even Hcy, and the small sample size in some subgroups evaluated.
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This work was an outstanding hypothesis-generating study, suggesting that MTHFR
(677C>T) and CBS (844ins68) polymorphisms involvement in SCA pathophysiology is likely
to be far more complex than it was explored to date. Briefly, we provided evidence that: 1) the
polymorphisms investigated had minor impact on modifying oxidative status in SCA patients,
only a synergic effect on GSH concentration; i1) HBB*S and MTHFR 677T co-inheritance
showed a detrimental effect on HbF levels in SCA patients untreated with HU; iii) HBB*S
and CBS (844ins68) co-inheritance may be related to hepatic dysfunction in SCA patients
under HU use. Furthermore, we suggest the need for carefully designed dose-finding studies

as a basis for further clinical trials of acid folic supplementation.
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Abstract

The aim of this study was to identify, in people with sickle cell anemia (SCA), adenosine
deaminase (ADA; c. 22G>A; rs73598374) polymorphism, and correlating it with oxidative
stress and antioxidant capacity markers. We evaluated 95 unrelated and diagnosed Brazilian
sickle cell anemia (SCA) patients. All patients received a prophylactic treatment with folic
acid of 5 mg/day, while 41 (43.2%) of them were under HU treatment (average dose: 22
mg/Kg/day) for at least 90 days. ADA polymorphism was identified by PCR-RFLP.
Biochemical parameters were measured using spectrophotometric [catalase, glutathione S-
transferase, glutathione peroxidase, glutathione reductase activities] and chromatographic
methods [fetal hemoglobin (HbF), glutathione (GSH) and malondialdehyde (MDA) levels].
Among the 95 SCA patients evaluated, we identified 80 (84.2%) wild homozygous for ADA
(22GG), 15 (15.8%) heterozygous (22GA) and none mutant homozygous (22AA), leading to
an allelic frequency of 0.92 for the ancestral allele (22G) and 0.08 for the mutant one (22A).
Unexpectedly, we did not observe any influence of 4DA polymorphism on oxidative stress
markers evaluated. However, we confirmed a well-described protective effect of HU
treatment on decreasing MDA levels (p < 0.01), regardless the presence of ADA
polymorphism. Thus, we concluded that 4DA (22G>A) polymorphism does not play
significant role in the disruption of sickle erythrocyte redox metabolism.

Key words:
Hemoglobin S
Adenosine

Fetal hemoglobin
Hydroxyurea
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Introduction

Sickle cell anemia (SCA) is a devastating genetic hemolytic disorder associated with a
high morbidity and mortality [1-3]. The underlying abnormality is a single nucleotide
substitution (c.20A>T; rs334) in the gene that encodes the B-globin chain [4]. The mutated
globin chain will form the abnormal hemoglobin S (HbS), due to a substitution of valine for
glutamic acid at position six of the protein [5]. This substitution creates a hydrophobic patch
in the HbS tetramer that results in a propensity to polymerize in its deoxygenated state,
forming long polymers that distort the shape of the red blood cells (RBCs) [6]. However, HbS
polymerization is reversible; fibers “melt” as oxygen is taken up by the HbS and the normal
discoid shape returns [1]. The higher energy expenditure due to the increased metabolic
turnover upon polymerization and depolymerization results in higher reactive oxygen species
(ROS) production in sickle erythrocytes [7,8].

Despite our precise knowledge of the molecular defect that is associated with HbS in
RBCs [9-11] and recent progress in understanding the molecular events that control
polymerization of HbS and sickling of erythrocytes [12,13], the specific factors and signaling
pathways that are involved in this process are unclear. In this way, Zhang et al. [14]
demonstrated that adenosine can enhance 2,3-bisphosphoglycerate (2,3-BPG) production via
Ajp receptor activation, suggesting that elevated adenosine had an unrecognized role in
normal RBCs to promote oxygen (O,) release and prevent acute ischemic tissue injury.
However, in sickle erythrocytes, the beneficial role of excessive adenosine-mediated 2,3-BPG
induction becomes detrimental by promoting deoxygenation, HbS polymerization and
subsequent sickling.

Adenosine displays a complex metabolism in which it is generated intracellularly and
extracellularly by degradation of adenine nucleotides [15]. In both media, the enzyme
adenosine deaminase, encoded by 4DA gene (20q13.11), catalyzes the hydrolytic deamination
of adenosine or 2'-deoxyadenosine to inosine or 2'-deoxyinosine and ammonia, contributing
to the regulation of adenosine levels [16,17]. Furthermore, a common functional variant of the
ADA gene has been described as a guanine to adenine transition (¢.22G>A; rs73598374)
which leads to the substitution of asparagine for aspartic acid at the eightieth codon of the
gene [16]. It has been found that this functional polymorphism leads to a decrease in ADA
activity in erythrocytes and lymphocytes [18].
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Taken the above observations into consideration, we hypothesized that the co-
inheritance of SCA and 4DA (22G> A) polymorphism would enhance adenosine levels due to
ADA (22G>A) mutation, and through adenosine-mediated 2,3-BPG induction mechanism,
exacerbate ROS generation inside the sickle erythrocytes, culminating in the worsening of the
SCA patient oxidative condition. Thus, the aim of this study was to identify, in people with
SCA, ADA (c. 22G>A; 1s73598374) polymorphism, and correlating it with oxidative stress

and antioxidant capacity markers.

Methods

Subjects

We evaluated 95 unrelated Brazilian SCA patients (53 women and 42 men; mean age:
24 .4 years old; range: 10 — 59 years old). All subjects were regularly in clinical follow-up in
the Blood Center of Rio de Janeiro (RJ, Brazil) and had access to the same medication
protocol established and regulated by the Brazilian Ministry of Health for the entire national
territory. All the patients studied received a prophylactic treatment with folic acid of 5 mg/day
since the SCA diagnosis, while 41 (43,2%) of them were under HU treatment (average dose:
22 mg/Kg/day) for at least 90 days. The study was approved by the Data Safety Monitoring
Board (DSMB) according to Brazilian Regulations.

After they gave their informed consent, all patients have answered a questionnaire in
order to screen them according to the exclusion criteria listed below. Patients were asked
specifically whether they were taking any nutritional supplements, nonsteroidal anti-
inflammatory drugs (NSAID), opioids, or iron chelating agents, e.g. Further exclusion criteria
were pregnant women, smokers or drinkers and patients who had had a stroke, pain and/or
hemolytic crisis, or received blood transfusion within the 120 days prior to the study start.
The medications used were accessed and those ones taking medication known to affect the
analyzed parameters (such as acetylsalicylic acid, antibiotics or vitamins) within 24 h of
sample collection were also excluded. The informations given in questionaries were also
confirmed for each patient, by reviewing the medical records from the Blood Center database

under supervision of clinicians responsible for the patients.
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Biological samples

Blood samples (about 8 mL) were collected through venipuncture in ethylenediamine
tetra acetic acid (EDTA) tubes. Four milliliters (mL) of whole blood were used for
cytological, electrophoretic and chromatographic hemoglobin identification tests, as well as
for DNA extraction from leukocytes for further molecular analysis. The other 4 mL were
firstly used to prepare hemolysate for CAT activity analysis - whole blood diluted in ultrapure
water (1:50, v/v). Then the blood samples were centrifuged in a refrigerated centrifuge at 800
xg for 15 min at 4°C in order to obtain plasma for lipid peroxidation assay while buffy coat
were carefully removed. The erythrocytes obtained were washed three times with cold
phosphate-buffered saline (PBS - 136 mM NacCl, 3 mM KCI, 10 mM Na2HPO4 / KH2PO4,
pH 7.4). The supernatant and buffy coat were carefully removed after each wash. Finally, the
erythrocytes were diluted in a 3.5 pM 2-mercaptoethanol 10 uM NADP 2.7 mM EDTA
hemolyzing solution (1:20, v/v) for GST, GPx and GR activities and GSH content
measurement. All hemolysates and plasma samples were immediately frozen at -80°C until

the analysis.

Hemoglobin identification tests

Cell morphology microscopic analysis was performed on the stained blood using May-
Griinwald-Giemsa at photonic microscopy using 40x objective [19]. Hb phenotype
identification was performed using electrophoresis on cellulose acetate pH 8.6 [20], and agar
electrophoresis at pH 6.2 [21]. The Hb fraction quantification was obtained using high
performance liquid chromatography (HPLC) by the automated VARIANT™ equipment (Bio-

Rad Laboratories, Hercules, CA, USA), according to manufacturer's manual.

Molecular analysis

DNA was extracted from peripheral blood leucocytes and isolated by phenol-
chloroform methodology, according to Sambrook et al. [22]. HBB*S homozigous genotype
was confirmed by molecular analysis by PCR-RFLP using Ddel as restriction endonuclease
(New England BioLabs, Ipswich, MA, USA) [23]. ADA (c.22G>A) polymorphism was
assessed through PCR-RFLP using FastDigest Taql (Thermo Fisher Scientific Inc., Waltham,
MA, USA), according to Safranow et al. [24].
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Biochemical measurements

Lipid peroxidation levels were assessed in the plasma samples by the product formed
from malondialdehyde (MDA) and thiobarbituric acid (TBA), according to Silva et al. [25].
The product was detected by high performance liquid chromatography coupled to UV/Vis
detector (UV/Vis-HPLC) [26,27]. The HPLC system consisted of ESA584 pump and an
ESA526 UV/Vis detector set in 532 nm. The MDA-TBA derivative extracts were separated
by a Shimadzu (Kyoto, Japan) C18 column (150 x 4.6 mm, 5 um) that was fitted with a guard
column cartridge of the same composition. The mobile phase (potassium phosphate 0.05 M,
pH 7.0, with 40% methanol) was pumped at an isocratic flow of 1 mL min-1. Chromatogram
monitoring and peak identification and quantification were performed using the EZ Chrom
Elite software (Agilent Technologies, Santa Clara, CA, USA). The calculations were based on
a calibration curve previously constructed and prepared according to same procedure used for
the samples from authentic standards. The results were expressed in ng/mL.

Catalase (CAT) [28], glutathione S-transferase (GST) [29], glutathione peroxidase
(GPx) [30], and glutathione reductase (GR) [31], activities were determined
spectrophotometrically, while GSH concentration was determined HPLC coupled to a
coulometric electrochemical detection (ECD-HPLC) [32]. A hemolysate aliquot was filtered
through Millex syringe filter units (0.22 pm) and directly injected into the HPLC system,
consisted of ESA584 pump and an electrochemical coulometric detector (ESA Coulochem III,
Bedford, MA, USA) with potential set at 650 mV. The column was an ESA C18 (250 x 4.6
mm, 5 um) also fitted with a guard column cartridge of the same composition. The mobile
phase consisted of sodium phosphate 0.05 M, octanesulfonic acid 0.025 M, pH 2.5, with
acetonitrile (2%; v/v) was pumped at an isocratic flow of 0.9 mL min-1.

Chromatogram monitoring and peak identification and quantification were performed
using the same software used in the lipid peroxidation assay. The calculations were based on a
calibration curve previously constructed by injecting authentic GSH standards into the HPLC

system. The antioxidant enzymes were expressed in U/mL, while GSH levels were in pM.

Statistical Analysis

Statistical analysis was performed in groups with at least three individuals using the

Statistica 9.0 software (Statsoft Inc., Tulsa, OK, USA). Data were firstly tested regarding

normality and homogeneity of variances assumptions according to Shapiro-Wilk test and
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Levene's test, respectively. Groups that met the assumptions (parametric data) were compared
by applying one-way ANOVA followed by Tukey's post hoc test. Those groups that did not
meet the assumptions (non-parametric data) were compared by Kruskal-Wallis followed by
Dunn's post hoc test.

In order to assess association degree between the studied variables, we used Pearson's
correlation for parametric data and Spearman's rank correlation for non-parametric data. Data
were expressed as mean =+ standard error and we considered p < 0.05 as statistically

significant.

Results

Among the 95 SCA patients evaluated, we identified 80 (84,2%) wild homozygous for
ADA (22GG), 15 (15.8%) heterozygous (22GA) and none mutant homozygous (22AA),
leading to an allelic frequency of 0.92 for the ancestral allele (22G) and 0.08 for the mutant
one (22A). Due to the lack of mutant homozygous, and as HU is an important modulator of
SCA oxidative status, we did all the comparisons among the following subgroups: wild
homozygous treated [GG (HU+)] or not treated with HU [GG (HU-)] and patients
heterozygous under HU use [GA (HU+)] or not [GA (HU-)].

Unexpectedly, the presence of ADA 22A allele did not influence any of the oxidative
stress parameters assessed (Fig. 1). We only observed an well-documented HU effect on lipid
peroxidation levels. Those patients treated with HU showed lower MDA levels than the
patients untreated, regardless the presence of mutation (p <0.01) (Fig. 1-A).

In order to better understand the non-participation of ADA 22A polymorphism in the
expression of oxidative stress markers, further investigation was carried out according to HbF
amount of SCA patients, because HbF is capable of changing the intracellular concentrations
of HbS that dictate the pace and extent of polymerization [33]. Thus, we analyzed the
association degree between HbF levels and biochemical markers studied in SCA patients
heterozygous for ADA polymorphism, since they showed high HbF levels variation (mean
value: 8.6%; range: 0.5 - 23%). However, we found no correlation between HbF amount and

each variable measured (Fig. 2).
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Discussion

Even with improved knowledge of the human genome, development of new genomic
tools and identification of single nucleotide polymorphisms (SNPs) associated with
subphenotypes of SCD by genome-wide association studies (GWAS) [28], there is still a
major challenge to combine all these variables and establish potential predictors of the SCD
severity [34]. In addition, the understanding of SCA pathophysiology has gradually increased
[35], and among the new evidences, oxidative stress has been increasingly related to both
cause and consequence of inflammation, hemolysis, vasculopathy, vaso-occlusion, infection,
injury by ischemia/reperfusion, e.g. [2]. However, studies associating genetic and
biochemichal markers are scarce, thus this study, to our knowledge, yields a unique
opportunity in which both genetic factor (4DA polymorphism) and oxidative stress markers
were simultaneously measured and correlated with HbF levels and HU use in persons with
SCA.

The frequency of mutated allele in ADA gene (22A) is estimated at 0.06 in Western
populations, lower among individuals of African descents and higher in Southeast Asian
populations [16,36,37]. Previous studies from Brazilian population showed different allele
frequencies. For instance, Dutra et al. [38] obtained a 0.11 allele (22A) frequency for
individuals from Rio Grande do Sul State. While, Nunes et al [39] and Mazzotti et al. [40]
found a frequency about 0.05 for people from Sao Paulo State. These data are in accordance
to studies developed in European populations [24,41,42]. This way, we found a frequency
lower than those reported for Caucasians and higher than that expected for African descents
that might to be only the reflection of ethnic and racial admixture of our population.
Moreover, to our knowledge, this is the first report about ADA (22G>A) polymorphism in
people with SCA from Rio de Janeiro State.

During periods of cellular hypoxia or stress, adenosine is released from cells along
with the adenine nucleotides, ATP, ADP, and AMP, which are converted to adenosine by
ectonucleotidases [43,44]. This response is even more pronounced in SCA patients due to
increased amounts of ATP in the circulation derived from chronic sickle red cell hemolysis
and tissue damage from vasoocclusion [45]. This observation causes the postulated hypothesis
of this study is more plausible, but we did not observe any influence of ADA polymorphism
on oxidative stress markers evaluated. Firstly, we thought that it could be the result of a
known protective effect of HbF levels shown by Dasgupta et al. [46] in SCA transgenic mice,
and further confirmed in SCA patients by Silva et al [47], in which Hb F protective effect is
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primarily mediated by decreased intravascular sickling, resulting in a decreased oxidative
stress. However, we found no association between HbF levels and each biochemical
parameters assessed.

Although, the enzyme encoded by the A22 allele has about 35% less catalytic activity
than enzyme encoded by G22 allele, individuals carrying one copy of mutated allele display
15-20% lower activity compared to ancestral homozygotes [18]. This way, we demonstrated
that enzyme inefficiency caused by mutation is not sufficient to trigger a worsening in
oxidative outcome of people with SCA. Nevertheless, Safranow et al. [24] demonstrated an
association of ADA 22A allele with decreased risk of coronary artery disease. While Mi et al.
[48] showed that mice lacking ADA developed priapic activity and penile vascular fibrosis.
Thus, further studies with larger sample size and association with clinical manifestations can
predict the relative risk generated by co-inheritance of ADA (22G>A) polymorphism and SCA
in disease progression.

In conclusion, we showed that ADA (22 G>A) polymorphism does not play significant
role in the disruption of sickle erythrocyte redox metabolism. However, taking into
consideration the studies summarized above, we suggest that this polymorphism might be

involved in the broad spectrum of SCA phenotypic expression.
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Fig. 1. Influence of ADA (22G>A) polymorphism on oxidative stress markers. A) Lower lipid peroxidation
levels in the patient subgroups under HU use when compared to patients not treated with HU, regardless
polymorphism presence (p < 0.01; Kruskal-Wallis follewd by Dunn's post hoc test). Absence of differential
expression of the evaluated antioxidants among the patient subgroups: B) catalase activity (p = 0.32; one-way
ANOVA); C) glutathione S-transferase activity (p = 0.83; one-way ANOVA); D) glutathione peroxidase activity
(p = 0.29; one- way ANOVA); E) glutathine reductase activity (p = 0.53; one- way ANOVA); F) glutathione
concentration (p = 0.55; Kruskal-Wallis).
GG (HU+4): ancestral homozygous under HU use (N = 34); GA (HU+): heterozygous patients under HU use (N
= 8); GG (HU-): ancestral homozygous not treated with HU (N = 46); GA (HU-): heterozygous patients
untreated with HU (N = 7).

#Indicates statistical differences.
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Fig. 2. No association between HbF amount and each oxidative stress parameters evaluated in SCA patients
heterozygous for ADA (22G>A) polymorphims. A) Lipid peroxidation measured through malondialdehyde
levels. Activities of antioxidant enzymes (B) catalase; (C) glutathione S-transferase; (D) glutathione peroxidase;
(E) glutathione reductase. F) Glutathione levels.
All correlation analysis were made by Spearman's rank test.
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Abstract: This study aimed to assess antioxidant effects of melatonin treatment compared to
N-acetylcysteine (NAC) and to their combination in a sickle cell suspension. Sickle
erythrocytes were suspended in phosphate-buffered saline, pH 7.4, composing external
control group. They were also suspended and incubated at 37°C either in absence
(experimental control group) or presence of NAC, melatonin and their combination at
concentrations of 100 pM, 100 nM and 100 uM for one hour (treatment groups). The
melatonin influences were evaluated by spectrophotometric [hemolysis degree, catalase
(CAT), glutathione S-transferase (GST), glutathione peroxidase (GPx), glutathione reductase
(GR), glucose-6-phosphate dehydrogenase (G6PDH) and superoxide dismutase (SOD)
activities] and chromatographic methods [glutathione (GSH) and malondialdehyde (MDA)
levels]. Incubation period was able to cause a rise about 64% on hemolysis degree as well as
practically doubled the lipid peroxidation levels (p < 0.01). However, almost all antioxidants
tested treatments neutralized this incubation effect observed in MDA levels. Among the
antioxidant biomarkers evaluated, we observed a modulating effect of combined treatment on
GPx and SOD activities (p < 0.01), which showed ~25% decrease in their activities. In
addition, we found an antioxidant dose-dependent effect for melatonin on lipid peroxidation (r
=-0.29; p =0.03) and for combined antioxidant treatments also on MDA levels (r = - 0.37; p
= 0.01) and on SOD activity (r = - 0.54; p < 0.01). Hence, these findings contribute with
important insight that melatonin individually or in combination with NAC may be useful for

sickle cell anemia management.
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Introduction

Sickle cell anemia (SCA) encompasses inherited hemolytic anemia due to a single
point mutation in beta globin gene (HBBg1”6val) that result in the formation of sickle
hemoglobin (HbS) [1], which drives to a complex physiopathology. Oxidative stress plays a
major role in SCA pathophysiology, contributing significantly to hemolysis,
hypercoagulability, endothelial activation, decreased nitric oxide (NO) bioavailability and
organ damage [2-7], leading to devastating clinical manifestations [8]. One of the most
important prooxidant sources in SCA are sickle erythrocytes [9,10]. Sheng et al. [11] have
shown excessive biologic oxidation of HbS because the cytoplasm of sickle red blood cells,
unlike that of normal cells, are exposed to abnormal amounts of oxidants. Moreover, the high
metabolic turnover during polymerisation and depolymerisation suffered by HbS molecules
after deoxygenation and reoxygenation respectively is a potentially important source of
reactive  oxygen species (ROS) production [12,13]. Thus, the repeated
polymerization/depolymerization process can lead to a vicious cycle inciting blood cell
adhesion, hemolysis, vaso-occlusion, and ischemia-reperfusion injury [14], in other words
multiple sources of prooxidant processes with consequent overwhelming, chronic and
systemic oxidative stress.

An improved understanding of the abnormal oxidative processes that occur in SCA
has led to new insights into the action mechanisms of some currently accepted therapies, e.g.
hydroxycarbamide (HC), and it has also suggested new therapies for this disease [15,16]. For
this reason, antioxidant therapy is being a worthy, promising and increasing goal for SCA
treatment. In this way, Udupi and Rice-Evans [17] showed the efficacious and non toxic
effects of N-acetylcysteine (NAC) in sickle erythrocyte suspension, as experimental model.
Afterwards, other in vitro [18,19] and in vivo [20] studies showed that NAC could block
formation of dense and irreversibly sickled cells, and inhibit sickle erythrocyte dehydration
due to its ability to maintain an appropriate level of reduced glutathione (GSH) and its direct
antioxidant activity. More recently, Nur et al. [21] concluded that oral NAC treatment of SCA
patients seems to reduce erythrocyte outer membrane phosphatidylserine exposure, plasma
levels of advanced glycation end-products (AGEs), and cell-free hemoglobin levels.

However, NAC has shown a limited clinically application, mainly because it failed to
provide significant antioxidant effects in vivo, presumably due to its low lipid solubility and
tissue distribution [22,23]. Conversely, melatonin (N-acetyl-5-methoxytryptamine) is an

amphiphilic molecule, able to cross all morphophysiological barriers [24,25]. Moreover,



Resultados 83

melatonin protective effects against deleterious effects caused by oxidative stress are well
documented [26-31], thus reducing oxidative damage in both lipid and aqueous cell
environments. In addition, one of the most appealing properties of melatonin, which
distinguishes it from most antioxidants, is that its metabolites also have the ability to scavenge
reactive oxygen species (ROS) and reactive nitrogen species (RNS) [32]. The continuous
protection exerted by melatonin and its metabolites, referred as the free radical scavenging
cascade [33-35], makes melatonin highly effective in protecting organisms from oxidative
stress, even at low concentrations [32]. These melatonin properties should be beneficial for
the treatment of SCA patients, since they have shown a ~2.5-fold reduction of melatonin
levels compared to a control group of individuals without hemoglobinopathies, suggesting an
involvement of melatonin in the antioxidant defense system [36].

Taken together, SCA pathophysiologic complexity intimately related with a
hyperoxidative status, the well-established action of NAC as an antioxidant therapy for SCA
patients and the promising therapeutical implications of melatonin, this study aimed to assess
antioxidant effects of melatonin treatment compared to NAC and the combination of both
using a sickle cell suspension as experimental model. Other cellular antioxidants (superoxide
dismutase, catalase, glutathione peroxidase, glutathione reductase, glutathione S-transferase,
glucose-6-phosphate dehydrogenase and reduced glutathione levels) were also measured to
verify a possible indirect action of melatonin in ameliorating oxidative stress due to

modulation of antioxidant defenses.

Methods

Subjects

Ten previously diagnosed Brazilian SCA patients were included in the study (six
women and four men; mean age: 27.4 years old; range: 20 — 40 years old). All subjects were
regularly in clinical follow-up in the Blood Center of Sao Jose do Rio Preto (SP, Brazil) and
had access to the same medication protocol established and regulated by the Brazilian
Ministry of Health for the entire national territory. The study was approved by the Data Safety
Monitoring Board (DSMB) according to Brazilian Regulations.

After they gave their informed consent, all patients have answered a questionnaire in
order to screen them according to the exclusion criteria listed below. Patients were asked

specifically whether they were taking any nutritional supplements, nonsteroidal anti-
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inflammatory drugs (NSAID), opioids, or hydroxycarbamide (HC). History of pain crisis
episodes, need of hospitalization and diagnosis of acute complications in the last 12 months
were particularly emphasized. Pregnant, smokers or drinkers were excluded from the study, as
well as anyone who had had a stroke, pain and/or hemolytic crisis or had received blood
transfusion within the 120 days prior to the study start. The medications used were accessed
and those ones taking medication known to affect the analyzed parameters (such as
acetylsalicylic acid, antibiotics or vitamins) within 24 h of sample collection were also
excluded.

All patient routine markers, e.g. complete blood count, hemolytic and hepatic and
renal markers, were developed by specialized laboratory in the Blood Center of Sao Jose do
Rio Preto. These data were obtained by reviewing the medical records from the Blood Center
database, where the informations given in questionaries were also confirmed for each patient,

under supervision of clinicians responsible for the patients.

Hemoglobin phenotypes, genotypes and B -globin haplotypes

Hb phenotype identification was performed using electrophoresis on cellulose acetate
pH 8.4, and agar electrophoresis at pH 6.2. The Hb fraction quantification was obtained using
high performance liquid chromatography (HPLC) by the automated VARIANT™ equipment
(Bio-Rad Laboratories, CA, USA) [37]. Cell morphology microscopic analysis was
performed on the stained blood using May-Griinwald-Giemsa at photonic microscopy using
40x objective. In all patient samples, Hb genotype was developed by molecular analysis using
PCR-RFLP. The segment amplification that encodes the B° gene was accomplished by
specific primers and the amplicon was cleaved by the Ddel restriction endonuclease (New
England BioLabs, MA, USA) [38]. Beta globin haplotypes were determined through the
PCR-RFLP analysis of the following polymorphic restriction sites: yG (Hind III), YA (Hind
I0), wB (Hinc II), 3"yp (Hinc II) and 5'B (Hinf I), as previously described [39].

Erythrocyte suspension and experimental design

Blood samples (about 8 mL) were collected through venipuncture in EDTA tubes from
each of the ten SCA patient, between 7:00 a.m. to 9:00 a.m. Then each blood sample was
individually and immediately centrifuged in a refrigerated centrifuge at 800 xg for 10 min at

4°C. Plasma and buffy coat were carefully removed, and sickle erythrocytes were washed
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three times with cold phosphate-buffered saline (PBS-1 - 136 mM NaCl, 3 mM KCI, 10 mM
Na,HPO4 / KH,PO4, pH 7.4). The supernatant and buffy coat were carefully removed after
each wash.

The sickle erythrocytes obtained from each patient were separately suspended in PBS-
2 (100 mM NaCl, 0.5 mM EDTA, 50 mM Na,HPO, / NaH,PO4, pH 7.4) to obtain a
hematocrit of 10%, composing the external control group. The higher buffer capacity of PBS-
2 improved pH stability and the presence of EDTA prevented free iron from entering the cells
[23]. They were also suspended in the same manner and then separately incubated at 37°C
either in absence (experimental control group) or presence of NAC, melatonin and their
combination at concentrations of 100 pM, 100 nM and 100 uM for one hour (treatment
groups). Thus, in order to verify melatonin antioxidant effects, the RBC suspensions were
submitted to evaluation through 11 different experimental groups, each one composed by 10
samples, as follow:

- Group 1 (G1) as external control: sickle erythrocyte suspension (final hematocrit of

10%) was not treated with any antioxidants and immediately processed for further

analysis;

- Group 2 (G2) as experimental control: sickle erythrocyte suspension (final

hematocrit of 10%) was not treated with any antioxidants, but incubated for one hour

at 37°C;

- Group 3 to 5 (G3-G5) as NAC treatments: sickle erythrocyte suspensions (final

hematocrit of 10%) were treated with NAC at final concentration of 100 pM, 100 nM

and 100 uM, respectively, and incubated for one hour at 37°C;

- Group 6 to 8 (G6-G8) as melatonin treatments: sickle erythrocyte suspensions (final

hematocrit of 10%) were treated with melatonin at final concentration of 100 pM, 100

nM and 100 puM, respectively, and incubated for one hour at 37°C;

- Group 9 to 11 (G9-G11) as combined treatments: sickle erythrocyte suspensions

(final hematocrit of 10%) were treated with NAC and melatonin at same final

concentration of 100 pM, 100 nM and 100 puM, respectively, and incubated for one

hour at 37°C.

Measurement of hemolysis degree and lipid peroxidation assay

Sickle erythrocyte suspension was centrifuged at 800 xg for 10 min at room

temperature. Then hemolysis degree was determined by the absorbance of hemoglobin at 540
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nm in the supernatant. Absorbance at 100% hemolysis was determined by adding 10 pl of
Triton X-100 (10%, V/V) to 1 mL of the erythrocyte suspension, according to Li et al [40].

Lipid peroxidation levels were assessed by the product formed from malondialdehyde
(MDA) and thiobarbituric acid (TBA), according to Esterbauer and Zollner [41] with some
modifications. The product was detected by high performance liquid chromatography coupled
to UV/Vis detector (UV/Vis-HPLC) [42,43]. Briefly, 0.5 mL of cellular suspension
supernatant was mixed in a ratio of 1:1 (v/v) with a solution containing 40% of trichloroacetic
acid. Then these mixtures were centrifuged at 1500 xg for 5 min at 4°C. The supernatants
were combined to 0.3 mL of a TBA solution (40 mg in 10 mL of HCI 0.2 M) and
homogenized. The resulted mixtures were heated at 90°C for 40 min. Next, 1 mL of n-butanol
was added and samples were vigorously stirring and centrifuged at 1500 xg for 5 min to
extract the MDA-TBA derivatives. The MDA-TBA derivative extracts were collected and
directly injected into HPLC system.

The HPLC system consisted of ESA584 pump and an ESA526 UV/Vis detector set in
532 nm. The extracts were separated by a Shimadzu C18 column (150 x 4.6 mm, 5 um) that
was fitted with a guard column cartridge of the same composition. The mobile phase
(potassium phosphate 0.05 M, pH 7.0, with 40% methanol) was pumped at an isocratic flow
of 1 mL min"'. Chromatogram monitoring and peak identification and quantification were
performed using the EZ Chrom Elite software (Agilent Technologies). The calculations were
based on a calibration curve previously constructed and prepared according to same procedure

used for the samples from authentic standards. The results were expressed in ng/mL.

Measurement of enzymatic and nonenzymatic antioxidants

After centrifugation of sickle erythrocyte suspension, packed RBCs were diluted in
ultrapure water (1:20, v/v), in order to obtain a hemolysate solution which was aliquoted and
stocked at -80°C for further use in the assays of antioxidant markers.

Catalase (CAT) [44], glutathione S-transferase (GST) [45], glutathione peroxidase
(GPx) [46], glutathione reductase (GR) [47], glucose-6-phosphate dehydrogenase (G6PDH)
[48] and superoxide dismutase (SOD) [49] activities were determined spectrophotometrically,
while GSH concentration was determined HPLC coupled to a coulometric electrochemical
detection (ECD-HPLC) [50]. A hemolysate aliquot was filtered through Millex syringe filter
units (0.22 um) and directly injected into the HPLC system, consisted of ESA584 pump and
an electrochemical coulometric detector (ESA Coulochem III, Bedford, MA, USA) with
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potential set at 650 mV. The column was an ESA C18 (250 x 4.6 mm, 5 pm) also fitted with a
guard column cartridge of the same composition. The mobile phase consisted of sodium
phosphate 0.05 M, octanesulfonic acid 0.025 M, pH 2.5, with acetonitrile (2%; v/v) was
pumped at an isocratic flow of 0.9 mL min.

Chromatogram monitoring and peak identification and quantification were performed
using the same software used in the lipid peroxidation assay. The calculations were based on a
calibration curve previously constructed by injecting authentic GSH standards into the HPLC

system. The antioxidant enzymes were expressed in U/mL, while GSH levels were in pM.

Statistical analysis

Statistical analysis was performed using Statistica 9.0 software (Statsoft Inc.). Data
were firstly tested regarding normality and homogeneity of variances assumptions according
to Shapiro-Wilk test and Levene's test, respectively. For patients’ characterization analysis,
groups that met the assumptions (parametric data) were compared by applying ¢ test. While
those groups that did not meet the assumptions (non-parametric data) were compared by
Mann-Whitney test. For the in vitro experimentation analysis, due to the dependency among
the groups, we used repeated measures ANOVA followed by Tukey's post hoc test for
parametric data, or Friedman test followed by Dunnett's post hoc test for non-parametric data.
In order to assess association degree between the studied variables, we used Pearson's
correlation for parametric data and Spearman's rank correlation for non-parametric data. We

considered p < 0.05 as statistically significant.

Results

Patients’ characterization

In order to ensure a homogeneous study group, we characterized the baseline
outcomes from the patients, regarding demographic data, beta globin haplotype profile,
specific medication use, and transfusional and clinical history in the last 12 months (Table 1).

Despite all patients in clinical follow-up in the Blood Center of Sao Jose do Rio Preto
have access to the same medication protocol, among those ones enrolled in our study only

three were under HC treatment. As the HC is an important modulator of SCA phenotypic
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expression [51,52], we verified its influence on routine markers available and on the proposed
biochemical parameters (Table 2).

Differences in the patient baseline outcomes could alter the antioxidant responses
during in vitro experimentation. However, we did not find any significant differences in the
hematological and biochemical markers that might have affected the results obtained. For this

reason, all patient samples were considered as only one studied group for the further analysis.

Antioxidant treatment effects on hemolysis degree and on lipid peroxidation levels

The oxidative markers evaluated showed different responses among the studied
groups. The incubation period was able to cause a rise about 64% on hemolysis degree, when
we compared external control (G1) to experimental one (G2). Unexpectedly, high hemolysis
rates were also found in combined treatment (NAC+melatonin) groups at the extreme doses
administrated, 100 pM and 100 pM (G9 and GI11 ), respectively, in relation to external
control. But these rates were not worse than the experimental control. Only the lowest
melatonin dose (G6) showed a protective effect against hemolysis when compared to G11 (p
< 0.01) (Fig. 1A). The incubation period practically doubled the lipid peroxidation levels,
however almost all the tested antioxidant treatments were able to blunt MDA levels, except
by the extreme doses of NAC treatment, G3 and G5 ones (p <0.01) (Fig. 1B).

The results obtained for G1 and G2 suggested a possible relationship between MDA
levels and hemolysis degree, since high lipid peroxidation rates may compromise the lipid
membrane structure, commonly resulting in cell lysis. However, no association was found
between these biochemical parameters (r = 0.23, p = 0.16; Spearman's rank correlation),
suggesting that hemolysis degree observed was due to events unrelated to oxidative stress

generated in the sickle erythrocyte suspension.

Antioxidant treatment modulations on antioxidant capacity biomarkers

As hormone-mediated modulations of different erythrocyte antioxidant systems were
previously demonstrated, including by melatonin itself [53,54], we measured different cellular
antioxidant defenses in order to verify a possible melatonin-mediated modulation on sickle
erythrocyte responses to oxidative stress, thus allowing a better attribution of direct melatonin
antioxidant effects. Among the antioxidant biomarkers evaluated, we observed a modulating

effect of the combined treatment only on GPx and on SOD activities. Although almost all
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tested treatments have apparently shown a protective effect, we found merely one significant
difference that was a less GPx activity in the combined treatment group at the lowest dose
(G9) than in the G2 (p < 0.01) (Fig. 2A). In relation to SOD, we found decreased activities in
the intermediate (G10) and highest (G11) doses of combined treatment when compared to G2,
G5, G6 and G7 (p < 0.01) (Fig. 2B). In addition, Table 3 summarizes the results obtained for

other antioxidants evaluated, which did not present any statistically significant differences.

Dose-dependent antioxidant response investigation

We investigated possible occurrence of dose-dependent response in the hemolysis
rates, lipid peroxidation levels and antioxidant biomarkers through association degree
analysis. For this analysis, we firstly transformed the pM concentrations values of the tested
treatments into a identical measure unit: log;o[pM]+1. Then, we correlated them to the
biochemical parameters evaluated in this study.

We confirmed an antioxidant dose-dependent effect for melatonin and combined
antioxidant treatments on lipid peroxidation, once MDA levels decreased according to
increased treatment doses (Fig. 3A and 3B). We also found a negative correlation between
combined treatment concentrations and SOD activity (Fig. 3C). We did not find any
association among the other biochemical markers evaluated. Considering that no positive
modulation of antioxidant defenses were observed due to melatonin and/or NAC treatment,
these results supporting our hypothesis of a direct antioxidant effect of melatonin and of the

combined treatment tested on the sickle erythrocyte suspension.

Discussion

Many recent studies, both in vitro and in vivo, have investigated different strategies as
antioxidant therapy for SCA treatment [16,55,56], but to the authors' knowledge, this study
provides the first evidence to support the beneficial effects of melatonin for this purpose. We
adopted rigorous exclusion criteria and well-characterized baseline outcomes of the SCA
patients, for the study group composition, as well as a consolidated and well-described
experimental model. This model provided a self-sustaining environment of oxidative stress,
according to the rise in lipid peroxidation obtained, allowing an effective assessment of the

antioxidant effects of melatonin on sickle erythrocyte suspension.
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Oxidative stress may not be the primary etiology of different hemolytic anemias, but it
mediates several of their pathological processes, including hemolysis itself [57], which plays
a important role in the pathophysiological scheme of SCA [58]. For this reason, we firstly
investigated hemolysis inhibition capacity of NAC, melatonin or their combination in vitro.
Unexpectedly, we did not find any evident antioxidant effect of the tested treatments, thus one
might speculate that the lack of hemolytic state improvement was, in fact, a consequence of
low doses administered. However melatonin treatment at concentration of 100 pM was the
only one that seemed to decrease the hemolysis rate. Furthermore, we did not observe any
relationship between hemolysis and lipid peroxidation, suggesting that the hemolysis
observed was a result of mechanical disruption of erythrocyte membrane structure, probably
caused by HbS polimerization. This process of self-assembly or polymerization/sickling
generates rigid HbS fibers that distort and damage RBC membrane and cytoskeleton and
alters RBC biochemical properties [59].

Amer et al. [60] demonstrated high lysis inhibition capacity of NAC in a dose-
dependent manner (concentration range from 0.2 mM to 2 mM), through p-thalassemic
erythrocyte suspension incubated overnight. Furthermore, Krokosz et al. [61] observed in
normal erythrocyte incubated up to 96 hrs, a decrease in hemolysis rate in the presence of
melatonin at 0.6 mM, however the membrane proteins of incubated erythrocytes were
subjected to aggregation which took place mainly by disulfide bridges. The presence of
melatonin during the erythrocyte incubation did not influence the level of aggregates, which
showed that melatonin did not protect thiol protein groups. This way, our hypothesis of a
mechanical disruption of sickle erythrocyte membrane structure due to HbS polymer
formation corroborate with the results of both studies.

Sickle erythrocytes are deeply related to high lipid peroxidation levels, due to an
increased endogenous extent of oxidized lipid and consequent increase of susceptibility for
further lipid peroxidation, when compared with HbA-containing erythrocytes [62-65]. Thus,
mitigating this process may show beneficial outcomes during clinical follow-up of SCA
patient. To date, HC is the only disease-modifying therapy approved for SCA, which had
demonstrated ability to reduce lipid peroxidation levels [66,67]. For the first time, we showed
that melatonin and its associated treatment with NAC were able to blunt MDA formation in a
sickle erythrocyte system in a dose-dependent manner. Our results for melatonin treatments
were in accordance to Chakravarty and Rizvi [68] who had previously demonstrated a dose-
dependent antioxidant effect of melatonin on MDA content after in vitro oxidative insult by

incubating normal erythrocytes with tert-butyl hydroperoxide (t-BHP). Later, Krokosz et al.
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[61] also showed that melatonin at 0.02 mM prevented lipid peroxidation in normal
erythrocyte suspension incubated for 24 hours.

Redox metabolism maintenance in sickle cell erythrocytes is constantly challenged,
because they are a significant source of ROS [9,10], and are also exposed to prooxidative
actions of ROS produced in the circulation [69]. In order to counteract oxidative stress,
erythrocytes contain an efficient endogenous antioxidant system, including SOD, CAT and
glutathione-related enzymes, as well as low molecular weight antioxidants, such as GSH
itself, and vitamins E and C [69,70]. Furthermore, red blood cells (RBCs) have a plasma
membrane redox system (PMRS) that transfers electrons from intracellular substrates to
extracellular electron acceptors which may be NAD" or/and vitamin C [71]. Unexpectedly,
the in vitro system used was not able to cause significant alterations in the antioxidant
markers evaluated. We found only a synergistic effect of the tested antioxidant on GPx and
SOD activities, suggesting that this treatment counteracted or prevented the formation of pro-
oxidant species needed for the activation of these enzymes, in agreement to Imaga et al. [72].
The authors observed reduced enzyme activities (SOD, CAT, and GST) after blood samples
had been incubated with extracts of Carica papaya leaves, indicating that these extracts may
quickly mop up free radicals produced under the experimental conditions tested. In addition,
Daak et al. [73] showed that SCA patients under omega-3 fatty acid treatment had lower SOD
and GPx activities compared with their placebo counterparts, after six months of intervention
period. The authors suggested that these decreases in the activities could not be explained by
an increase in oxidative overload, since there were no similar reduction or depletion of the
enzyme co-factors and non-enzymatic antioxidants, in accordance to our results.

Despite the nucleus lack of erythrocytes, hormone-mediated modulation of SOD has
previously been demonstrated by Unfer et al. [54]. In this case, natural and synthetic steroid
hormones caused a stimulatory effect on the SOD activity from human erythrocytes. In this
sense, Chakravarty and Rizvi have determined in vitro melatonin-mediated modulations of
different antioxidant systems in human erythrocytes, as activities of PMRS, ascorbate free
radical (AFR) reductase [74], and membrane-associated Na'/K'-ATPase and Na'/H'
exchanger [53]. These last systems play an important role in maintaining cytosolic pH, ionic
homeostasis, cell osmolarity and in the regulation of transmembrane ion movement [53].
Thus, these systems could be involved in the response of GPx and SOD activities that we
obtained in our study, however the exact mechanisms to explain our findings and their clinical

significance remain to be determined.
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Sickle erythrocytes are characterized by decreased GSH concentrations with some
studies noting a 50% decrease compared with normal erythrocytes [6,10,75-77], even though
its de novo synthesis and recycling rate have been shown to be higher as compared to healthy
erythrocytes [77]. Following GSH depletion, its synthesis is limited by the supply of cysteine
and it has been assumed that deacetylation of NAC within erythrocytes provides cysteine to
accelerate GSH production [78], but to achieve maximum rates of GSH synthesis by this
process in vivo, plasma NAC concentrations would have to exceed 1.0 mM, which is
therapeutically unattainable [79]. For this reason, we investigated only its direct antioxidant
capacity, in order to compare with that one of melatonin. We did not find any significant
difference between them, suggesting that both molecules have similar antioxidant properties
at least at the conditions utilized in this study. However, Chakravarty and Rizvi [68] showed a
dose-dependent increase in GSH content in the presence of melatonin in erythrocytes
subjected to oxidative stress by incubating with t-BHP. Moreover, Pechanovi et al. [80] have
demonstrated in vivo that antioxidant activity of melatonin measured by TEAC (trolox
equivalent antioxidant capacity) assay was 2.27 times higher than that of NAC, using adult
spontaneously hypertensive rats as experimental model. Indeed, a multitude of studies have
shown melatonin to have a higher antioxidant capacity compared to other antioxidants under
the specific conditions of the experiments, in terms of its protective actions against oxidative
stress [81].

The discovery of alternative and synergistic therapy for the treatment of SCA due to
increasing concerns regarding its effect on the health of individuals worldwide is gaining
attention [82]. In this context, McCarty [83] suggested the use of comprehensive nutraceutical
strategy for mitigating the contribution of oxidative stress to SCA pathogenesis, dubbed as
““full-spectrum antioxidant therapy”. Full-spectrum antioxidant therapy (FSAT) has been
defined as a supplementation program that incorporates phycocyanobilin (a phytonutrient of
spirulina), high-dose folic acid, a clinically effective phase 2 inducer such as lipoic acid, and
NAC. However, paradoxical observations with regard of certain prooxidant effects of
antioxidant compounds have been reported under some experimental conditions, indicating
the complex interdependency among the pool of physiological relevant cellular antioxidants
[84]. Interestingly, melatonin seems to escape to this paradoxical hypothesis because its
endogenous levels are so low that they would not compete with antioxidants that are present
in higher concentrations [85], even more in SCA patients who have a decreased melatonin

levels [36].
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Furthermore, melatonin displays an exceptional multiplicity of actions. Briefly,
melatonin is involved in sleep initiation, vasomotor control, adrenal function, antiexcitatory
actions, immunomodulation including antiinflammatory properties, direct and indirect
antioxidant actions, and energy metabolism [28,74,86,87]. Additionally, Chakravarty and
Rizvi also showed in vivo a circadian modulation of human erythrocyte MDA and GSH levels
[68], as well as of PMRS and AFR reductase activities [74], which emphasize the role of
melatonin as an antioxidant and its function against oxidative stress in RBCs. Thus, many of
melatonin actions are directly involved in the SCA pathophysiological process, configuring
another argument that should be taken into consideration to better address the hypothesis of
pharmacological use of melatonin for SCA patient treatment. Notwithstanding a couple of
reports that may indicate otherwise [85], and taking into consideration our results and the
studies summarized above, we conclude that melatonin should be looked at as a key element

in further investigations of antioxidant therapy for SCA patient treatment.
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Tables

Table 1. Characterization of study group.

Characteristics n=10
Age (vears: X +£5D) 27476
Gender [n (%4)]

Female 6 (60.0)
Male 4 (40.0)
Weight (kilograms: X +S8D) 33.3+7.0
Beta globin haplotvpe profile [n (%4)]

Bantu/Bantu 3(30.0)
Bantu/Benin 3(30.0)
Bantu/Atipic 1(10.0)
Benin/Atipic 2 (20.0)
Atipic/Atipic 1(10.0)
Medication use*

HC™ (imean dose: 23.7 + 3.3) 3(30.0)
HC 7(70.0)
Transfusional history** [n (%)}

0-10 0 (0.0)
11-20 0(0.0$)
21-30 3 (30.0)
31 - 40 0 (0.0)
=40 7 (70.0)

Clinical history
Number of pain crisis episodes per person in the last 12 months [n (%)]

0-2 7(70.0)
3-5 3(30.0)
>5 0(0.0)
Number of infections [n (%)]

0-2 10 (100.0)
3-5 0(0.0)
>5 0(0.0)
Number of need of hospitalization per person in the last 12 months [n (%)]

0-2 10 (100.0)
3.5 0 (0.0)
>5 0(0.0)

X = SD: mean + standard deviation; n: number of patients; HC™: patients under HC treatment;
HC": patients not treated with hydroxycarbamide.

*All patients were under use of folic acid (5 mg/day).

**Transfused packed red blood cells units received to date
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Table 2. Hydroxycarbamide influence on routine markers and on proposed biochemical parameters

Markers HC (n=3) HC {in=T) Pvalue  Reference values
Age (vears) 22847 03+ 68 007" e
Weisht (kilograms) 512477 5356430 0,76% ——
Hh F fevels (%) 1I7T8=R4 B.1+4.3 0.10% 00-1.0
Ervthracyies fmillion/mnr’) 24+04 24405 0.96* 40-50
Hematoorit () 27T8+24 245228 0.10% 60 -47.0
Hemoglobin {g/dl) 95+10 831+07 0.11* 12,0 - 16.0
MCV (1) 117.1 153 100.6 + 0.7 0,25 80.0 - 100.0
MCH (pg) 41 £549 3444108 0.16% 27.0-31.0
MCHC (widL) 41x12 342+1.7 0.95% 32.0-360
ROW a) I63=24 19457 0.60" 12.0 - 16,0
Lencocvies (million fmm’) Q073 £ 49592 101000 £ 45044 0.60" 4000.0 - 11000.0
Platelets {miftion /mnr') 3355+£137.7 4323+ 1089 0.32% 150.0 - 450.0
Reticulocvies (%) elER] 17753 0.01* 0.5-15
LODH (UAL) FRTOL1158 TOT.0+ 186.5 0.01* 1.0 - 25000
Ferritin (ngiml.) 369.1 =270 2660+ 2262 043" 15,0 - 4000
TH (mgdl) 1.9+09 S6+35.3 019" < 1.0

DB (mg/dL) 0.5=0.1 0.5+0.2 091 <02

IB img/dL) l4+08 50+£52 020" < (.8
AST (LimlL ) 350167 M6+8S5 <0.01* 0.0 40,0
ALT (Ll ) 24,4 £ 10,8 216260 0. 70* 0.0 -41.0
ALP (Udml) TI0+16.5 40,0 £+ 10.0 0.01% 40.0 - 1300
Creatiniti (mg/dl) 0.5+0.1 0.5+£0.1 0.51° 0.5-0.9
Potassium (md) 4502 4902 0.07" J.5-4.1
Hemolvsis degree () 1.4+ 046 1.5+£0.7 0. B4* wanna
MDA fngdnl) 7653 SEE 3R L
CAT (LimL) 12181.3+£21474 130117+ 39092 068* e
GST (Liimd) 2.7+04 2515 080 eeee
Gl (UdmlL) 38+1.6 22405 0.14* 0 e
GR (UimL) 1.1+0. 1.2+£05 079" e
GOPOH (U L) 2.1£04 24+£1.1 098 e
SO (Ul 23392 £ 3566 19835+ T09.4 043* e
GSH (M) 8543 +3435 958.6 £ 2373 065* 0 e

Hb F: fetal hemoglobin; MCV: Mean corpuscular volume; MCH: Mean corpuscular hemoglobin; MCHC:
Mean Cell Hemoglobin Concentration; RDW: Red cell distribution width; LDH: lactate dehydrogenase;
TB: total bilirubin; DB: direct bilirubin; IB: indirect bilirubin; AST: aspartate transaminase; ALT: alanine
transaminase; AF: alkaline phosphatase; MDA: malondialdehyde; CAT: catalase; GST: glutathione S-
transferase; GPx: glutathione peroxidase; GR: glutathione reductase; G6PDH: glucose-6-phosphate
dehydrogenase; SOD: superoxide dismutase; GSH: glutathione

Data were expressed as mean + standard deviation

*Comparisons were made by ¢ test

fComparisons were made by Mann-Whitney's test
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Table 3. Results of unchanged antioxidant capacity markers among the studied

groups
CAT (U/mL) GST{U/mL) GR{(UmL) G&PDH (U/mL) GSH (M)
Gl 12750.6 + 286(.9 274038 1.1+0.3 1.9+09 8008 = 301.4
G2 11204.8 + 1993.8 28+ 1.0 1.2+ 04 1.9+ 1.1 989.3 = 222.0
G3 114154 = 1635.8 2706 1.0=0.1 1.7+0.6 020.3 + 320.0
G4 111804+ 10587 2903 1.3+£0.3 22409 QOUg 4+ 12249
GS 11624.2 + 2679.7 29408 1.2+04 19409 892.1 = 318.0
G6 12157.4 + 2300.7 2908 1.1+£03 1.9+ 1.0 915.1 £ 2878
G7 11788.7 + 2656.7 3.0+ 0.6 1.3+ 0.4 20+£06 R60.2 + 178.9
G8 11177.9 4+ 3346.4 29408 1.1+£04 20+1.3 837.7 + 316.2
G9 114996+ 2241.1 31208 1.0+0.2 22+0.8 914.5 = 355.0
G10 125375+ 28164 3.0£07 1.1£0.2 2.2+09 742.3 = 1020
Gil 12669.7 + 3028.1 31208 1.1+03 1.8 +£0.7 Q090 + 27.5
p =030 p=024 p=011 p={25* po= 00

CAT: catalase; GST: glutathione S-transferase; GR: glutathione reductase; G6PDH: glucose-6-phosphate
dehydrogenase; GSH: glutathione

G1: external control; G2: experimental control; G3: NAC treatment at 100 pM; G4: NAC treatment at 100 nM;
G5: NAC treatment at 100 uM; G6: melatonin treatment at 100 pM; G7: melatonin treatment at 100 nM; G8:
melatonin treatment at 100 uM; G9: NAC+melatonin treatment both at 100 pM; G10: NAC+melatonin treatment
both at 100 nM; G11: NAC+melatonin treatment both at 100 uM. Each group was composed by N = 10 samples.

*Comparisons were made by Friedman's test
#Comparisons were made by repeated measures ANOVA
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Fig. 1. Antioxidant treatment effects on hemolysis degree and lipid peroxidation. A) Increase of hemolysis
degree due to incubation period and unexpected antioxidant treatment responses. B) MDA levels increment
through incubation period, but effective antioxidant responses.

G1: external control; G2: experimental control; G3: NAC treatment at 100 pM; G4: NAC treatment at 100 nM;
G5: NAC treatment at 100 uM; G6: melatonin treatment at 100 pM; G7: melatonin treatment at 100 nM; G8:
melatonin treatment at 100 puM; G9: NAC+melatonin treatment both at 100 pM; G10: NAC+melatonin treatment
both at 100 nM; G11: NAC+melatonin treatment both at 100 uM. Each group was composed by N = 10 samples.
Data were expressed as mean + standard error

*Indicates statistical differences (p < 0.01; Friedman's test, followed by Dunnett's test)
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Fig. 2. Modulating effect on antioxidant enzymes. A) Decreased GPx activity in G9 compared to G2. B) G10
and G11 showed lower request of SOD activation in relation to G2, G5, G6 and G7.

G1: external control; G2: experimental control; G3: NAC treatment at 100 pM; G4: NAC treatment at 100 nM;
G5: NAC treatment at 100 uM; G6: melatonin treatment at 100 pM; G7: melatonin treatment at 100 nM; G8:
melatonin treatment at 100 pM; G9: NAC+melatonin treatment both at 100 pM; G10: NAC+melatonin treatment
both at 100 nM; G11: NAC+melatonin treatment both at 100 uM. Each group was composed by N = 10 samples.
Data were expressed as mean + standard errors

“Indicates statistical differences (p < 0.01; repeated measures ANOVA followed by Tukey's test)

*Indicates statistical differences (p < 0.01; Friedman's test followed by Dunnett's test)
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Fig. 3. Dose-dependent effects of antioxidant therapy.Lipid peroxidation level reductions according to MEL
treatment (A) or NAC and MEL combination (B) doses. C) Negative correlation between combined antioxidant
treatment (NAC+MEL) concentration and SOD activity.

All statistical analysis were made by Spearman's rank correlation test
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5. DISCUSSAO

A AF tem significativa importancia epidemiologica em virtude da prevaléncia,
morbidade e mortalidade, sendo considerada um problema de saide publica no Brasil. Os
processos fisiopatologicos complexos e diversificados que caracterizam essa afec¢do genética
desencadeiam manifestacdes clinicas variadas, desde anemia até recorréncia de acidentes
vasculares encefdlicos, por exemplo, e estdo intimamente ligados ao quadro de estresse
oxidativo crénico e podem influenciar a resposta ao tratamento (STUART; NAGEL, 2004;
FRENETTE; ATWEH, 2007; BANDEIRA et al., 2007; REES; WILLIAMS; GLADWIN,
2010). Dessa forma, estudos ligados a esta afeccio que permitam o estabelecimento de
relagdes entre o perfil genético do portador com fatores associados a fisiopatologia da doenga,
tanto genédticos quanto bioquimicos e a resposta ao tratamento, possibilitam melhor
entendimento dos eventos clinicos e, podem direcionar ao tratamento individualizado aos
pacientes. Visto que estes fatores sdo potenciais moduladores da expressdo fenotipica na AF,
neste trabalho foram avaliados, em homozigotos para Hb S, marcadores genéticos associados
aos processos fisiopatologicos da AF, marcadores bioquimicos relacionados ao estresse
oxidativo e a evolugdo clinica dos pacientes, correlacionando-os com uso de HU.

Diante do exposto acima, foi investigada a frequéncia de diferentes polimorfismos
genéticos que alteram a expressdo de enzimas envolvidas no metabolismo da homocisteina
dependente de folato (MTHFR ¢ CBS) e metabolismo da adenosina (4ADA). A frequéncia
desses polimorfismos tem sido caracterizada como étnico-dependente e amplamente
divergente entre as populacdes em todo o mundo (FRANCO et al., 1998; NUNES et al., 2011;
LIEW; GUPTA, 2015). Por exemplo, a prevaléncia da homozigose para MTHFR (677TT)
pode variar entre 1 e 30% na populacdo geral (DURAND et al., 2001), enquanto que a
homozigose da insercdo no gene CBS (68 pb-II) apresenta uma variagdo muito mais baixa,
variando de ausente a 4% (FRANCO et al., 1998). No entanto, os dados de frequéncia dos
genotipos obtidos para esses polimorfismos em nosso estudo estd de acordo com estudos
anteriores em brasileiros com AF (COUTO et al., 2004; MOREIRA et al., 2006; ALVES
JACOB; DA CUNHA; BONINI-DOMINGOS, 2011). No caso do polimorfismo no gene
ADA, a homozigose € rara e, este ¢ o primeiro trabalho que relata a frequéncia do mesmo em
pacientes com AF. Entretanto, a frequéncia alelo mutante (22A) ¢ estimada em 0,06 para
populagdes do Ocidente (CONCETTI et al., 2015), valor pouco menor ao encontrado no
grupo de pessoas com AF estudado (0,08).
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Segundo Fertrin e Costa (2010) o desenvolvimento da biologia molecular permitiu, de
forma significativa, a identificacdo de varios polimorfismos genéticos responsaveis pela
diversidade clinica observada na AF. Consequentemente, varios estudos investigaram a
associagdo entre polimorfismos de nucleotideo unico (SNPs) com risco de desenvolvimento
de diferentes manifestacdes clinicas. Além disso, a compreensdo dos processos
fisiopatoldgicos da AF tem crescido gradativamente e, entre as novas evidéncias, estresse
oxidativo tem sido cada vez relacionado a tais processos (REES; GIBSON, 2012), tanto como
causa quanto como consequéncia da inflamacdo, hemdlise, vasculopatia, vaso-oclusdo,
infecgdo, lesdes devido a processos de isquemia/reperfusao, entre outros (REES; WILLIAMS;
GLADWIN, 2010). Porém, estudos que relacionam tais marcadores genéticos e bioquimicos
sd0 escassos e restritos aos haplotipos da pS-globina (RUSANOVA et al, 2010;
CARVALHO-DOS SANTOS et al., 2012; SILVA et al., 2013a), mutagcdes no gene HFE
(VIANA-BARACIOLI et al., 2011) e nos genes responsaveis pela sintese em diferentes
classes da enzima glutationa S-transferase (SILVA et al., 2011).

Dessa forma, o presente estudo proporciona oportunidade inica em que ambos, fatores
genéticos e marcadores do estresse oxidativo, foram simultaneamente avaliados em um grupo
de pessoas com AF. Entretanto, o Unico efeito observado foi o sinergismo entre os alelos
mutantes 6777 ¢ "I" (inser¢ao de 68 pb) sobre decréscimo dos niveis de GSH, mecanismo o
qual necessita de mais estudos para melhor entendimento. A relagdo destes polimorfismos
com parametros clinicos e uso de HU também foi investigada. Foram constatados efeitos
prejudicial da coeranca de HBB*S com MTHFR sobre os niveis de HbF de individuos nao
tratados com HU; e com CBS sobre valores de LDH, AST e GGT naqueles pacientes sob uso
de HU. Estas respostas relatadas pela primeira vez na literatura e, sugerem um envolvimento
complexo das vias metabdlicas afetadas pelos polimorfismos na fisiopatologia da AF.

Apesar de bem fundamentada a hipdtese de que o aumento dos niveis de adenosina
causado pela presenca do polimorfismo no gene ADA acarretaria maior geragdo de ERO
intraeritrocitaria, baseado no mecanismo descrito por Zhang et al. (2011), ndo foi encontrada
qualquer influéncia da coeranca de HBB*S e ADA (22A) sobre os marcadores do estresse
oxidativo avaliados. No entanto, este ¢ o primeiro estudo relatando a frequéncia deste
polimorfismo em individuos com AF, dessa forma estudos posteriores com nimero amostral
maior e associacdo com manifestagdes clinicas poderdo predizer o risco relativo gerado pela
coerancga desse polimorfismo e a homozigose para HbS na progressao clinica da doenga.

Muitas pesquisas priorizam a identificagdo de varia¢des genéticas inter-individuais,

subjacentes as diferentes respostas farmacoldgicas ao uso de farmacos (COLLINS et al.,
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2003). Na AF, esse paradigma esta sendo aplicado na tentativa de desenvolver terapias
individualizadas (STEINBERG, 2005). Porém, com o aumento das evidéncias acerca da
importancia do estresse oxidativo na patogénese da AF, o desenvolvimento de pesquisas com
enfoque em possiveis terapias antioxidantes estd sendo um objetivo valioso, promissor e
crescente para o tratamento da AF (MCCARTY, 2010; VICHINSKY, 2012; IMAGA, 2013;
SILVA et al., 2013b). Neste contexto, este estudo fornece a primeira evidéncia para apoiar os

efeitos favoraveis da MEL para esta finalidade.
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6. CONCLUSOES

Os resultados obtidos permitiram as seguintes conclusdes:

- As  frequéncias  obtidas para os  polimorfismos nos  genes
mitelenotetrahidrofolato redutase (MTHFR) e cistationina beta-sintase (CBS) foram similares
as relatadas em estudos com pessoas com anemia falciforme (AF). Para a mutacdo avaliada no
gene ADA, foi moderadamente maior que a estimativa para populagdes do Ocidente;

- Foi encontrado efeito sinérgico da heranga concomitante dos polimorfismos
nos genes MTHFR e CBS sobre o decréscimo dos niveis de glutationa reduzida (GSH),
enquanto o defeito genético avaliado no gene adenosina deaminase (4DA) ndo influenciou
significativamente os parametros do estresse oxidativo estudados;

- Foi confirmado efeito favoravel do uso de hidroxiureia (HU) sobre niveis de
peroxidacdo lipidica, quantidade de HbF, indices hematoldgicos e marcadores de hemolise na
maioria dos subgrupos avaliados, exceto para os pacientes com pelo menos um cromossomo
mutante para MTHFR (677T). Estes apresentaram atividades aumentadas das enzimas lactato
desidrogenase, aspartato transaminase € gama-glutamil transferase quando comparados aos
homozigotos selvagem (CC) também sob uso do farmaco. J& nos individuos ndo tratados com
HU, foi constatado um efeito deletério causado pela inser¢ao no gene CBS sobre os niveis de
hemoglobina Fetal (HbF);

- Foi demonstrado pela primeira vez na literatura o efeito antioxidante individual
da melatonina ou associada a N-acetilcisteina, usando suspensdo celular de hemacias

falcémicas como modelo experimental.
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APENCIDES

APENDICE A - Termo de Consentimento Livre e Esclarecido

- LE
Avavay  UNIVERSIDADE ESTADUAL PAULISTA -
"B o Tl

u nesp " 4ULIO DE MESQUITA FILHO”

Campus de S0 José da Rio Preta

Termo de Consentimento Livre e Esclarecido - TCLE
(Conselho Nacional de Saide, Resolugdo 196/96)

Vocé estd sendo convidado a participar como voluntirio do projeto de pesquisa “Estresse oxidativo na
anemia falciforme: antioxidantes endogenos como possiveis alvos terapéuticos™ sob responsabilidade do
pesquisador M.S¢. Danilo Griinig Humberto da Silva. O estudo serd realizado com amostras de sangue periférico
para avaliar, em portadores da anemia falciforme, marcadores genéticos e do estresse oxidativo e da capacidade
antioxidante, no intuito de validar a atuag¢do da melatonina como importante antioxidante e seu uso, assim como de
outros antioxidantes endogenos, como possiveis alvos terapéuticos. O risco € considerado minimo, caracterizado
pela possibilidade de mancha roxa no local da picada da agulha durante coleta da amostra de sangue. Vocé poderd
consultar o pesquisador responsdavel em qualquer época, pessoalmente ou pelo telefone da instituigio, para
esclarecimento de qualquer davida. Vocé estd livre para, a qualquer momento, deixar de participar da pesquisa.
Todas as informagdes por vocé fornecidas e os resultados obtidos serdo mantidos em sigilo e, estes dltimos 86 serdio
utilizados para divulgaciio em reunides e revistas cientificas. Vocé serd informado de todos os resultados obtidos,
independentemente do fato destes poderem mudar seu consentimento em participar da pesquisa. Vocé niio terd
quaisquer beneficios ou direitos financeiros sobre os eventuais resultados decorrentes da pesquisa. Este estudo ¢é
importante porque seus resultados fornecerfio informagdes para o possivel desenvolvimento de novos tratamentos
e/ou de terapia individualizada na anemia falciforme. O material biologico cedido serd armazenado e vocé poderd
ser chamado para dar a sua autorizagdo para novo(s) projeto(s). Caso isso seja impossivel, seu material biologico
somente serd utilizado mediante aprovagio pelo CEP ou pela CONEP, em cumprimento & Resolugdo CNS
3472005,

Diante das explicagOes, se vocé concorda em participar deste projeto, coloque sua assinatura a seguir e
formeca os dados solicitados.

Nome: R.G.
Endereco: Fone:
4 de de 20

Usuério ou responsavel legal Pesquisador responsdvel

OBS.: Termo apresenta duas vias, uma destinada ao usudrio ou seu representante ¢ a outra ao pesquisador
Nome do Pesquisador: M.Sc. Danilo Grilnig Humberto da Silva Cargo/Fungfo: Bidlogo/Doutorando
Instituigdo: Universidade Estudual Paulista/Instituto de Biociéncias, Letras e Ciéncias Exatas
Enderego: Rua Cristoviio Colombae, 2265 — Jardim Nazareth — CEP: 15054-000

Projeto submetido a0 Comité de Etica em Pesquisa do IBILCE/UNESP
Sao José do Rio Preto — fone 17-3221.2456/2545 ¢ 3221.2384
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APENDICE B - Questionario

Questionario do projeto de Pesquisa “Estresse oxidativo na anemia falciforme: antioxidantes
enddgenos como possiveis alvos terapéuticos”.

Data: / / Matricula:

Nome completo:

Acomp./to clinico: ( )Nao ( ) Sim Intervalo: Data da ultima consulta:

Histdria Clinica: Complicagcdes Agudas ou Cronicas

N° de crises de dor por ano no ultimo ano: ( )0a2 ( )3a5 ( )maiorouiguala6

N° de infecgdes por ano no ultimo ano: ( )0a2 ( )3a5 ( )maiorouiguala6

N° de internagdes por ano no ultimo ano: ( )0a2 ( )3a5 ( )maiorouiguala6

Histdrico Transfusional

-N° de unidades de concentrado de hemacias transfundidas até o inicio do estudo?

() menor 10 ( )10a20 ( )21a30 ( )3lalo () maior que 40

- Em regime regular de transfusdo de hemacias?

( )Nao ( )Sim Intervalo: Data da ultima transfuséo:
Medicamentos em uso

- Hidroxiuréia: ( ) Nao ( )Sim Inicio (data): Dose diaria:
- Desferroxamina (Desferal): ( ) Nao ( )Sim Inicio (data): Dose diaria:
- Deferiprona (Ferriprox): ( )Nao ( ) Sim Inicio (data): Dose diaria:
- Deferasirox (Exjade): () Nao ( )Sim Inicio (data): Dose didria:
- Acido félico: ( )Nao ( )Sim Inicio (data): _ Dose diaria:
- Vitaminas: () Nao ( )Sim  Quais?

- Analgésicos: ( )Nao ( )Sim  Quais?

- Outros: () Nao ( )Sim Quais?

OBS:
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ANEXOS

Anexos I - IX - Artigos cientificos publicados durante o periodo de desenvolvimento do
projeto de doutorado (Fev/2011 a Fev/2015) e que estiio, de alguma forma, relacionados

ao objeto de estudo.

As artigos a seguir sdo trabalhos independentes dos objetivos especificos propostos
neste projeto, porém denotam toda a fundamentacdo tedrico-cientifica da linha de pesquisa
desenvolvida. Os artigos estdo apresentados em ordem cronoldgica de publicagdo e/ou aceite:

A. Relationship between oxidative stress, glutathione S-transferase
polymorphisms and hydroxyurea treatment in sickle cell;

B. The influence of hydroxyurea on oxidative stress in sickle cell anemia;

C. Oxidative stress and antioxidant capacity in sickle cell anaemia patients
receiving different treatments and medications for different periods of time;

D. Oxidative stress in sickle cell disease: an overview of erythrocyte redox
metabolism and current antioxidant therapeutic strategies;

E. Influence of B° allele in the lipid peroxidation and antioxidant capacity
parameters;

F. Genetic and biochemical markers of hydroxyurea therapeutic response in sickle
cell anemia;

G. Frequencies of -308G/A (TNFA) and -509C/T (TGFBI) polymorphisms in
sickle cell anemia patients from Brazil;

H. Hemoglobin D-Punjab: Origin, distribution and laboratory diagnosis;

I.  Severity of Brazilian sickle cell disease patients: severity scores and feasibility

of the Bayesian Network Model use.
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This study evaluated the oxidative stress and antioxidant capacity markers in sickle cell anemia (SCA) patients
with and without treatment with hydroxyurea. We assessed GSTT1, GSTM1 and GSTP1 polymorphisms in patients
and a control group. The study groups were composed of 48 subjects without hemoglobinopathies and 28 SCA
patients, 13 treated with HU [SCA (4 HU)], and 15 SCA patients not treated with HU [SCA (—HU)]. We observed a
significant difference for GSTP1 polymorphisms in SCA patients with the V/V genotype that showed higher
glutathione (GSH) and Trolox equivalent antioxidant capacity (TEAC) (p =0.0445 and p=0.0360), respectively,
compared with the I/l genotype. HU use was associated with a 35.2% decrease in the lipid peroxidation levels of the
SCA (+HU) group (p<0.0001). Moreover, the SCA (4 HU) group showed higher TEAC as compared to the control
group (p=0.002). We did not find any significant difference in glutathione-S-transferase (GST) activity between
the groups (p =0.76), but the catalase (CAT) activity was about 17% and 30% decreased in the SCA (+HU) and SCA
(—HU) groups, respectively (p<0.00001). Whereas the plasma GSH levels were ~2 times higher in the SCA patients
than the control group (p=0.0005). HU use has contributed to higher CAT activity and TEAC, and lower lipid
peroxidation in patients under treatment. These findings may explain the influence of HU in ameliorating oxidative

stress on SCA subjects.

© 2011 Elsevier Inc. All rights reserved.

Introduction

Sickle cell anemia (SCA), an inherited monogenic disease, is caused by
a transversion in the codon of the sixth amino acid of the beta globin
chain, on chromosome 11 [1], leading to formation of a defective he-
moglobin form, hemoglobin S (Hb S). In the deoxygenated state, the Hb
S tends to aggregate into rodlike polymers, resulting in the deformed
sickle shape and rigidity of red blood cells (RBCs) characteristic of this
condition [2].

Normal RBCs are usually subjected to oxidative stress as a result
of continuous reactive oxygen species (ROS) production that accom-
panies Hb autoxidation, a condition that increases in SCA [3-5], leading
to a continuous inflammatory response and oxidative stress [6]. Among

Abbreviations: CAT, catalase; GSH, glutathione; GST, glutathione-S-transferase; HU,
hydroxyurea; HPLC, high performance liquid chromatography; RBC, red blood cells;
ROS, reactive oxygen species; SCA, sickle cell anemia; TBARS, thiobarbituric-acid-
reacting substances; TEAC, Trolox equivalent antioxidant capacity.

* Corresponding author at: Rua Cristévdo Colombo, 2265, Jardim Nazareth, CEP:
15054-000 Sao Jose do Rio Preto, Sao Paulo, Brazil.
E-mail address: ealmeida@ibilce.unesp.br (E.A. de Almeida).

1079-9796/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bcmd.2011.03.004

the SCA-derived oxidative stress consequences are an increase in
membrane lipid peroxidation levels and alterations in antioxidant
defense systems. However, the few studies that have examined
antioxidant enzymes in SCA patients have found contradictory results
[7].

Glutathione S-transferases (GSTs) constitute multifunctional en-
zymes that are coded by at least eight distinct loci: . (GSTA), L (GSTM),
0 (GSTT), t (GSTP), 0 (GSTS), k (GSTK), ®» (GSTO), and ¢ (GSTZ), each one
composed by one or more homodimeric or heterodimeric isoforms
[8,9]. These enzymes are involved in the conjugation reactions during
phase II of the xenobiotic metabolism, catalyzing reactions between
glutathione (GSH) and a variety of potentially toxic and carcinogenic
electrophilic compounds [10,11], besides, GSTs also display peroxidase
activity and can thus protect from oxidative damage [12]. The defi-
ciency in the activity of this enzyme can be derived from the inherited
GSTs polymorphisms, e.g., GSTT1 (22q11.23), GSTM1 (1q13.3) and GSTP1
(11q13) [13].

Hydroxyurea (HU) administration is one of the most important
therapies for SCA patients [14,15]. The pharmacologic effects that may
contribute to the efficacy of HU in SCA treatment includes the induction
of Hb F production and increase in RBC water content (which reduces
the polymerization of Hb S). HU also increases microvascular
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navigation by sickled cells, and decreases RBC adhesion to endothe-
lium by diminishing the expression of endothelial adhesion molecules
[15,16].

There are no reports about the influences of GSTT1, GSTM1 and
GSTP1 polymorphisms on oxidative stress parameters in SCA patients.
Therefore, the aim of this study was to evaluate, in SCA patients, the
oxidative stress and antioxidant capacity markers, correlating them
with HU treatment and GSTT1, GSTM1 and GSTP1 polymorphisms
compared with a control group.

Methods
Subjects

Seventy-six Brazilian subjects were included in the study (30
males and 46 females; mean age: 23.8 years old; range: 9-65 years
old). They were from the northwest region of Sao Paulo state and
southwest region of Rio de Janeiro state in Brazil. The test group was
composed by 28 SCA patients (11 males and 17 females; mean age:
27.7 years old) in a clinical follow-up in Sdo Jose do Rio Preto (SP) and
Rio de Janeiro (R]). The control group was composed of 48 subjects
without hemoglobinopathies living also in the northwest region of
Sao Paulo state (19 males and 29 females; mean age: 21.9 years old).

All the patients were screened using a questionnaire, and were
excluded if they were smokers or drinkers. They were also asked about
pain crisis, hemolytic crisis, and if they received blood transfusion or had
had stroke in the last two months. The medications used were also
accessed, and those taking medication known to affect the analyzed
parameters were excluded from the study. All subjects gave their
informed consent, and the study was approved by the Data Safety
Monitoring Board (DSMB) according to Brazilian regulations.

AlI SCA patients had access to the same medication protocol and then
were separated into two groups: SCA patients treated with HU [SCA
(+HU); n=13] and SCA patients not treated with HU [SCA (—HU);
n=15].

Biological samples

Blood samples (11 mL) were collected through venipuncture in
heparinized and EDTA tubes. The heparinized blood (7 mL) was
incubated for 20 min at 37 °C and then centrifuged at 206g for 20 min
to separate the plasma for the thiobarbituric-acid-reacting substances
(TBARS) and TEAC. The EDTA sample fraction (4 mL) was aliquoted,
being 2 mL for the hemoglobinopathies tests, genotypic determina-
tion, and enzymatic activities analysis. The other 2 mL was submitted
to centrifugation at 825g for 10 min to obtain the plasma and then
were frozen at — 80 °C for GSH determination.

Hemoglobin phenotypes and genotypes

Hb identification was performed using electrophoresis on cellulose
acetate pH 8.4, and agar electrophoresis at pH 6.2. The Hb fraction
quantification was obtained using high performance liquid chroma-
tography (HPLC) by the automated VARIANT™ equipment (Bio-Rad
Laboratories, CA, USA) [17]. Cell morphology microscopic analysis was
performed on the stained blood using May-Griinwald-Giemsa. In all
patient samples, the Hb genotype was developed by molecular
analysis using PCR-RFLP. The segment amplification that encodes
Hb S was accomplished by specific primers, and the amplicon was
cleaved by the Ddel restriction endonuclease (New England BioLabs,
MA, USA) [18].

Glutathione S-transferase polymorphism genotyping

The polymorphism analysis for the GSTM1 and the GSTT1 genes
was determined simultaneously in a single assay using a multiplex

PCR approach with a housekeeping CYP1A gene co-amplification as an
internal control [19].

GSTP1 polymorphism was performed using PCR-RFLP and the
specific primers for exon 5 (Ile105Val). Following PCR, the product
was digested with BsmA1 restriction endonuclease (New England
BioLabs, MA, USA). The digest was submitted to an electrophoresis on
a 3.5% agarose gel containing ethidium bromide [20].

Biochemical analysis

Lipid peroxidation levels were assessed in heparinized plasma using
the thiobarbituric-acid-reactive substances assay [21]. Antioxidant
capacity was also determined in heparinized plasma samples according
to their equivalence to Trolox (6-hydroxy-2,5,7,8-tetramethychroman-
2-carboxylic acid) [22]. For the total GST activity, the blood samples
were diluted in a 3.5 pM 2-mercaptoethanol, 10 pM NADP, and 2.7 mM
EDTA hemolyzing solution (1:20, v/v) and then assayed using 1-chloro-
2,4-dinitrobenzene (CDNB) as substrate at 340 nm. The assay was
carried out in 0.2 M K-phosphate buffer, pH 6.5, 1 mM CDNB, 1 mM GSH
(e=9.6mM~' cm™!) [23]. For the analysis of CAT activity, blood
samples were diluted in ultrapure water (1:50, v/v) and then 10 uL was
used to measure CAT activity, by the decrease in absorbance at 240 nm
(¢=0.04 mM~' cm~!) due to the consumption of H,0, (10 mM H,0,
in 1 M Tris-HCl buffer pH 8.0 containing 5 mM EDTA) [24].

GSH concentration was determined in EDTA plasma samples using
HPLC coupled to a coulometric electrochemical detector (Coulochem
Il ESA, Bedford, MA) [25]. Under these conditions, GSH clearly eluted
at ~6 min. GSH was extracted from the plasma samples by adding
perchloric acid to the plasma sample (10% final concentration). After
vigorous stirring and 10 min on ice, the mixture was centrifuged at
825 g for 10 min at 4 °C. The extract was then filtered through Millex
syringe filter units (0.22 um) and directly injected into the HPLC
system. The calculations were based on a calibration curve previously
constructed by injecting authentic GSH standards into the HPLC
system.

Statistical analysis

Statistical analysis was performed using the Statistica 9.0 software
(Statsoft Inc.). Data were expressed as mean =+ standard deviation and
were tested for normal distribution using the Shapiro Wilk test. Data
were also tested for homogeneity of variances using the Levene test.
Means between the groups were compared by applying the t test or
one-way ANOVA followed by the post hoc Tukey test for parametric
data, and the Mann-Whitney test or Kruskal-Wallis followed by the
post hoc Dunn test for non-parametric data. To assess the degree of
association between the studied variables, we used the Pearson
correlation for parametric data and the Spearman correlation for non-
parametric data and linear regression. To compare the GST genotypes
between the studied groups Pearson Chi-square test supplemented by
Fisher's exact test was used. The level of significance was set at
p<0.05.

Table 1
Hemoglobin fraction concentration in SCA patients and control group.

CG (n=48) SCA (+HU) (n=13) SCA (—HU) (n=15)
Hb A (%)* 94.88 +2.122 12.58 +£16.39° 8.06 4+ 14.2°
Hb A; (%)" 2.75+0.39* 3.99 +0.66" 3.75+1.02°
Hb F (%)" 1.08 +1.13% 10.93 £7.07° 6.16 +4.54°
Hb S (%)* 0.0 70.40 £ 16.07% 80.39 + 16.08"

CG: control group; SCA (+HU): patients treated with HU; SCA (—HU): patients not
treated with HU. Data were expressed as mean + standard deviation.

* Different letters indicate statistical difference (Kruskal-Wallis test followed by post
hoc Dunn test, p<0.05).

# Different letters indicate statistical difference (Mann-Whitney test, p<0.05).
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Table 2
Prevalence of glutathione S-transferase polymorphisms in the control group and SCA
patients.

Control group N (%) SCA patients N (%) p value®

GSTM1

[+] 21 (43.7) 20 (71.4) 0.0195

-1 27 (56.3) 8 (21.6) 0.0195
GSTT1

[+] 27 (56.3) 9(32.2) 0.0423

-1 21 (43.7) 19 (67.8) 0.0423
GSTM1/T1

[+11-1 13 (27.0) 14 (50.0) 0.0440

[+11+] 8 (16.7) 6 (21.4) 0.6054

[=11+] 19 (39.6) 3(10.7) 0.0074

=1-1 8 (16.7) 5 (17.9) 0.8994
GSTP1

n 34 (70.8) 5 (17.9) 0.0001

v 12 (25.0) 16 (57.1) 0.0050

\\% 2(4.2) 7 (25.0) 0.0066

Wild [+] and null [—] genotypes, I/I wild homozygous; 1/V heterozygate; V/V mutant
homozygous.

¢ Comparisons were made by Pearson Chi square test supplemented by Fisher's exact
test.

Results and discussion

It has been shown that HU treatment improves SCA patient's clinical
conditions. In our study, all hemoglobin parameters were significantly
different between the groups (Table 1), as expected for the SCA, and the
levels of Hb F was increased in SCA patients treated with HU, confirming
the previously well-described HU effect [15]. It is interesting to note the
high Hb F levels in the SCA (—HU) group which may have been
influenced by non-target factors in this study, such as the three major
loci - Xmn1-HBG2 single nucleotide polymorphism, HBS1L-MYB
intergenic region on chromosome 6q, and BCL11A - that contribute
20%-50% of the trait Hb F variance in SCA patients [26].

It should be mentioned that the Hb A; levels were slightly higher than
expected for SCA, and this is due to the automated HPLC characteristics in
which Hb S acetylated subfractions elute at the Hb A, window increasing
Hb A; levels [27], and the high Hb A levels observed in both SCA groups
are transfusion remnants, because the blood transfusions are indispens-
able and very frequent in SCA treatment [28]. The transfusion remnant
Hb A levels could have masked the well-characterized chronic oxidative
stress in SCA widely reported in the literature [4-7], since the increased
Hb A levels foster a dilution of erythrocyte Hb S levels and a subsequent

decline in the Hb S polymerization [29] that is a primary pathophysiologic
event in this genetic disorder [30]. However, these biased results were
not observed in the obtained data.

The co-inheritance of polymorphisms associated to the SCA patients
may modulate phenotypic expression [31], therefore we investigated
the frequency of GST polymorphisms (GSTM1, GSTT1 and GSTP1) and its
relationship with oxidative stress markers in SCA and in the control
group. Human GSTs have been well characterized as ethnic-dependent
polymorphism frequencies [32] and largely divergent among popula-
tions around the world [33]. The gene distribution of GST poly-
morphisms in this study is summarized in Table 2.

The frequency data obtained for the control group are similar to
those described in the literature, whereas the SCA patients group
presented lower frequencies for the null GSTM1 (21.6%) and I/I
(17.9%) genotypes when compared with the frequencies obtained for
Brazilian population [32,34-37]. However, this is the first study
reporting the GSTM1, GSTT1 and GSTP1 polymorphisms' frequency in
SCA patients and the significant difference when compared with the
control group.

The association of GSTM1, GSTT1 and GSTP1 polymorphisms with
various diseases such as cancer and inflammatory diseases, and
responses in the metabolism, efficacy and toxicity of certain drugs
have been widely investigated [38-40] but few studies have investi-
gated their relationship with oxidative stress parameters. Bessa et al.
[41] showed that subjects with null GSTM1 and GSTT1 or null genotype
for both genes had significantly lower erythrocyte GST activity than
those with GSTM1+/GSTT1+, and also higher lipid peroxidation levels,
lower erythrocyte GSH levels and decreased activities of CAT,
superoxide dismutase (SOD) and GPx, whereas there was no significant
difference in these oxidative stress-related parameters between the
GSTM1 and GSTT1 genotypes.

The influences of GSTM1, GSTT1 and GSTP1 polymorphisms on the
oxidative stress parameters (TBARS, TEAC and GSH plasma levels, and
activities of CAT and GST) in the control group and SCA patients are
shown in Table 3. Our results showed that the GST polymorphisms did
not influence significantly on any of the biochemical markers in the
control group, whereas in SCA patients, we observed significant
difference only for GSTP1 polymorphisms. SCA patients with the V/V
genotype showed higher GSH and TEAC levels (p=0.0445 and
p=0.0360, respectively) compared with the I/I genotype, indicating
a possible correlation between these polymorphisms with oxidative
stress in SCA patients. However, further researches with larger sample
size and association with SCA clinical manifestations are needed, to

Table 3
Mean values and standard desviation of measured biochemical parameters in the control group and patients in the presence of different GST polymorphisms found.
GSTM1/T1 P value™ GSTP1 P
value™
[+11-] [+1/1+] [=11+] [=11-1 7 Y% \%
TBARS (ng/mL)
Control group ~ 290.03 +£209.15  220.124+65.95 191.774+139.21  252.87+187.29 0.4166 21820+ 15826  24591+164.59 331.004+169.70 0.5916
SCA patients  1501.00 £472.72 153240477547 1466.784+558.57 1634.19+837.66 09867  1624.804535.62 1535.284629.53 1478.89+590.81 0.8505
TEAC (mM)
Control group 1.93+£0.15 1.914+0.14 1.87+0.13 1.87+0.14 0.4166 1.8840.02 1.934+0.12 1.98+0.12 0.3811
SCA patients 2.00+£0.18 2.02+0.14 2.13+0.08 1.964+0.21 0.5733 1.86+£0.117 2.02+0.18 2.08+£0.11°  0.0445*
GST (U/mL)
Control group 1.7240.81 1.264+0.54 1.634+0.70 1.324+0.76 0.4166 1.5140.64 1.514+0.92 1.78+0.61 0.7015
SCA patients 1.6240.51 1.97 +0.96 1.134+0.33 1.52+0.52 0.3454 1.58+0.61 1.54+0.57 1.704+0.92 0.9576

CAT (U/mL)

Control group 2339.65+466.35 2332.744+298.25 2427.23+314.53 2301.05+167.25 0.5623
1828.63+587.26 1685.44+763.56 1921.124+691.05 0.9600

SCA patients
GSH (uM)

1804.98 +-445.88

2387.81+388.69 2439.55+256.80 2334.50+219.10 0.8751
1823.23 +£689.74 1769.58 +492.94 1978.37 £526.04 0.7425

Control group 0.374+0.31 0.2940.16 0.3740.39 0.3340.27 0.9960 0.3340.31 0.3440.26 0.714+043 0.2333
SCA patients 0.5740.37 0.734+0.07 0.99+40.53 0.87 4+ 0.64 0.5681 0.384+0.28* 0.714+0.44 0.96+0.24"  0.0360"
Wild [+] and null [—] genotype. I/ wild homozygous; I/V mutant homozygous. Data were expressed as mean + standard deviation.

* Comparisons were made by Kruskal-Wallis test followed by post hoc Dunn test.
* Different letters indicate statistical difference.
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better predict the relative risk generated by the co-inheritance of GST
polymorphisms and Hb S mutation in the pathophysiology development.

Although oxidative stress and alterations in the activities of
antioxidant enzymes have been extensively described in SCA, the
results are sometimes contradictory, and their relationship with HU
treatment remains unclear. We, therefore, examined the lipid peroxi-
dation levels (TBARS) and the antioxidant capacity (TEAC levels, GST
and CAT activities, and plasma GSH levels) in a control group (CG;
n=48), SCA patients treated with HU [SCD (+HU); n=13], and SCA
patients not previously treated with HU [SCA (—HU); n=15] (Fig. 1).

High levels of lipid peroxidation in SCA patients were reported
[42-45], but we demonstrated in this study that the use of HU
provides a 35.2% decrease in the lipid peroxidation levels on the SCA
(+HU) group (p<0.0001), confirming its antioxidant property in
vivo, as previously reported by Agil and Sadrzadeh [46] in an RBC
model. Moreover, the SCA (+ HU) group presented higher TEAC levels
when compared to the control group (p=0.002), in accordance with
a recent publication by our group [47]. The significant increase in
TEAC levels is probably due to an indirect effect of the antioxidant
property of HU use, counteracting the high levels of ROS generated by
the disease. However, further studies are needed to understand this
phenomenon.

The main role of GSTs in cells is related to the detoxification of
xenobiotics and lipoperoxidation products, although some isoforms also
contain peroxidase activity [ 12,48]. Because of this, the evaluation of GSTs
has been used as an important biomarker of oxidative stress in many
human diseases such as hypertension [41], Alzheimer's disease [49], non-
alcoholic fatty liver disease [50], and cancer [51]. As in SCA, these diseases
are also characterized by chronic inflammation closely associated with
oxidative stress. However, there are no reports on the evaluation of GST
activity in SCA patients. We did not find any significant difference in GST
activity between the studied groups (p=0.76), suggesting that this
enzyme was not affected by the disease. Although oxidative stress was

present in SCA patients and GST accounts for antioxidant defenses, it may
be hypothesized that other antioxidant enzymes present in RBCs such as
SOD, CAT, GPx and peroxiredoxin [52-54] have a more prominent role on
the oxidative stress responses. However, this remains unsolved and
should be assessed by other studies.

The CAT activity was about 17% and 30% decreased in the SCA (+ HU)
and SCA (—HU) groups, respectively (p<0.00001), in agreement with
the findings of Alsultan et al. [43] in SCA patients and with Dasgupta et
al. [5] in transgenic sickle mouse models. Contrariwise, Manfredini et al.
[42] and Cho et al. [7] did not observe differences in CAT activity
between the evaluated control and SCA groups.

The statistical correlation analysis between CAT activity and TBARS
levels (Fig. 2A) showed a negative correlation between these param-
eters (r=—0.56, p<0.00001), in which the increase in TBARS levels is
associated with the decrease of CAT activity that may be due to its
consumption by ROS generated by the chronic inflammatory process in
these disorders.

The HU pharmacological effect (Hb F levels increase) seems to
participate in the antioxidant defense, avoiding CAT consumption,
since we found an association between the CAT activity and the Hb F
levels in the SCA patients (r=0.41, p=0.0293) (Fig. 2B). These data
agree with Dasgupta et al. (2010) [55] who showed that, in SCA
transgenic mice, the Hb F protective effect is primarily mediated by
decreased intravascular sickling, resulting in a decreased oxidative
stress, and also in an increased nitric oxide bioavailability. Venkatesha
et al. [56] submitted cultures of human non-malignant breast
epithelial cells to high ROS levels and observed a significant increase
in micronuclei frequency and in histone 2AX-phosphorylation. When
these cell cultures were treated with CAT, it was shown that CAT
blunted cell damages, validating its antioxidant action.

The tripeptide GSH is a very abundant intracellular free thiol that
plays a critical role in regulating a variety of cellular functions, including
xenobiotic detoxification, the synthesis of DNA and other endogenous
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Fig. 1. The oxidative stress parameters in the control group and SCA patients. (A) TBARS levels were ~5 times and ~8 times higher in the SCA (+HU) and SCA (— HU), respectively,
than in the control group (CG) (p<0.0001). (B) TEAC levels were higher in the SCA patients than in the control group (p = 0.002). (C) GST activity showed no difference between the
studied groups (—HU) (p =0.76). (D) CAT activity was lower in the SCA patients than in the control group (p<0.00001). (E) GSH levels were ~2 times higher in the SCA patients than
in the control group (p = 0.0005). *Indicates statistical difference according to the one-way ANOVA followed by post hoc Turkey test (TEAC and GST) or Kruskal-Wallis followed by

post hoc Dunn test (TBARS, CAT and GSH).
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Fig. 2. Association between the biochemical parameters evaluated and Hb F levels. (A)
Negative linear correlation between lipid peroxidation and CAT activity (r= —0.56,
p=0.00001). (B) Positive linear correlation between Hb F levels and CAT activity (r=0.41,
p=0.0293). (C) Positive linear correlation between lipid peroxidation and GSH levels
(r=0.37, p=0.0008).

compounds, modulation of gene expression, and the regulation of cell
cycle. However, the most important and well-known function of GSH is
as a non-enzymatic antioxidant [57]. There are several reports on the
evaluation of erythrocyte or tissue GSH levels in SCA patients and
transgenic mice [5,55,58-60], but to our knowledge, the present study
was the first that has correlated plasma GSH levels with biochemical
parameters in SCA. Human plasma contains very low GSH concentra-
tions, in the range of 0.1 to 20 uM [61], which are consistent with our
data. The plasma GSH levels were ~2 times higher in the SCA patients
than the control group (p =0.0005), and showed a positive correlation
with the TBARS levels (r=0.37, p=0.0008) (Fig. 2C), which may be due
to the hemolytic process of the SCA pathophysiology or a response to
chronic stress, confirming its antioxidant function.

RBCs can synthesize GSH from cysteine, glycine and glutamic acid
since they contain all the enzymes necessary for its biosynthesis, and a
significant percentage of their GSH is produced de novo daily [62].
Furthermore, both glutathione disulfide (GSSG) and glutathione conju-
gates (GS-X) are actively exported from RBCs when their intracellular
concentration is high. This de novo re-synthesis may balance the GSH loss
due to GSSG and GS-X export, and is regulated by a feedback mechanism
[63,64]. Giustarini et al. [65] demonstrated that RBCs significantly
contribute to the plasma pool of GSH and suggested that abnormalities
in RBCs can influence the plasma GSH levels, thus, SCA may interfere in
the GSH de novo re-synthesis feedback mechanism. Dumaswala et al.
[66] showed in vitro that supplementing the conventional additive with
GSH precursor amino acids improved RBC GSH synthesis and mainte-
nance, preventing RBC scavenging function which can be committed by
ROS. However, further studies are needed to better understand this
mechanism.

In conclusion, we observed that the co-inheritance of GST poly-
morphisms and Hb S showed low prognostic value for the biochemical
parameters evaluated and significant differences in the biochemical
parameters evaluated in SCA, except for GST activity. We suggest that
these parameters may play important roles in other 3-hemoglobin-
opathies or hemolytic anemia, which are associated with oxidative stress,
but this remains to be further investigated. The use of HU improved
antioxidant defenses of patients with SCA, also contributing to a higher
CAT activity and TEAC levels, and a lower lipid peroxidation in SCA
patients. With these results, we suggest that GSH can be used as an
adjunct in reducing oxidative stress, improving the oxidative and
inflammatory status of the SCA.
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Objective: The oxidative stress in 20 sickle cell anemia patients taking hydroxyurea and 13 sickle cell anemia
patients who did not take hydroxyurea was compared with a control group of 96 individuals without any
hemoglobinopathy.

Methods: Oxidative stress was assessed by thiobarbituric acid reactive species production, the Trolox-equivalent
antioxidant capacity and plasma glutathione levels.

Results: Thiobarbituric acid reactive species values were higher in patients without specific medication,
followed by patients taking hydroxyurea and the Control Group (p < 0.0001). The antioxidant capacity was
higher in patients taking hydroxyurea and lower in the Control Group (p = 0.0002 for Trolox-equivalent
antioxidant capacity and p < 0.0292 for plasma glutathione). Thiobarbituric acid reactive species levels were
correlated with higher hemoglobin S levels (r = 0.55; p = 0.0040) and lower hemoglobin F concentrations
(r=-0.52; p =0.0067). On the other hand, plasma glutathione levels were negatively correlated with hemoglobin
S levels (r = -049; p = 0.0111) and positively associated with hemoglobin F values (r = 0.56; p = 0.0031).

Conclusion: Sickle cell anemia patients have high oxidative stress and, conversely, increased antioxidant
activity. The increase in hemoglobin F levels provided by hydroxyurea and its antioxidant action may explain
the reduction in lipid peroxidation and increased antioxidant defenses in these individuals.

Keywords: Hemoglobinopathies,; Oxidative stress; Anemia, sickle cell; Hydroxyurea

Introduction

Sickle cell anemia (SCA) is one of the most common genetic disorders in the world. It is
characterized by homozygous hemoglobin (Hb) S and represents the most severe form of sickle cell
disease (SCD)". Hb S is caused by a mutation in the [3-globin gene in which the sixth amino acid is
changed from glutamic acid to valine due to a substitution of adenine for thymine'®. SCA presents a
series of clinical manifestations which are influenced by genetic and environmental factors. These
factors result in many phenotypes, mainly mediated by the polymerization of Hb S, hemolysis and
cell adhesion to endothelium which leads to vascular occlusion®®. Blood transfusions, folic acid
supplementation and hydroxyurea (HU) are the most common treatments in SCA. HU is an oral
drug whose main effect in SCA is the increased synthesis of fetal Hb (Hb F) which reduces the
frequency of vaso-occlusive episodes, pain crises, hospitalizations and blood transfusions®.

Oxidative stress is one of the factors that modulates the phenotypic expression of SCA.
This stress influences the vaso-occlusive process by increasing the adhesive properties
of erythrocytes, leukocytes and platelets to the endothelium®. Normal erythrocytes suffer
oxidative stress resulting from the production of reactive oxygen species (ROS) due to
the oxygen metabolism. This metabolic ROS production is increased in patients with
hemoglobinopathies, causing oxidative damage such as lipid peroxidation. The release of Hb
in plasma and ischemia-reperfusion cycles are characteristic of SCD, increasing oxidative
stress and requiring a more effective antioxidant system”®.

The literature suggests that excess ROS has implications in the pathophysiology of SCA.
Thus an evaluation of the oxidative stress in these patients may provide important information
regarding the current use of medications, such as HU, and may lead to new therapeutic
strategies. Therefore, considering the intense generation of ROS with the presence and
hemolysis of Hb S in SCA, the influence of HU on oxidative stress was evaluated using cell
damage markers and antioxidant capacity by comparing patients taking HU with those who
were not taking the medication and a control group.

Methods
Subjects

Peripheral blood samples of 33 SCA patients (21 females and 12 males; mean age: 28 + 15
years) from blood banks in Sdo Paulo and Rio de Janeiro, southeastern Brazil were evaluated.
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All patients were treated with folic acid supplementation however
only 20 of the patients were taking HU. A Control Group was
formed of 96 individuals without hemoglobinopathies and not
taking HU (57 females and 39 males; mean age: 23 + 6 years)
from southeastern Brazil.

All SCA patients were screened using a questionnaire.
Pregnant women, smokers and individuals who drank significant
quantities of alcohol were excluded from the study as were patients
who had had strokes, pain or hemolytic crisis or had received
blood transfusions within the two months prior to the start of the
study. Patients who had taken medications known to affect
the analyzed parameters (such as acetylsalicylic acid, antibiotics
or vitamins) within the 24 hours prior to sample collection were
also excluded from the study. All subjects gave their informed
consent and the study was approved by the Data Safety Monitoring
Board (DSMB) according to Brazilian regulations.

Genotype investigation

All samples were submitted to classical hemoglobin
diagnosis techniques including electrophoresis at alkaline
and acid pH, to evaluate the Hb migration profile and high
performance liquid chromatography (HPLC) to measure Hb
fractions®'. Genomic DNA was extracted employing the
phenol-chloroform method for molecular analysis®?. The
amplificationof the segmentthatencodes Hb S was performed using
specific primers (sense: 5’-GGCAGAGCCATCTATTGCTTA-3’;
antisense: 5’-ACCTTAGGGTTGCCCATAAC-3") and cleavage
was achieved by the action of restriction endonuclease FastDigest
Ddel (Fermentas, USA).®

Biochemical analysis

Oxidative stress analysis was evaluated based on the detection
of lipid peroxidation and antioxidant capacity markers in plasma.
The lipid peroxidation levels were calculated by the thiobarbituric
acid reactive species (TBARS) technique. This method is based on
the reaction of malondialdehyde and other aldehydes, which are by-
products of membrane damage caused by ROS, with thiobarbituric
acid (TBA) at low pH and high temperature forming a complex with
maximum light absorption at 535 nm.

The antioxidant capacity was evaluated using Trolox
(6-hydroxy-2,5,7 8-tetramethylchroman-2-carboxylic  acid), a
potent antioxidant similar to vitamin E. The Trolox-equivalent
antioxidant capacity (TEAC) method is based on the reaction
between 2,2'-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) (SIGMA, A1888), 2,2’-azino-bis (3-ethylbenzothiazoline-
6-sulfonate) and potassium persulfate (K,S,0,). This reaction
produces the radical cation ABTS™, a green/blue chromophore.
The addiction of one antioxidant to this radical cation reduces
ABTS, resulting in a solution discoloration that is evaluated at 734
nm to determine the total antioxidant capacity'.

Plasma glutathione (GSH) concentrations were determined
in EDTA-treated plasma samples by the quantification in HPLC
coupled to a coulometric electrochemical detector (Coulochem III
ESA, Bedford, MA) set with a potential of 650 mV@®. Under these
conditions, GSH is clearly eluted in ~ 6 min. GSH was extracted
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from the plasma samples by adding perchloric acid to the plasma
sample (10% final concentration). After vigorous stirring and 10
min on ice, the mixture was centrifuged at 825 g for 10 min at 4°C.
The extract was then filtered through Millex syringe filter units
(0.22 pum) and directly injected into the HPLC. Calculations were
based on a calibration curve previously constructed by injecting
known GSH standards into the HPLC system.

Statistical analysis

Data were tested for normality and homoscedasticity using
the Shapiro-Wilk and Levene tests, respectively. Analysis of
variance (ANOVA) was employed complemented by Tukey’s test
for data with normal distribution. The Kruskal-Wallis test was
employed followed by Dunn’s test for non-parametric data. The
correlations between Hb concentrations and lipid peroxidation
and plasma GSH levels were achieved by the Pearson linear
correlation test. The level of significance was assumed as 0.05
and analysis was made using the Statistica 8.0 software.

Results
Hemoglobin fraction concentration in SCA patients

The Hb profiles of SCA individuals were compared
depending on whether patients took HU or not. Results showed
higher Hb F levels (p = 0.018) and lower Hb S concentrations
(p =0.015) among individuals taking HU compared to those who
were not taking this medication (Table 1).

Table 1 - Differences between hemoglobin profiles of the SCA patients
taking HU or not

Sickle cell anemia patients

p-value
(-HU) (+HU)
Hb S 86.63 £4.42 8044 £ 747 0015
HbA, 3.63+1.28 4.11+0.50 0.250
HbF 647 +423 11.89 +6.92 0018

-HU: patients not taking hydroxyurea; +HU: patients taking hydroxyurea.

Lipid peroxidation — thiobarbituric acid reactive
species dosage

The generation of ROS was indirectly measured though the
analysis of lipid peroxidation. The values were higher for SCA
patients (1450 + 549 ng/mL) compared to the Control Group (239
+ 159 ng/mL)(p < 0.0001). Patients receiving HU had lower lipid
peroxidation than those without specific medication however
they still had higher levels than the Control Group (p < 0.0001).

Correlation analysis was carried out comparing Hb S and Hb F
levels and the TBARS dosage. Results showed that TBARS values
in SCA patients were positively correlated with Hb S concentrations
(r=0.55; p=0.0040) reflecting increased lipid peroxidation in the
presence of Hb S (Figure 1A). Negative correlation was observed
between TBARS and Hb F levels (r =-0.52; p = 0.0067), showing
a protective effect of Hb F (Figure 1B).
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Figure 1 - Association between the Hb S and Hb F concentrations and lipid peroxidation levels. (A) Positive linear correlation
between Hb S and TBARS levels (r = 0.55; p-value = 0.0040). (B) Negative linear correlation between Hb F and TBARS levels
(r=-0.52; p-value = 0.0067).
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Figure 2 - Association between the Hb S and Hb F concentrations and the GSH levels. (A) Negative linear correlation between Hb S
and GSH levels (r = -0.49; p-value = 0.0111). (B) Positive linear correlation between Hb F and GSH levels (r = 0.56; p-value = 0.0031).

Antioxidant Capacity — Trolox-equivalent antioxidant
capacity assay and plasma glutathione levels

The overall antioxidant capacity analyzed by TEAC showed
higher values for SCA patients (2.04 + 0.15 mM) than for the
Control Group (1.93 +0.15 mM; p = 0.0028). Patients taking HU
had higher TEAC values when compared to the group of patients
that did not take HU (p = 0.0002). No correlation was observed
between Hb concentrations and TEAC levels.

The GSH concentration in the Control Group was 0.41 +
0.38 uM with this value being about two times higher in SCA
patients (0.88 = 0.69 uM; p = 0.0292). Patients taking HU had
higher GSH levels that were significantly different to the Control
Group (p <0.0001). Higher Hb S concentrations were correlated
with decreased GSH levels (r = -0.49; p = 0.0111: Figure 2A)
while Hb F concentrations were positively correlated with GSH
values (r =0.56; p =0.0031: Figure 2B).
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Discussion

The oxidative stress and antioxidant markers were
evaluated in SCA patients who were either taking HU or
not and the results were compared to the results of a control
group. The correlation between Hb S levels and TBARS
values, as well as lipid peroxidation in SCA patients suggest
that oxidative stress may result from high levels of meta Hb S
which is less stable than meta Hb A, leading to the formation
of hemichromes and hemolysis with the release of heme iron.
Oxidative stress may be even higher during vaso-occlusive
crises and painful episodes'”.

Hb F levels were higher in SCA patients. It is known that in
SCA patients, the concentration of Hb F ranges from 1% to 30%
and it is inherited as a quantitative trait. A trend of increased Hb
F levels in SCA patients taking HU was observed in this study
which reflects the ability of HU to regulate Hb F expression®.
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SCA pathophysiology can be viewed as a cycle driven
by hemolysis, oxidative stress, inflammation, cell adhesion to
endothelium and vaso-occlusion. During hemolysis, iron is
transformed from ferric to ferrous iron, thus producing meta
Hb, with heme iron release. The hydrophobic character of free
heme iron allows it to merge with cell membranes, increasing
the susceptibility to oxidant-mediated destruction as well as the
generation of ROS, characterizing lipid peroxidation. Thus,
the level of TBARS is a good indicator of pro-oxidant stimuli,
since it measures malondialdehyde and other aldehydes which
are subproducts of cell membrane destruction®®.

Patients who are not taking HU but are taking folic acid,
showed increased lipid peroxidation levels compared to patients
taking HU. Folate acid is important in the formation of red
blood cells because it participates in the purine and pyrimidine
metabolism for DNA and RNA synthesis®”. In turn, HU is a
deoxyribonucleotide reductase which is able to increase Hb F
synthesis due to its myelotoxicity. Studies have shown that this
drug leads to increased Hb F levels in approximately 50% of
patients with SCD. High Hb F concentrations may decrease the
severity of illness because of inhibition in the polymerization of
Hb S. Hb F alter contact sites between Hb molecules, impairing
polymer formation with consequent reduction in the sickling
process®?». This is a potential reduction factor of hemolysis
and the consequent cell damage caused by substances released
during this process, for example, iron. Kaul et al. demonstrated
that increased Hb F expression reduces oxidative stress in SCD
transgenic mice®®. In the current work, this antioxidant property
of HU is observed by lower TBARS values obtained in patients
in the group taking this drug compared to patients who were not.

The generation of free radicals is counteracted by enzymatic
and non-enzymatic antioxidants, including antioxidants from the
diet such as vitamins C and E and GSH®. Some studies have
found decreased GSH concentrations in erythrocytes from SCD
patients®*?”, However, Reid et al. and Kiessling et al. showed that
GSH synthesis is not impaired in SCA patients, thus suggesting
that lower GSH levels may be explained by the high demand®?>,
Reid et al. showed that GSH synthesis was increased in 57% of SCA
patients compared to control subjects, indicating that the consumption
of GSH may exceed its synthesis®. On the other hand, GSH levels
may also be influenced by diet, for example, due to deficiencies in
the amino acid precursors of GSH synthesis, especially cysteine®”.

Maintaining adequate levels of GSH is important for
many critical cell functions with disruptions in these processes
being observed in several human diseases. GSH deficiency is
manifested primarily as an increased susceptibility to oxidative
stress and cell damage, the results of which may be an important
factor in the progression of the disease. On the other hand, high
GSH levels may increase antioxidant capacity and resistance to
oxidative stress®".

Regarding treatment, HU was associated with increased
antioxidant capacity. Liu et al. tested the activity of HU against
free radicals such as DPPH (2,2-diphenyl-1-picril-hydrazyl) and
hydroxyl radicals; they found that HU has antioxidant activity®?.
The higher values of GSH and TEAC in patients treated with HU
corroborate this finding, since the antioxidant properties of HU may
have curbed the consumption of the antioxidant systems evaluated.
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Conclusion

The results of this study show that the influence of Hb S on
the oxidative status is reflected by increased lipid peroxidation
and antioxidant status in SCA patients. High Hb F concentrations
are associated with less oxidative stress. Treatment using HU
decreased lipid peroxidation and contributed to the body’s
antioxidant defenses.
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Abstract To evaluate, in a longitudinal study, the profile of
lipid peroxidation and antioxidant capacity markers in sickle
cell anaemia patients receiving different treatments and
medication over different time periods. The three groups were:
patients undergoing transfusion therapy and receiving iron
chelator deferasirox (DFX group, n=20); patients receiving
deferasirox and hydroxyurea (DFX + HU group, n=10), and
patients receiving only folic acid (FA group, n=15).
Thiobarbituric acid-reactive substance (TBARS) assays and
trolox-equivalent antioxidant capacity (TEAC) assays were
evaluated during two different periods of analysis, TO and T1
(after ~388 days). Higher FA group TBARS values were
observed compared with the DFX + HU group (p=0.016) at
TO; and at T1, higher FA group TBARS values were also
observed compared with both the DFX group (p=0.003) and
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the DFX + HU group (p=0.0002). No variation in TEAC
values was seen between groups, at either TO or T1. The
mean values of TBARS and TEAC for both the DFX and
DFX + HU groups decreased at T1. The antioxidant effects
of HU and DFX were observed by through an increase in
TEAC levels in DFX and DFX + HU groups when compared
with those of normal subjects. Increased TEAC values were
not recorded in the FA group, and lipid peroxidation was seen
to decrease after DFX and HU use.

Keywords Sickle cell anaemia - Oxidative stress -
Hydroxyurea - Deferasirox - Folic acid

Introduction

Sickle cell anaemia (SCA) is one of the most common
monogenic disorders in the world. It has been characterised
as a multi-system disease, associated with episodes of acute
illness and progressive organ damage [1]. Haemoglobin S
(Hb S) is caused by a mutation in the [3-globin gene in
which the 17th nucleotide is changed from thymine to
adenine and the sixth aminoacid in the (3-globin chain
becomes valine rather than glutamic acid [2].

In cases of hypoxia, Hb S polymerises, which defines
the first indispensable event in the molecular pathogenesis
of SCA [3]. The polymer grows, disrupting erythrocyte
architecture and promoting cellular dehydration, with
physical and oxidative cellular stress [4]. As a result of
this process, intravascular haemolysis occurs, and free
plasma Hb generates reactive oxygen species (ROS), such
as superoxide and hydroxyl radicals [5], which are potent
scavengers of nitric oxide (NO) [6], causing vascular
endothelium dysfunction [7]. Moreover, the cycles of
ischaemia and reperfusion cause oxidant stress. These
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cycles also activate vascular oxidases [8] and lead to
inflammatory stress. All of these changes increase the
expression of endothelial cell-adhesion molecules and the
synthesis of inflammatory cytokines, causing leucocytosis
[9-11]. Thus, the consequence of oxidative stress may
contribute to two major pathophysiological processes:
vaso-occlusion with ischaemia/reperfusion injury and
haemolytic anaemia [12, 13].

The most common treatments for SCA are folic acid
(FA) supplementation, the use of hydroxyurea (HU), and
blood transfusions. HU is often administered to induce
increased synthesis of Hb F, and in many studies, it
increased Hb F synthesis in approximately 60% of patients.
In these studies, HU raised the rate of Hb and reduced the
number of reticulocytes [14—16]. Other studies have shown
that HU reduces the expression of adhesion molecules on
the erythrocyte surface. It also reduces the number of
granulocytes, monocytes and platelets, which, when
increased, are risk factors for vaso-occlusion [17, 18].
HU also participates in NO production [19]. Transfusion
therapy works by keeping Hb S concentration below 30%,
increasing oxygenation, and to decreasing vascular com-
plications [20]. Additionally, transfusions prevent primary
and secondary strokes in children, and decrease the
frequency of hospitalisation, vaso-occlusive events, acute
chest syndrome and growth retardation [21]. However, in
patients subject to iron overload, chelating agents are
essential for survival. Among the available iron chelators,
deferasirox (DFX) (Exjade™; Novartis Pharma AG,
Basel, Switzerland) is a once-daily oral iron chelator
which has been extensively evaluated in patients with a
wide range of transfusion-dependent anaemia, including
SCA, in both adult and paediatric patients [22]. Other
drugs have also been used, but, as yet, there have been no
large multi-centre studies proving their effectiveness [23].

In light of evidence suggesting that an excess of ROS
has implications in SCA pathophysiology, the assessment
of oxidative stress in these patients may provide significant
information regarding the use of current medications and
may lead to new therapeutic strategies. Therefore, the
purpose of this longitudinal study was to evaluate the
profile of lipid peroxidation and antioxidant capacity
markers in SCA patients receiving different treatments
and medication over different time periods.

Methods
Study design
This is a longitudinal study involving 45 SCA patients (20

males and 25 females with a mean age of 25.8 years old
ranging between 11 and 45 years old) seen at the outpatient

@ Springer

department of Santa Casa Medical School, Sao Paulo,
Brazil.

The subjects were divided according to treatment and
specific medication. All patients had been taking folic acid
(5 mg/day) for at least 5 years, and the three groups were:
patients undergoing transfusion therapy and receiving iron
chelator deferasirox (DFX group, n=20); patients receiving
iron chelator deferasirox and using hydroxyurea, (DFX +
HU group, n=10) and patients receiving only folic acid (FA
group, n=15). At the beginning of analysis, characterised as
Time 0 (TO), the DFX group was exposed to iron chelation
for 46.8+20.7 days, and the DFX + HU group was exposed
to iron chelation for 39.1+29.9 days and to hydroxyurea for
more than 3 years. After 388.6+58.7 days, the same
patients’ samples were again collected and evaluated. This
period has been characterised as Time 1 (T1).

Patient eligibility

Eligible patients were 10 years or older at the beginning of
the study, with SCA and well-defined treatment plans
developed by the medical staff of Santa Casa Medical School.

Patients were excluded from the study if they were
smokers, consumed alcoholic drinks, or if they had had a
stroke, pain, or a haemolytic crisis in the 2 months prior to
the start of the study, or if they had taken medications (such
as acetylsalicylic acid, antibiotics or vitamins) within 24 h
of sample collection. Patients with active hepatitis B and C,
serum creatinine above normal levels, aspartate aminotrans-
ferase or alanine aminotransferase levels above 250 U/L,
and patients who were pregnant were also excluded from
this study. All subjects gave their informed consent, and the
study was approved by the Data Safety Monitoring Board
in line with Brazilian regulations. The demographic and
clinical characteristics and (3-globin haplotypes of all SCA
patients are shown in Table 1.

Treatment plan

All patients with iron overload received DFX, except FA
group patients. Iron overload was defined as the use of
more than 20 units of red blood cell transfusions in the past
and/or SF (serum ferritin) levels greater than 1,000 pg/L
confirmed by at least two measurements during the
6 months leading up to enrolment for the formation this
group. The patients began taking DFX at a dose of
20 mg/kg/day, and dose adjustments of 5-10 mg/kg/day
(within a range of 5-30 mg/kg/day) were possible only
after 12 weeks of treatment. Doses were adjusted, if
necessary, every 3 months, with changes made by the
haematologist responsible for patient care on a case-by-
case basis. Decisions regarding changes in dosage were
based on repeated measurements of SF and regularly
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Table 1 Demographics, clinical data, and (3-globin haplotypes data of SCA patients

Characteristics Treatment/medication
DFX (n=20) DFX + HU (n=10) FA (n=15)
Age (in years) mean+SD 252+12.2 30.9+11.1 23.7+8.9

3-Globin haplotypes [1 (%)]

Bantu/Bantu 10 (50.0%)
Bantu/Benin 04 (20.0%)
Benin/Benin 02 (10.0%)
Bantu/Atp 04 (20.0%)
Number of RBC units transfused since birth [1n (%)]

<10 01 (05.0%)
10-20 04 (20.0%)
>20 14 (70.0%)

Number of days since last transfusion TO [n (%)] and T1 [n (%)]

<30 days 07 (35.0%)
30-60 days 08 (40.0%)
>61 days 05 (25.0%)

09 (42.5%)
05 (25.0%)
06 (30.0%)

05 (50.0%)
03 (30.0%)
01 (10.0%)
01 (10.0%)

08 (53.3%)
01 (06.6%)
04 (26.6%)
01 (06.6%)

04 (26.6%)
07 (46.6%)
04 (26.6%)

08 (80.0%)
02 (20.0%)

03 (30.0%)
03 (30.0%)
04 (40.0%)

03 (30.0%)
02 (20.0%)
05 (50.0%)

05 (33.3%)
03 (20.0%)
07 (46.6%)

07 (46.6%)
05 (33.3%)
08 (53.33%)

Number of sickle cell crises per person per year in the last 2 years [n (%)]

0-2 11 (55.0%)
3-5 07 (35.0%)
>6 02 (10.0%)

Complications of sickle cell anaemia [n (%)]
Cardiac complications 07 (35.0%)
06 (30.0%)
03 (15.0%)
02 (10.0%)
02 (10.0%)

12 (60.0%)

Muscular/skeletal/skin complications
Gastrointestinal/hepatobiliary complications
Splenic complications

Pulmonary complications

Neurologic complications

07 (70.0%)
02 (20.0%)
01 (10.0%)

02 (13.3%)
04 (26.6%)
09 (60.0%)

04 (40.0%)
09 (90.0%)
04 (40.0%)
02 (20.0%)
03 (30.0%)
02 (20.0%)

05 (33.3%)
06 (40.0%)
03 (20.0%)
04 (26.6%)
04 (26.6%)
02 (13.3%)

Definitions: Cardiac complications include cardiomegaly, cardiomyopathy, congestive heart failure, and hypertension; Muscular/skeletal/skin
complications include avascular necrosis, dactilytis, leg ulcers, osteomyelitis, and osteoporosis; gastrointestinal/hepatobiliary complications
include cholecycstitis, cholelithiasis/sludge, hepatic sequestration, and intrahepatic cholestasis. Splenic complications include acute splenic
infarction, functional asplenia, hypersplenism, and acute splenic sequestration while pulmonary complications include acute chest syndrome and
pulmonary hypertension. Neurologic complications—cerebrovascular accidents include aneurysm, haemorrhagic stroke, ischaemic or infarctive

stroke, and silent cerebral infarction
DFX deferasirox, HU hydroxyurea, FA folic acid

measured laboratory safety parameters. This treatment
was discontinued if SF levels reached 500 pg/dL or
lower during two consecutive visits and was reinstated if
levels subsequently rose above 1,000 pg/L.

The starting dose of HU (20 mg/kg/day) was increased
by 5 mg/kg per day at 8-week intervals until a dose of
35 mg/kg/day was reached. The criteria used to decide
whether to suspend the use of HU was the appearance of
clinical evidence and/or laboratory evidence of intolerance
or toxicity. Toxicity was defined as a decreased number of
leukocytes (<4.000/mm?), absolute neutrophil count
(<2.000/mm”), platelet count (<100.000/mm>) or lowered
Hb levels (less than 20% of base levels). Toxicity was also
considered in cases of renal dysfunction, hepatic diseases or
gastrointestinal disorders.

Biological samples

Three venous blood samples of 20 mL were collected
from each patient in tubes with EDTA, tubes with
heparin and tubes without any anticoagulants. EDTA
samples were used for Hb profiles, haematological
profiles and molecular analyses. The heparinised blood
was incubated for 20 min at 37°C and centrifuged at
780x%g for 20 min to separate the plasma and was then
frozen at —80° C. These samples were used for thiobarbi-
turic acid-reactive substance (TBARS) assays and trolox-
equivalent antioxidant capacity (TEAC) assays. Samples
without anticoagulants were used to measure serum iron
(SI), serum ferritin (SF) and total iron-binding capacity
(TIBC).
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Haemoglobin phenotypes and haematologic profile

Hb was identified using electrophoresis on cellulose
acetate at pH 8.4 and using agar electrophoresis at
pH 6.2. Hb fraction quantification was obtained using
high-performance liquid chromatography with the auto-
mated VARIANT™ equipment (Bio-Rad Laboratories,
CA, USA) [24]. Haematologic profiles were obtained
using the Cell-Dyn-3000™ automatic analyser (Abbott
Laboratories, USA). Hb fraction values were obtained
only at the beginning of the search for defined Hb
phenotypes.

Haemoglobin genotypes and °-globin haplotypes

In all samples, the Hb genotype was developed through
molecular analysis using polymerase chain reaction-
restriction fragment length polymorphism (PCR-RFLP).
Segment amplification, which encodes Hb S, was accom-
plished through the use of specific primers, and amplicons
were cleaved by the FastDigest™ Ddel restriction enzyme
(Fermentas, CA, USA) [25]. Beta globin haplotypes were
determined through the PCR-RFLP analysis of the following
polymorphic restriction sites: yG (Hind III), YA (Hind III),
VP (Hinc II), 3" (Hinc II) and 5’3 (Hinf I), as previously
described [26].

Biochemical analysis

Oxidative stress was evaluated by observing TBARS
plasma levels, which themselves were calculated based on
malondialdehyde and other aldehyde reactions with thio-
barbituric acid at low pH levels and high temperatures.
These formed a complex in which absorbance could be read
at 535 nm. Normal values were considered to be up to
440 ng/mL [27, 28].

Antioxidant capacity of the samples was determined
according to their equivalence to the antioxidant activity of
trolox (6-hydroxy-2,5,7,8-tetramethychroman-2-carboxylic
acid) and the vitamin E analog [29, 30]. Normal values for
TEAC were established under local laboratory analysis
conditions using random volunteer samples with normal
TBARS values and without haemoglobinopathies. The
TEAC average was 2.12+0.10 mM, ranging from 1.85 to
2.31 mM [27].

Serum iron and TIBIC were measured using colori-
metric and enzymatic assays with the automated Advia
1650™ gsystem (Bayer Diagnostics, USA). Transferrin
saturation was estimated as the ratio between SI and
TIBC and is reported as a percentage. SF was deter-
mined using an immune assay with the Axsym System™
(Abbott Laboratories, USA).
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Statistical analysis

Statistical analysis was performed using the Statistica 9.0
and Graphpad Prism 5.0 software. The data is expressed as
meantstandard deviation and was tested for normal
distribution using the Shapiro Wilk test. Data were also
tested for homogeneity of variances using the Levene test.
Means between the groups were compared by applying the
t test or one-way ANOVA, followed by the post hoc Tukey
test for parametric data, and either the Mann—Whitney test
or Kruskal-Wallis test, followed by the post hoc Dunn test
for non-parametric data. To assess the degree of association
between the variables studied, the Pearson correlation for
parametric data and the Spearman correlation for non-
parametric data were used. Dependent ¢ tests were utilised
in the analysis of paired samples (TO and T1) for parametric
data, and the Wilcoxon matched-pairs test was used for
non-parametric data. A p value of <0.05 was considered
statistically significant.

Results

Neither gender nor age influenced haematological profiles,
iron status or oxidative stress parameters in SCA patients
(data not shown). Subjects were classified into three groups
according to age (11-20, 21-30 and 3145 years). The
three groups were gender-paired and the parameters
evaluated, but no significant p values were found when a
two-way ANOVA test was performed.

The results obtained for all parameters evaluated are
shown in Table 2, which highlights the differences in
haematological profiles, haemoglobin fractions, iron statuses
and TEAC and TBARS values between the groups studied.
The differences have been outlined according to the time of
treatment (TO and T1). TBARS values were significant higher
(»<0.0001) in all groups when compared with normal
values. TBARS values in the FA group were 46.4% higher
than those of the DFX + HU group (p=0.016) at TO. At T1,
TBARS values in the FA group were 40.5% higher than
those of the DFX group (p=0.003) and 69.4% higher than
those of the DFX + HU group (»p=0.0002). TEAC values did
not differ between the groups, at either TO or T1. However,
when TEAC values were compared with normal subject
values (see “Biochemical analysis” under “Methods”), the
DFX group at TO had TEAC values which were 2.75 times
higher than normal values (p=0.02), the DFX + HU
group at TO had TEAC values which were 3.2 times
higher than normal (p=0.03), and the FA group did not
show such an increase.

With respect to haematimetric values, the FA group
presented 1.50 and 1.75 times higher absolute values of
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Table 2 Haematological and iron profiles and haemoglobin fractions and oxidative parameters in SCA patients, separated according to treatment/

specific medication during the two analysis periods (TO and T1)

Initial analysis (TO)

Final analysis (T1)

DFX (n=20) DFX + HU (n=10) FA (n=15) DFX (n=20) DFX + HU (n=10) FA (n=15)
Haematological profiles and haemoglobin fractions (mean+SD)
Haemoglobin (g/dL) 8.42+0.98 7.84+1.23 8.52+1.55  8.82+1.28 8.83+1.17 8.32+1.93
MCV (fL) 93.76+5.72 99.98+9.70 88.48+£14.40  99.31+6.31 95.78+6.36 89.62+11.40
MCH (pg) 31.63+1.43 31.71+2.35 2020+4.64  30.83+3.05 32.32+3.01 30.11+4.35
Leucocytes (/mm”) 10.74+2.18 8.90+2.75 9.63+1.24  11.60+3.20 10.15+2.52 12.03+2.05
Lymphocytes (/mm?) 3.17+0.85 2.61+0.84 2.97+0.52 3.73+1.47 3.71+1.51 4.33+1.44
Neutrophils (/mm?®) 5.96+1.87 4.97+1.72 485£1.15  6.40+2.35 5.21+1.65 5.74+1.54
Monocytes (/mm?>) 0.81+0.27° 0.72+0.35° 1.26+0.25°  0.77+0.47° 0.55+0.28" 1.18+0.41°
Eosinophils (/mm?) 0.51+0.38 0.46+0.45 0.42+0.25  0.52+0.23 0.50+0.32 0.42+0.34
Hb F (%) 4.95+4.12° 10.87+9.46" 5.70+4.64> f NA NA NA
Hb A, (%) 2.47+0.99 2.68+0.42 3.47+1.88 NA NA NA
Hb S (%) 57.23+19.17 67.42+21.61 70.13+19.68  NA NA NA

Iron profile (mean+SD)
178.35+72.91
2,503.5+1,514.3

Serum iron (pg/dL)
Serum ferritin (png/dL)

160.90+50.24

3,192.9+1,796.7

141.13+£46.12

1,712.8+£1,060.5

137.55+49.10% °
2,002.0+808.3

96.22+30.75%
2,376.2+1,636.7

159.53+47.28°
1,866.1£1,791.5

310.95+108.83
58.86+16.90
Oxidative stress parameters (mean+SD)
TBARS (ng/mL) 749.1+254 4% 4
TEAC (mM) 2.18+0.14

284.56+55.23
57.27+17.45

TIBC (png/dL)
Transferrin saturation (%)

559.4+128.1°
2.19+0.05

273.87+56.74
52.62+16.07

818.9+164.5¢
2.15+0.10

277.43498.57
51.65+17.20% ©

246.44+56.65
39.35+9.29°

270.47+41.49
61.10+24.37"

914.8+192.4°
2.16+0.09

539.9+122.2°
2.10+0.09

650.8+188.5%
2.08+0.13

NA not available, MCV mean corpuscular volume, MCH mean corpuscular haemoglobin, 7/BC total iron-binding capacity, TBARS thiobarbituric

acid-reactive substances, TEAC trolox equivalent antioxidant capacity

Normal values: TBARS (up to 440 ng/mL) and TEAC (2.12+0.10 mM)

 ® Different letters indicate statistical difference (one-way ANOVA, post hoc Tukey test p<0.001)
° 4 Different letters indicate statistical difference (one-way ANOVA, post hoc Tukey test p<0.05)
° TDifferent letters indicate statistical difference (Kruskal Wallis, post hoc Dunn test p<0.05)

monocytes compared with the DFX and DFX + HU groups
(»<0.001) at TO, and 1.53 and 2.14 times higher quantities
of monocytes compared with the DFX and DFX + HU
groups at T1 (p<0.001).

The serum ferritin values and transferrin saturation in all
groups were above normal values. At T1, the DFX + HU
group presented values of serum iron (p<0.001) and
transferrin saturation (»p=0.03) which were lower than those
observed in the FA group.

The application of paired analysis between all groups
revealed that, in the DFX group, Hb values (p=0.034) and
MCYV values (p=0.033) were higher at T1. Figure 1 shows
the decrease in the mean values of TBARS and TEAC for
the DFX and DFX + HU groups at T1, in contrast to the
greater lipid peroxidation of the FA group. Figure 2 shows
that the DFX and DFX + HU groups had a significant
decrease in all iron parameters along time but the FA group
did not.

The degree of relation between TBARS and TEAC was
significant at TO (p=0.023, 7=0.34) and T1 (p=0.01, »=0.46).
When grouped, individuals at TO and T1 showed a significant
positive correlation (p<0.001 and 7=0.59), as shown in
Fig. 3a. No correlation was observed between Hb fractions
(Hb S and Hb F) and TEAC values, but a significant negative
correlation was observed between Hb F and TBARS values
(p=0.014, »=—0.36) (Fig. 3b). The iron parameters related to
TBARS and TEAC during the two periods showed a
significant positive correlation between variables: TBARS
and serum iron [TO (p=0.02, »=0.33), T1 (p=0.009/r=0.38)],
and TBARS and TIBIC [TO (p=0.01, »=0.35), T1 (p=0.01/
r=0.36)], both at TO and T1 (Fig. 4). Correlation analyses
were also performed between leukocyte, neutrophil, lympho-
cyte, eosinophil and monocyte values (Table 2) and TBARS
and TEAC levels, but only the FA group showed a significant
positive correlation for absolute monocytes and TBARS, at
both TO (p<0.01) and T1 (p<0.01). When grouped, all
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Fig. 1 Paired analyses of lipid
peroxidation (TBARS) and

(A)

(B)

antioxidant capacity (TEAC) in — . 2.309
SCA patients under different 1200 Qro (|T1|t|al analy_5|s) <0.01 <0.05
treatments/medications. (A) [T (final analysis) p<0.05 2.254 | PO, (P2
) 1050 — ' ' b '
DFX group: TBARS values NS
decreased ~13% from TO to T1; < 900 m L _ 2.20- T —
DFX + HU: TBARS values E T L s
decreased ~3.5% from TO to T1; S 7504 |M| E
S o 2.15-
FA group: TBARS values o 600 Qo “
increased ~11.7% from TO to T1. % ﬁ
(B) DFX group: TEAC values m 450+ F 2104
decreased ~4.6% from TO to T1; = 300
DFX + HU: TEAC values 2.05 -
decreased ~4.1% from TO to T1; 150
FA group: not significant
0 1 1 1 1 1 ] 2'00 1 1 1 ] ]
DFX DFX+HU FA DFX DFX+HU FA

individuals in the FA group showed a significant correlation
(»<0.001, r=0.58) as shown in Fig. 5.

Discussion

In this study, we have evaluated oxidative stress markers in
SCA patients receiving different treatments and medica-

tions over different time periods. A decrease in lipid
peroxidation values was found in the group which received
DFX associated with HU. After a longer period of DFX
use, there was a reduction in lipid peroxidation and iron
values, and in the FA group, the lack of treatment or
specific medication may explain the high TBARS values.
Several studies have demonstrated significant increases
in stress markers and differing behaviour in antioxidant

Fig. 2 Paired analyses of iron
status in SCA patients under A) B)
different treatments/medications. 400 7o (initial analysis) 240
TIBIC (total iron-binding [T1 (final analysis)  p<0.01 p<0.01,
capacity); SI (serum iron); , p<0.05 | P<0.05 2104 ' 1 I 1
TS (transferrin saturation); SF 3501 | 1 I 1 =5 NS
(serum ferritin). (A) DFX group: =5 J‘_ |i| T 180 - l —
TIBIC values decreased ~10.8% kS g l T
from TO to T1; DFX + HU: S 300- c
TIBIC values decreased ~13.4% o _g 150
from TO to T1; FA group: not o] £
significant. (B) DFX group: SI F 250 g 120+
values decreased ~22.8% from (77}
TO to T1; DFX + HU: SI values 90
decreased ~40.2% from TO to 200 -
T1; FA group: not significant. . . . . . . 60
(C) DFX group: TS decreased ' ' : ! ' '
~12.2% from TO to T1:; DFX + DFX DFX+HU FA DFX DFX+HU FA
HU: TS decreased ~31.31%
from TO to T1; FA group: not C) D)
significant. (D) DFX group: SF 80~ 4500 -
decreased ~20.1% from TO to NS I p<0.05: } p<0.01:
T1; DFX + HU: SF decreased 9 | p<0.05, | p<0.01, 4000
~25.6% from TO to T1; c ' ot 1 I
5.6% r‘om 0 o Tl g J‘_ 3 3500-
FA group: not significant % 60 l l ) NS
=]
foe ~ -
‘E l l g 3000 I |
£ E, 2500
G 404 E 2000+
[= -
© [
= @ 1500 -
1000 -
20 ) ) ) ) ) ) Ll ) ) ) ) )
DFX DFX+HU FA DFX DFX+HU FA
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A)

TEAC (mM)

© ° p<0.001, r=0.59

1.8 T T T T T T
400 600 800 1000 1200 1400

TBARS (ng/mL)

Fig. 3 Correlation analyses in all SCA patients independent of
medication type. (A) The degree of relation between TBARS and
TEAC was significantly positive (p<0.001, »=0.59); when TBARS
values increased, values of TEAC tended to increase. (B) The degree

defense systems in SCA patients when compared with
normal subjects [31-34], but no longitudinal study has
related oxidative parameters to the use of different
medications, as has been presented here.

Under normal physiological conditions, antioxidant
defences ensure that basal fluxes of ROS do not negatively
affect the body [35]. Nevertheless, in cases of SCA, this
process is altered due to the increased production of ROS,
which itself is caused by the intrinsic mechanisms of the
disease, such as increased activity of several oxidases
(NADPH oxidase and endothelial xanthine oxidase) [8, 36],
auto-oxidation of Hb S [37], the release of haem iron,
increased asymmetric dimethylarginine [38, 39], uncou-
pling of nitric oxide synthase activity and decreased levels
of NO [40]. As the antioxidant defense systems in SCA are
affected and/or are not strong enough to neutralise the
excessive production of ROS [41, 42], chronic oxidative

A)
350

3001 o

-

T 250

(=)

3

=200

iron

150 1
100 1

Serum

50 1

Ll Ll Ll Ll Ll 1
200 400 600 800 1000 1200 1400
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Fig. 4 Correlation analyses between lipid peroxidation and serum
iron and between lipid peroxidation and total iron-binding
capacity in SCA patients. (A) The degree of relation between
TBARS and serum iron was significantly positive (p=0.0006/

3B

30

25
§ 204
Nd o)
5 154 ° 5 ° p=0.014, r=-0.36
T

o

104

T T T 1

T
400 600 800 1000 1200 1400 1600
TBARS (ng/mL)

of relation between TBARS and Hb F was significantly negative (p=
0.014, r=—0.36); when Hb F values increased, values of TBARS
tended to decrease

stress is a critical factor in endothelial dysfunction,
inflammation and damage to multiple organs [43].

Among the existing biomarkers, the evaluation of
TBARS is an indirect quantification of malondialdehyde
(MDA) and other aldehydes resulting from the lipid
peroxidation process, which makes it a good indicator of
pro-oxidant stimuli [44—46]. The antioxidant capacity of the
individual can be assessed using different techniques.
Unlike other studies in which specific antioxidants are
measured, this study has assessed the overall soluble
antioxidants present in plasma (TEAC), revealing its utility
as a biomarker of the body’s defense response to oxidative
stimuli due to either pathological processes or to pharma-
cological treatment [47—49]. The results of this study have
revealed the direct relationship between the two markers:
When TBARS values increase, TEAC values tend to
increase as well, that is, the high concentration of oxidising

B)
800

700- N
600 -
500
400-

TIBIC (ug/dL)
>

300
200

100 T T T T T T 1
200 40 600 800 1000 1200 1400 1600

TBARS (ng/mL)
r=0.35) in all SCA patients (n=90). (B) The degree of relation

between TBARS and TIBIC (p=0.0007/r=0.35) in all SCA patients
(n=90)
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2.2- ° can be expected. Thus, our results have reinforced the
2.0- antioxidant action of HU. A similar result has also been

monocytes (/mm?)

o p=0.0007 r=0.58
0'6 T T ) T T
600 750 900 1050 1200
TBARS (ng/mL)

Fig. 5 Correlation analysis between lipid peroxidation and absolute
monocytes values in SCA patients receiving only folic acid. The
degree of relation between the two variables was significant (p=
0.0007 and r=0.58); when TBARS values increased, values of
monocytes tended to increase

agents seems to increase antioxidant capacity so that it may
counteract the action of reactive species. These findings
have corroborated the results of two other recent studies
in which the same behaviour was recorded for these
variables [50, 51].

As the increase in Hb F concentration either inhibits or
retards Hb S polymerisation [52], our study has shown that
increased Hb F decreases levels of lipid peroxidation and
therefore plays a protective effect on sickling and haemolysis,
lowering the release of oxidants. These results corroborate
a previous in vivo study on knockout mice. This study
reported a decrease in the occurrence of the intravascular
sickling process, increased NO bioavailability and a
decrease in the occurrence of lipid peroxidation in animals
that had increased Hb F [53].

As was expected, TBARS values were found to be
higher than in normal subjects in the patients evaluated.
At TO, the DFX + HU group presented lower lipid
peroxidation when compared with the FA and DFX
groups. As the time of DFX use in the study groups was
short (46.8 and 39.1 days) and the dose adjustments were
possible only after 12 weeks of the study treatment
because of adherence the patient to treatment (~85 days),
we believe that HU had an antioxidant activity indepen-
dent of chelating iron, mainly because of patients using
HU for more 3 years and the optimal dosage adjusted.
HU is a nitric oxide donor drug which prevents
vasoconstriction, decreases the expression of adhesion
molecules, reduces the number of leukocytes [14, 54]
and, consequently, decreases the processes of vaso-
occlusion and ischaemia or reperfusion in microcirculation
[35, 37, 39]. All of these events can cause significant
increases in ROS production, but if these processes are
reduced by HU, a lower production of pro-oxidant agents
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found in some in vivo experiments in which HU protected
the red cell membrane when exposed to oxidising agents,
thus reducing lipid peroxidation [55].

The antioxidant and iron-chelating effects of DFX could
only be seen at T1, even though the difference between
“adjustment dose of DFX” and “DFX dose in T1” were
small, time limitations of DFX in its protection against
oxidative stress. Studies on the action of DFX in both sickle
cell disease (SCD) and beta thalassaemia major patients
have demonstrated a progressive reduction of non-transferrin-
bound iron (NTBI) after multiple doses [39]. In other studies,
both a high iron-chelating effectiveness and a rapid
accessibility of DFX to intracellular labile iron compartments
in cardiomyocytes have been reported [56]. The cardiopro-
tective effect was demonstrated both in patients with beta
thalassaemia major and in SCD patients who had transfu-
sional iron overload [57].

Though the mechanisms of antioxidant defences in SCA
are affected by lower levels of both non-enzymatic and
enzymatic systems [41, 42, 51], the groups receiving DFX
and DFX + HU presented with higher TEAC values when
compared with those of normal subjects, which suggests an
increase in antioxidant protection caused by the treatment.
However, results were not the same for the FA group,
which had no increase in TEAC values but which did have
high TBARS levels. These results indicate an additional
aggravating factor for this group, as the excess of ROS is
not being balanced out. Nevertheless, other antioxidants not
examined in this study may be contributing to the body’s
protection against ROS in FA patients. This possibility must
be further studied.

In the FA group, the increase in reactive radicals may be
reflected in the leukocyte profiles. The significant positive
correlation between TBARS and absolute values of mono-
cytes suggests that, as lipid peroxidation increases, there is
also an increase in the absolute values of monocytes. Other
studies have shown that oxidative stress increases the
adhesive properties of red cells, platelets and leukocytes
[58]. When human umbilical vein endothelial cells were
cultivated in contact with sickle cell erythrocytes stimulated
by oxidizing agents, the expression of cell adhesion
molecules increased (ICAM-1, E-selectin and VCAM-1),
as did the transendothelial migration of monocytes and the
phosphorylation of PECAM-1 [59]. These results suggest
that the adherence of sickle cell erythrocytes to endothelial
cells generates oxidative stress, which leads to increased
adhesion in monocytes and sickle reticulocytes, which, in
turn, may contribute to the development of vaso-occlusive
processes.

Iron overload in SCA is usually associated with recurrent
haemolysis, frequent blood transfusions and an iron-rich
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diet. SCA patients require regular blood transfusions to
manage acute and chronic complications alike [3, 20, 60].
As humans have no physiological mechanism to actively
eliminate the iron overload from the breakdown of
transfused red blood cells, the excess iron is deposited as
haemossiderin and ferritin in the liver, spleen, endocrine
organs and myocardium. The accumulation of toxic amounts
of iron causes tissue damage and leads to complications such
as liver failure, hypothyroidism, diabetes mellitus and
cardiac complications later in life [61, 62].

Iron is an important catalyst of oxidation reactions of
biomolecules, as observed in the Fenton reaction and the
Haber—Weiss reaction, which generate different types of
ROS, such as a superoxide radical (O,—), a hydroxyl
radical (‘*OH) and hydrogen peroxide (H,O,). When these
products are produced in excess, they cause oxidative stress
[63]. The positive correlations found between quantities of
iron and rates of lipid peroxidation indicate that the rate of
lipid peroxidation tends to increase as quantities of serum
iron and TIBIC increase, at both TO and T1. Thus, though
the iron parameters used in this study are not direct ways to
measure free iron or toxic irons, such as labile plasma (LPI)
and NTBI [64, 65], we still observed iron overload in the
patients involved. A decrease in the parameters resulted in a
decrease in lipid peroxidation, particularly in groups which
made use of the chelator. This correlation supports findings
involving SCA patients receiving transfusion therapy with
iron overload, in which an association between high liver
iron concentration and increased levels of MDA was
reported [34].

Conclusions

All SCA patients in this study presented high levels of lipid
peroxidation, but the DFX + HU group had lower TBARS
values, results which demonstrate the antioxidant action of
HU, because an initial analysis of TBARS values in the
DFX and FA groups showed the same values. After a long
period of DFX use, patients exhibited an antioxidant
response with concomitant reduction of TBARS values, as
well as a reduction in iron parameters. The antioxidant
effects of HU and DFX were observed in two ways: an
increase in TEAC levels in the DFX and DFX + HU groups
when compared with values of normal subjects, and an
increase in the TEAC values which did not occur in the
group that did not receive specific drugs (the FA group)
even with the high levels of TBARS. Patients in the FA
group had higher levels of lipid peroxidation and reduced
antioxidant capacity, resulting in increased absolute values
of monocytes.

It is important to note that further studies are needed to
better characterise the antioxidant action of HU and DFX

with the inclusion of other markers of antioxidant capacity
and also of oxidative stress.
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Erythrocytes have an environment of continuous pro-oxidant generation due to the presence of
hemoglobin (Hb), which represents an additional and quantitatively significant source of superoxide
(02" ™) generation in biological systems. To counteract oxidative stress, erythrocytes have a self-sustaining
antioxidant defense system. Thus, red blood cells uniquely function to protect Hb via a selective barrier
allowing gaseous and other ligand transport as well as providing antioxidant protection not only to
themselves but also to other tissues and organs in the body. Sickle hemoglobin molecules suffer repeated
polymerization/depolymerization generating greater amounts of reactive oxygen species, which can lead to
a cyclic cascade characterized by blood cell adhesion, hemolysis, vaso-occlusion, and ischemia-reperfusion

Redox process
Hemoglobin S
Free radicals

injury. In other words, sickle cell disease is intimately linked to a pathophysiologic condition of multiple
sources of pro-oxidant processes with consequent chronic and systemic oxidative stress. For this reason,
newer therapeutic agents that can target oxidative stress may constitute a valuable means for preventing
or delaying the development of organ complications.

© 2013 Elsevier Inc. All rights reserved.
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Sickle cell disease (SCD) encompasses inherited hemolytic ane-
mia due to a single point mutation in the -globin gene (HBBS"6!)
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that results in the formation of sickle hemoglobin (HbS) [1]. The
phenotypic expression of SCD patients is complex and characterized
by intermittent vaso-occlusion events, increased susceptibility to
infections, chronic inflammatory disease, and microvascular
damage in all organs [2-5].

The molecular basis for HbS formation is known, but the
mutation by itself is not sufficient to explain the heterogeneous
phenotype found in SCD patients, such as pain episodes, acute
chest syndrome, neurological complications, leg ulcers, and other
symptoms. However, since the first description of sickle-shaped
erythrocytes in 1910 by Herrick [6], the understanding of SCD
pathophysiology has gradually increased.

Among the new evidence, oxidative stress processes have been
increasingly related to SCD pathophysiology [7]. The increased
production of pro-oxidant elements is caused by intrinsic disease
mechanisms, such as increased activity of several oxidases
(NADPH oxidase and endothelial xanthine oxidase) [8,9], HbS
autoxidation [10], heme iron release, increased asymmetric
dimethylarginine [11,12], uncoupling of nitric oxide synthase
(NOS) activity, and decreased nitric oxide (NO) levels [13]. As the
antioxidant defense systems in SCD are affected and/or are not
efficient enough to neutralize excessive production of oxidant
species [14,15], chronic oxidative stress is established, being a
critical factor in endothelial dysfunction, inflammation, and
damage to multiple organs [16].

Even with better understanding of several mechanisms involved
in SCD, e.g., the consequences of HbS polymerization, clinical
management of the disease is still basic and, although much
evidence gives support to the use of blood transfusion and hydro-
xycarbamide in some circumstances, no drugs have been specifi-
cally developed to target the pathophysiology of this disease [17].
Many studies have been carried out to elucidate oxidative stress in
SCD or even in red blood cells (RBCs), and some antioxidant
therapeutic possibilities, but to our knowledge this is the first work
focusing specifically on normal and sickle erythrocyte redox meta-
bolism, and its implications for body antioxidant systems and SCD
pathophysiology, and on current antioxidant strategies to attenuate
oxidative stress, thus improving SCD patients’ condition. In this
review, we briefly overview the implications of the HbS presence in
erythrocyte redox metabolism and the use of antioxidant thera-
peutic strategies in SCD.

Erythrocyte role in the maintenance of body antioxidant
systems

Reactive oxygen species (ROS) production is a steady-state
event in respiring cells. In erythrocytes, Hb can represent an
additional and quantitatively significant source of superoxide
(02" 7) generation in biological systems. There is an electron
transfer in the bonding interaction between the heme and the
0, in oxygenated Hb [18]. When Hb deoxygenates, the heme iron
normally remains in the Fe(Il) ferrous state. In this exchange,
alterations wherein Hb autoxidizes result in methemoglobin and
0,"~ formation [19]. There is a normal “physiologic” rate of red
cell methemoglobin formation that provides a continual source of
0,°~ production, which in turn generates hydrogen peroxide
(H»05) and O, as enzymatic dismutation by-products [20]. Thus,
perturbations in erythrocyte function and structure can lead to an
enhanced flow of pro-oxidant generation that can lead to oxidative
stress.

To counteract oxidative stress, erythrocytes have a self-
sustaining activity of antioxidant defense enzymes, including
superoxide dismutase (SOD), catalase (CAT), glutathione peroxi-
dase (GPx), and glutathione reductase (GR), in addition to low-
molecular-weight antioxidants, such as glutathione (GSH) and

vitamins E and C [21]. Furthermore, RBCs have a plasma mem-
brane redox system that transfers electrons from intracellular
substrates to extracellular electron acceptors, which may be NAD*
or vitamin C [22]. Therefore, RBCs uniquely function to protect Hb
via a selective barrier allowing gaseous and other ligand transport
as well as providing enzymatic mechanisms to maintain Hb in a
functional nontoxic state [23], providing antioxidant protection
not only to themselves but also to other tissues and organs in the
body [24].

In healthy individuals, the erythrocyte number exceeds
4 x 10™/L in circulating blood, which comprises approximately
one-quarter of the total body cell number [25-27]. Thus, erythro-
cytes are among the most abundant cell types in a human body
[28-30]. The usual erythrocyte life span approaches 100-120 days
[25-27]. Thus, in an individual with 5 L of blood, more than 10"
erythrocytes are newly formed and removed each day [25-27],
meaning the erythrocyte generation rate is closely coordinated
with their removal by the reticuloendothelial system [31]. Ery-
throcytes lack nuclei and mitochondria, critical elements in the
apoptosis machinery. Thus, dying erythrocytes were considered to
be eliminated by mechanisms other than apoptosis [32-34].
However, aged erythrocyte clearance shares apoptosis hallmarks,
such as cell shrinkage, cell membrane blebbing, and cell mem-
brane scrambling leading to phosphatidylserine exposure at the
cell surface [35]. Owing to similarities to apoptosis, the term
eryptosis has been coined to describe the suicidal erythrocyte
death [36].

Eryptosis may be elicited by several cell stressors, including
osmotic shock [37], energy depletion [38], and oxidative stress
[38-40]. Before senescence, erythrocytes may experience injury,
which may compromise their integrity and survival [35]. On
average RBCs pass once a minute through the lungs, where they
are exposed to oxidative stress. More than once an hour they
travel through the kidney medulla, where they face osmotic shock.
Erythrocytes have to squeeze through capillaries that are smaller
than the cells [36]. Thus, the erythrocyte’s integrity is constantly
challenged [41]. Human erythrocytes are also exposed to pro-
oxidative actions of ROS produced in the circulation [21] as well as
to a wide range of environments for each vascular circuit and are
exposed to a variety of xenobiotics along their lifetime [41]. Under
these conditions affected erythrocytes may undergo eryptosis,
leading to removal of injured erythrocytes before hemolysis.
Enhanced eryptosis may also result from genetic defects of
erythrocyte enzymes, such as glucose-6-phosphate dehydrogenase
(G6PD) deficiency, or of Hb synthesis, such as thalassemia or SCD
[26].

Sickle erythrocytes: a pro-oxidant machine

Sickle erythrocytes are characterized by the presence of HbS,
instead of the normal HbA. Upon deoxygenation within the
microcirculation, HbS molecules alter their configuration, exposing
some hydrophobic residues that rapidly associate with hydropho-
bic regions of adjacent molecules in the aqueous cell compartment
[42]. This process of self-assembly or polymerization/sickling
generates rigid HbS fibers that distort and damage the RBC
membrane and cytoskeleton and alter RBC biochemical properties.
HDbS polymerization is reversible; fibers “melt” as oxygen is taken
up by the HbS and the normal discoid shape returns [42].

One of the important pro-oxidant sources in SCD are sickle
erythrocytes, in which the unstable autoxidative HbS and
increased metabolic turnover due to recurrent HbS polymeriza-
tions and depolymerizations cause increased ROS generation
[43,44]. The higher energy expenditure due to the increased
metabolic turnover upon polymerization and depolymerization
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results in higher ROS production in sickle erythrocytes [43,45].
Hence, sickle erythrocytes have been reported to generate twofold
greater amounts of 05" ~, H0,, hydroxyl radical (HO®), and lipid
oxidation products compared with HbA-containing erythrocytes
[18,44,46-49]. The increased and unremitting pro-oxidant genera-
tion in SCD results in excessive antioxidant consumption and thus
antioxidant deficiency [43,50,51]. RBC SOD activity has been
shown to increase in some SCD studies [52-54], which concluded
that this may be a defense mechanism in response to increased
oxidative stress and could possibly cause a H,O, buildup, whereas
other works showed decreased SOD activity [15,55,56]. According
to Schacter et al. [15], decreased RBC SOD is related to disease
severity in SCD patients compared with healthy volunteers.

H,0, is produced either via a two-electron transfer or as a
result of sickling and it is removed by two main antioxidant
enzymes: GPx and CAT [18,52,57]. CAT is usually more important
than GPx because of its ability to degrade H,0, without consum-
ing cellular reducing equivalents (GSH or NADPH), which is an
energy-efficient way of removing H,0-, [41]. There is a discrepancy
between studies on SCD CAT levels; some studies have shown
decreased CAT activity in transgenic sickle mouse models [56] and
likewise in SCD patients [55,58]. In contrast, Manfredini et al. [54]
observed increased CAT levels in SCD patients, in agreement with
another study done by Das and Nair [52]. The increase in CAT
might be a protective effect to scavenge H,0,, whereas the
decreased levels might be due to the overwhelming and chronic
oxidative stress [59]. An additional hypothesis is that elevated
antioxidant enzyme levels in sickle erythrocytes might also be a
consequence of higher reticulocyte content in SCD patients’ blood.

Another important enzyme related to the antioxidant defense
in erythrocytes is G6PD, the regulatory enzyme of the pentose-
phosphate (PP) pathway. Because RBCs do not contain mitochon-
dria, the PP pathway is the only source of NADPH in erythrocytes
|60], playing an important role in the NADPH-dependent antiox-
idant defense [61,62]. G6PD deficiency is the most common
human enzyme defect, affecting over 400 million people world-
wide [60], and it has been associated with increased oxidative
stress [63]. The interaction of G6PD deficiency and SCD has been of
interest; various studies have suggested that G6PD deficiency has
a beneficial [64,65], deleterious [66,67], or no influence upon the
course of SCD [68,69]. However, the influence of the interaction of
these disorders on oxidative stress markers is still unclear.

Glutathione, a cofactor for GPx to reduce H,0,, is easily oxidized
to glutathione disulfide (GSSG) by oxidant compounds. GSH concen-
tration is significantly reduced in SCD patients [51,57], with some
studies noting a 50% decrease in sickle erythrocytes compared with
normal erythrocytes [70]. GPx concentrations are also reduced
[55,71], with a direct relationship to the disease severity [56].
A contrasting study by Gizi et al. [53] reported higher GPx activity
compared to controls, whereas no significant difference was found
regarding the activity of GR, a key enzyme in the regeneration of GSH
from GSSG by using electrons from NADPH. As commented, sickle
erythrocytes are characterized by decreased GSH concentrations
[43,72], even though its de novo synthesis and recycling rate have
been shown to be higher compared to healthy erythrocytes [51].
These studies suggest that the pro-oxidant overabundance may lead
to the consumption or inactivation of these protective elements.

Under normal conditions 95% of the intracellular glutathione is
present in its reduced form (GSH) [73]. The disulfide form (GSSG)
can be either recycled to GSH or removed from the intracellular
environment through specialized transporters, such as multidrug
resistance-associated protein-1 (encoded by the ABCC1 gene),
located in the erythrocyte cell membrane [74,75]. The mechanism
for sickle erythrocyte GSH deficiency has not been determined yet.
Nur et al. [76] demonstrated an increased GSSG efflux in sickle
erythrocytes that can be a protective action, because GSSG is an

oxidant itself and its enhanced excretion under oxidative condi-
tions prevents the potentially toxic effects of its intracellular
accumulation [77]. But increased GSSG efflux could play an
important role in GSH depletion in these cells. Erythrocytes are
not only a main ROS source in SCD but also endure the brunt of the
intracellular oxidative stress [44,78].

Other low-molecular-weight antioxidants suffer alterations due to
excessive ROS generation. SCD patients have approximately a 40%
reduction in plasma carotene level and a 30% reduction in vitamin E
levels [70,79] and reduced ascorbic acid levels [80]. More recently,
Gizi et al. [53] also showed lower levels of vitamins A, C, and E and
antioxidant compounds (an overall antioxidant capacity measure) in
SCD patients compared with normal counterparts. In contrast,
Shimauti et al. [81] reported higher antioxidant compounds, but
ones that correlated positively with lipid peroxidation in SCD
patients, suggesting that even higher antioxidant levels were not
enough to counteract oxidative stress in SCD patients.

High lipid peroxidation levels have been extensively described
in SCD [47,54-56,58,81-87], because sickle erythrocytes showed
both an increased endogenous extent of oxidized lipid and an
increased susceptibility to further lipid peroxidation, compared
with HbA-containing erythrocytes [48,52,88,89], and also a rise in
intracellular Ca%* [90]. In addition to lipid peroxidation, increased
intra- and extraerythrocytic oxidative stress induces membrane
instability with high phosphatidylserine (PS) exposure percentage,
contributing to accelerated intravascular hemolysis [5,91-93] that
drives increased endothelial ROS generation. Furthermore, exter-
nalization of PS at the outer side of erythrocytes may act as a
catalytic surface on which various coagulation factors can interact,
resulting in a condition of hypercoagulability [94].

The repeated polymerization/depolymerization process can
lead to a vicious cycle inciting blood cell adhesion, hemolysis,
vaso-occlusion, and ischemia-reperfusion injury [59], in other
words, multiple sources of pro-oxidant processes with consequent
chronic and systemic oxidative stress. For this reason, newer
therapeutic agents that can target oxidative stress may constitute
a valuable means of preventing or delaying the development of
organ complications [5,95].

Antioxidant therapeutic strategies in SCD

Several studies have demonstrated a significant increase in
stress markers in SCD, and protective mechanisms such as anti-
oxidants are often decreased [7,54,92,96,97]. In SCD the benefit of
life-long treatment with antioxidants may be more promising,
because the onslaught of oxidizing agents is widespread in the
body and probably commences in the first year of life and
continues from then on at a high intensity [95]. Thus, the
demonstration of a reduction in oxidative stress parameters and
of the prevention of pathophysiologic events due to the use of
drugs with antioxidant properties in SCD patients indicates that
the use of therapeutic antioxidants may represent a fundamental
issue in the attenuation of several oxidative stress consequences of
the disease. However, owing to the complexity of the SCD
pathophysiology, there are few available clinical trials, mainly
phase Il ones, which limits the evaluation of the impact of
antioxidant therapies on disease symptoms. However, in vitro
studies, observations in animal models, and studies involving SCD
patients have shown interesting and optimistic results (Table 1).

Hydroxycarbamide

Currently, hydroxycarbamide, or hydroxyurea (HU), is the
only disease-modifying therapy approved for SCD; the increased
synthesis of fetal Hb (HbF) is the main effect of this drug [98].
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Table 1
Summary of main antioxidant effects of various therapeutic strategies on the
oxidative stress attenuation in SCD.

Drug/treatment Main antioxidant effect on oxidative stress in SCD

Hydroxyurea Decreases lipid peroxidation and
enhances NO metabolites
Decreases iron toxicity and lipid peroxidation
Increases the NAD redox potential and NO generation
Decreases plasma protein carbonyls, increases NF-xB and
glutathione synthesis
Acetyl-L-carnitine ~ Decreases lipid peroxidation
Statins Increases NO metabolites
Zinc Increases antioxidant power and plasma

nitrite and nitrate
L-Arginine Increases plasma NO
Inhaled NO Increases NO bioavailability
Tetrahydrobiopterin Increases eNOS activity and NO production
N-acetylcysteine Increases glutathione synthesis
Vitamin E Decreases lipid peroxidation and ROS production
Vitamin C Decreases ROS production and increases

glutathione concentration

Iron chelators
Glutamine
a-Lipoic acid

NO, nitric oxide; eNOS, endothelial nitric oxide synthase, NAD, nicotinamide adenine
dinucleotide; ROS, reactive oxygen species.

The augmented HbF expression reduces several oxidative stress
biomarkers and NO scavenging in both sickle cell mice and SCD
patients [58,86,99,100]. Other results also showed that increasing
concentrations of HbF, a protective effect of HU, is directly
proportional to the increase in CAT activity and GSH levels and
decreased lipid peroxidation [58,99]. Thus, HbF reduces the
number of painful vaso-occlusive crises and seems to reduce
hemolysis [101,102].

Another pathway through which HU enhances antioxidant
capacity of sickle erythrocytes is by inducing GPx1 expression,
whose activity plays a role in reducing membrane lipid peroxida-
tion, promoting membrane stability, and thereby probably redu-
cing hemolysis [103]. In addition to this observation, HU can
directly protect the RBC membrane when exposed to oxidizing
agents, reducing lipid peroxidation [104]. Ghatpande et al. [105]
demonstrated, through analysis of the sickle RBC membrane, that
in vitro HU treatment increased antioxidant enzymes, such as
catalase, thioredoxin peroxidase, and flavin reductase, suggesting
an RBC-adaptive response to oxidative damage.

Furthermore, HU showed a capacity as a NO donor, based on
reports of enhanced NO metabolite levels as well as cGMP in SCD
patients within 1-2 h after its administration [106-108]. By redu-
cing vaso-occlusion and hemolysis alone, HU administration could
have a major impact on total oxidative stress in SCD. It is
important to note that in addition to the effect of increasing HbF
levels, HU also can reduce hemolysis markers, increase total Hb
amount, and decrease reticulocyte number and adhesion molecule
expression, among others [109-111].

Iron chelators

Iron overload in SCD is usually associated with recurrent
hemolysis, frequent blood transfusions, and an iron-rich diet.
SCD patients require regular blood transfusions to manage acute
and chronic complications [112-114]. As humans have no physio-
logical mechanism to actively eliminate iron overload, the exces-
sive labile iron in the circulation promotes ROS generation through
Fenton and Haber-Weiss reactions [115]. Thus, to avoid excessive
oxidation of biomolecules by ROS due to iron overload, SCD
patients are often treated with iron chelators.

Among the available iron chelators, deferiprone has been
shown in vitro and in vivo to decrease iron associated with sickle
erythrocyte membranes and H,0,-mediated lipid peroxidation

end-products, suggesting that enhanced sickle erythrocyte oxidant
production and cell damage are partially dependent on catalyti-
cally active iron [116]. Desferoxamine, a cell-impermeative chela-
tor, has been shown to attenuate blood cell adhesion in cerebral
venules of SCD mice [9]. Deferasirox has shown efficacy in iron
chelating, reducing oxidative stress parameters in f-thalassemia
and myelodysplastic syndrome patients that were transfusion-
dependent [117-120]. In SCD patients, Belini Junior et al. [121]
demonstrated, in a longitudinal study, the antioxidant and iron-
chelating effects of deferasirox. SCD patients showed decreased
lipid peroxidation levels and iron parameters, in addition to
increased overall antioxidant capacity levels.

Glutamine

Glutamine plays an additional antioxidant role through pre-
servation of intracellular NADPH levels, required for GSH recycling.
In vitro studies with glutamine have shown an antisickling
property in RBCs [122,123]. Glutamine oral supplementation in
SCD increases the NAD redox potential and may decrease sickle
erythrocyte adhesiveness [124]. RBC glutamine depletion has been
associated with elevated tricuspid regurgitant jet velocity, hemo-
lysis, and oxidative stress markers in SCD patients [13]. These
observations have led to a phase II trial of oral glutamine therapy
for hemolysis-associated pulmonary hypertension in SCD and
thalassemia (NCT01048905). Another phase III clinical trial is
currently under way to determine whether a 48-week course of
glutamine supplementation reduces vaso-occlusive events in
adults with SCD (NCT01179217).

a-Lipoic acid and acetyl-1-carnitine

In vitro supplementation of a-lipoic acid is known to have
potent antioxidant properties. It can inhibit sickling by 50% [125];
decrease plasma protein carbonyls, urinary isoprostanes, and low-
density lipoprotein oxidation [126]; protect peroxyl radical-
induced hemolysis; and increase GSH synthesis [127]. The cellular
stress response is related to increasing antioxidant gene expres-
sion, NF-kB, and GSH synthesis [128].

Acetyl-L-carnitine is an essential nutrient that facilitates the
entry of long-chain fatty acids into the mitochondria and decreases
lipid peroxidation in tissue. Based on in vitro observations, Ronca
et al. [129] suggest that this nutrient may be beneficial in main-
taining the normal shape of sickle erythrocytes at low oxygen
tension and in decreasing the peroxidative damages that accumu-
late during RBC life. A recent study in SCD also suggests a benefit in
cardiac function [130].

The association of a-lipoic acid and acetyl-L-carnitine has a
synergistic antioxidant effect in reversing oxidative stress arising
from iron overload [131], and a phase II trial is now evaluating
their efficacy in decreasing vaso-occlusive events (NCT01054768).

Statins

Statins are believed to mediate their effects through prevention
of endothelial injury via direct action on NO production [132,133].
The clinical benefit derived from statins is mediated via improved
endothelial function, as shown in diseases such as diabetes, stroke,
metabolic syndrome, and cardiovascular disease, but their effects
in SCD are not known [134]. In SCD, results from transgenic sickle
cell mice showed that lovastatin (a type of fermentation-derived
statin) inhibits endothelial expression of tissue factors induced by
hypoxia and reperfusion injury [135]. Hoppe et al. [136], in a pilot
study, observed increased plasma NO metabolites and decreased
C-reactive protein in SCD patients using simvastatin (a type of
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fermentation-derived statin), suggesting a potential therapeutic
role for SCD vasculopathies.

Other clinical trials involving SCD are in progress using simvas-
tatin (NCT00508027) and atorvastatin (NCT00072826); thus statins
may prove to be a viable option for stopping the vasculopathy
progression.

Zinc supplementation

Zinc deficiency is common in adult SCD patients [137-139].
Zinc supplementation of SCD patients has been shown to decrease
oxidative stress, incidence of infection, and inflammatory cytokine
generation [140]. The mechanism of zinc functioning as a site-
specific antioxidant has been widely investigated. At least two
mechanisms have been proposed: (i) the competition of zinc with
iron and copper for binding to cell membranes and some proteins,
which displaces these redox-active metals, and (ii) zinc can bind
the SH groups in proteins, which protects them from oxidation
[141]. Furthermore, zinc has been recognized as an inhibitor of
NADPH oxidases to reduce generation of ROS and it is also a
cofactor of SOD. Another study found that zinc reduces the
irreversibility of sickled cells, but this antioxidant did not accom-
plish a clinically measurable ameliorating effect, such as reducing
the degree of hemolysis [142].

L-Arginine, tetrahydrobiopterin (R-BH,), and inhaled NO

In SCD patients, NO bioavailability can be reduced in several
ways, e.g., via an increase in free O," ~, through the products of
hemolysis (free heme and arginase), and through the “uncoupling”
of endothelial NOS (eNOS) [59]. In addition to its role in vascular
tone, blood flow, and adhesion, NO is also known to possess
antioxidant properties, two of the most noteworthy being O," ~
scavenging and heme oxygenase induction [143]. Because of the
importance in maintaining proper NO levels, exogenous NO
treatment is often beneficial.

In addition to the evidence for HU increasing NO metabolite
levels, arginine therapy in transgenic knockout sickle mice has
been demonstrated to improve NO bioavailability and microvas-
cular function and reduce hemolysis and oxidative stress [56,144].
In SCD patients with pulmonary hypertension, arginine supple-
mentation increases plasma NO and rapidly decreases pulmonary
artery pressure [145]. When given in combination with HU,
arginine therapy of SCD patients seems to increase NO bioavail-
ability [146,147]. Otherwise, a phase II clinical trial found that NO
amounts did not increase in patients using arginine compared to a
placebo group (NCT00513617).

Normally, through the catalytic action of eNOS, R-BH, transfers
an electron in the oxygenase domain, converting L-arginine into
NO and -citrulline. A deficiency of R-BH,4 can lead to the produc-
tion of O~ via the uncoupling of eNOS [148]. In cultured
endothelial cells, a deficiency of R-BH, was shown to uncouple
eNOS, whereas its supplementation completely restored eNOS
activity and increased NO production [149]. The combined effects
of these studies demonstrate the vital role of R-BH, in assisting in
eNOS function and thus its potential as a treatment for SCD [150].

Measurements of decreased exhaled NO in SCD patients with
acute chest syndrome (ACS) suggest that these patients may
benefit from NO therapy [143,151]. A case report showed a variety
of beneficial effects, including increased plasma NOX, in inhaled
NO treatment used to treat SCD patients with ACS and nonhemor-
rhagic stroke [152]. Indeed, it has been reported that inhaled NO
improves tissue oxygenation and reduces pain in SCD patients
[153,154], although it remains unclear whether this effect reflects
an improved oxygen affinity of HbS [155].

Other approaches to increasing NO bioavailability include
phase I and II clinical trials evaluating sodium nitrite, niacin, and
R-BH4 (NCT01033227, NCT00508989).

N-acetylcysteine

N-acetylcysteine (NAC) is an important antioxidant with pleio-
tropic effects on inflammation and vasomotor function. NAC
readily enters cells and within the cytoplasm it is converted to 1-
cysteine, which is a precursor of GSH [156,157]. Gibson et al. [158]
demonstrated, in vitro, that NAC could effectively block the
formation of dense cells and irreversible sickle cells. SCD patients
treated with NAC at a dose of 2400 mg increased intracellular GSH
levels and reduced dense cell formation [159]. In another study it
was observed that NAC at both 1200- and 2400-mg doses seemed
to decrease hemolysis (detected by reductions in cell-free hemo-
globin concentrations) and oxidative stress (evidenced by reduc-
tions in sickle erythrocyte phosphatidylserine expression and
plasma levels of advanced glycation end-products) [160].

Vitamin E and vitamin C

Supplementation of vitamins C and E in SCD patients has
conflicting reports in the literature. In vitro, preincubation of sickle
erythrocytes with vitamin E decreased the susceptibility to perox-
idation. This finding was also observed in vivo, whereby those
individuals with vitamin E deficiency showed increased levels of
lipid peroxidation compared to control subjects [161,162]. Ohnishi
et al. [125], both in an ex vivo study and in a pilot clinical trial,
demonstrated that a cocktail consisting of daily doses of vitamin E,
vitamin C, and garlic extract may be beneficial to SCD patients.
Another study found that after only 10 weeks of vitamin E
supplementation, the irreversibly sickled red cells decreased from
25 to 11% [163]. Amer et al. [14] also observed a decrease in sickled
RBC and ROS markers and an increase in GSH concentration. In a
study with SCD children supplemented with a-tocopherol, the
percentage of irreversibly sickled cells was significantly reduced
and the resistance of the cells to lysis was increased [164]. On the
other hand, in other studies the vitamin E supplementation did not
improve anemia or markers of hemolysis, oxidative stress, and
inflammation in SCD patients [142,165].

Vitamin C supplementation efficiently decreased ROS produc-
tion while it increased GSH concentration. It may be through these
effects that ascorbic acid supplements were shown to also prevent
H,0,-induced hemolysis [14]. Ascorbic acid and dehydroascorbic
acid supplements have also shown to inhibit dense RBC formation
and to decrease lipid peroxidation levels in SCD patients [126],
despite Arruda et al. [165] and Muskiet et al. [142] having found no
significant differences in SCD patients.

Conclusions

The presence of HbS in erythrocytes not only causes erythro-
cyte deformation and biochemical alterations that enhance hemo-
lysis and eryptosis, but is also responsible for increases in ROS
production and oxidative stress. Nevertheless the classical ther-
apeutic strategies for SCD treatment (i.e., blood transfusion and
hydroxycarbamide) have mainly focused on increasing the non-
sickled cell amounts or HbF levels. Several studies have pointed
toward the great efficacy of therapeutic drugs that decrease ROS
consequences in SCD, i.e., decrease lipid peroxidation levels in
plasma, including hydroxycarbamide. These studies often indicate
that oxidative stress mitigation by various antioxidant therapeutic
approaches generally results in the amelioration of the health
conditions of SCD patients, but for the most part they refer only to
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blood oxidative stress parameters. There are few studies regarding
oxidative stress in SCD that have focused on the role of the
erythrocytes in ROS generation and the molecular strategies
triggered by these cells that could be important for the attenuation
of general blood oxidative stress. Therefore more studies on
oxidative stress biomarkers and antioxidant therapeutic strategies
that reduce oxidative stress generation in erythrocytes, as dis-
cussed in this review, remain a worthy and promising goal, which
might lead to more specific and effective prognostic information
for SCD patients and to the development of more efficacious
therapeutic drugs for mitigating oxidative stress in sickle erythro-
cytes, thus alleviating the disease outcome.
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SUMMARY

Introduction: The oxidative process plays a fundamental role in the
pathophysiology of sickle cell anemia (SCA), and population and
environmental characteristics may influence redox balance. The
aim of this study was to evaluate lipid peroxidation and antioxidant
capacity in Brazilian Hb S carriers undergoing different therapies.
Methods: Blood samples from 270 individuals were analyzed (Hb
SS, n=68;, Hb AS, n =53, and Hb AA, n = 149). Hemoglobin
genotypes were assessed through cytological, electrophoretic, chro-
matographic, and molecular methods. Plasma lipid peroxidation
and antioxidant capacity were measured by spectrophotometric
methods.

Results: Patients with SCA who used iron-chelating drugs combined
with hydroxyurea, associated with regular transfusions, showed
lower levels of TBARS (P < 0.05), higher levels of TEAC (P < 0.01),
and lower TBARS/TEAC ratio (R = 255.8). The redox profile of Hb
AS subjects was not statistically different (P > 0.05) from that of Hb
AA subjects.

Conclusion: The data suggest that oxidative stress is lower in the
patients with SCA who received regular blood transfusions associ-
ated with the combined use of HU and iron chelators than the
group received only HU. The redox system of the Hb AS carriers is
compatible with the control group.

© 2013 John Wiley & Sons Ltd, Int. Jnl. Lab. Hem. 2014, 36, 205-212 205
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INTRODUCTION

The hemoglobin S (Hb S) molecule, originated by the
GAG to GTG transversion in the sixth codon of the B
globin gene on chromosome 11, responsible for replac-
ing glutamic acid with valine, leads to physicochemical
changes in the molecule [1]. It is estimated that nearly
4% of the Brazilian population and 6% to 10% of Afri-
can descendents are asymptomatic carriers (Hb AS),
and 25 to 30 thousand Brazilians have sickle cell ane-
mia (SCA) [2, 3]. Due to its high prevalence and high
morbidity and mortality rates, sickle cell disease is con-
sidered a public health problem in Brazil [4]. As a result
of the interaction of multiple factors, one of the conse-
quences of the disease is stiff and deformed erythro-
cytes, causing microvascular occlusion associated with
endothelial damage and
hemolytic anemia [5]. The factors that predispose to
hemolyisis result from Hb S deoxygenation and
methemoglobinization, followed by the formation of
hemichromes that bind excessively to the sickle cell
erythrocyte membrane, facilitating the generation of
reactive oxygen species (ROS) [6, 7]. The externaliza-
tion of phosphatidylserine on the sickle cell erythrocyte
membrane due to ionic imbalance and lipid peroxida-
tion (LPO) [8, 9], as well as the consumption of nitric
oxide by plasma heme released by hemolysis, can lead
to vaso-occlusion [5, 10].
mined by the balance between pro-oxidants and an-
tioxidants. The chronic imbalance in the redox system
of sickle cells may contribute to the worsening of SCA
symptoms and shortening of erythrocyte survival [9,
11, 12]. The response to the more harmful effect of free
radicals is the LPO of the erythrocyte membrane,
induced by ROS such as superoxide ion (05 ), hydrogen
peroxide (H,0,), and hydroxyl radical (‘OH), and per-
oxyl radicals (ROO") [13]. Iron resulting from autoxida-
tion and Hb S degradation plays a determinant role in
the initiation of this process, because it increases the
generation of the "OH radical, which is considered the
most reactive and harmful form of ROS [5, 14, 15].

The organism defends against free radical-mediated
aggressions by means of
enzymaticantioxidant defense systems and of the
metal-chelating system as well [5]. It has been reported
that the activities of enzymatic antioxidants are
increased in the presence of cofactors such as selenium
and transition metals, and also by inflammatory

and oxidative chronic

Oxidative status is deter-

enzymatic and non-

cytokines, bacterial endotoxins, and vitamin E [16, 17].
This way, appropriate and fairly well-described meth-
ods may be used to assess redox state, for example Trol-
ox equivalent antioxidant capacity (TEAC), as a overall
measure of antioxidant capacity, and thiobarbituric acid
reactive substances (TBARS), a LPO marker [18].
Population characteristics, environmental influ-
ences, and type of treatment may also influence the
capacity of antioxidant defense in Hb S. Thus, evaluat-
ing Hb S individuals from different regions of the coun-
try, who undergo different environmental and
therapeutic conditions, can provide grounds to exam-
ine situations associated with a better redox balance in
SCA. Sickle cell traits, contrary to SCA patients, are
considered as carriers of a benign condition; however,
there have been reports of the occurrence of clinical
manifestations, ranging from mild to severe, when
traits are exposed to adverse situations [12, 19, 20].
Thus, the aim of this study was to evaluate lipid peroxi-
dation and antioxidant capacity in Hb S carriers in
Southern and Southeastern Brazil undergoing different
therapies, compared with individuals without hemo-

globinopathies as a control group.

METHODS

Blood samples from 270 individuals randomized (age
ranged from 9 to 66 years) were analyzed, 68 patients
with SCA in steady state seen at the outpatient depart-
ment of Hematology Centers, 53 Hb AS carriers, and
149 individuals without hemoglobinopathies (Hb AA).
Inclusion criteria were being non-smoker, not preg-
nant, non-alcoholic, no exposure to chemicals (e.g.
solvents, glue, paints, pesticides, herbicides, fertilizers,
motor oil, gasoline, and radioactive material), not be
taking vitamin E supplementation at a dose higher
than 800 Ul/day [18], and whether patients had a
stroke, pain, or a hemolytic crisis in the 2 months
prior to the start of the study were excluded.

Patients with SCA and Hb AS carriers came from
the northwest region of Parana state (NWPR)
(Hematology center, referral public hospital and other
health units), the northwest region of Sao Paulo state
(NWSP - Hematology center), and the east region of
Sao Paulo (ESP - Hematology center). The NWPR and
NWSP sites are regions with high agricultural activity,

© 2013 John Wiley & Sons Ltd, /nt. Jnl. Lab. Hem. 2014, 36, 205-212
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with approximately 500 000 inhabitants each, and
ESP is a region with high air pollution and with
approximately 12 million inhabitants. All patients
attended at the Hematology center were under fol-
low-up according to Clinical Protocols and Therapeu-
tic Guidelines established by the Ministry of Health of
Brazil for sickle cell disease [21].

The patients with SCA from ESP were under regular
transfusion therapy (received of more than 20 units of
red blood cell in the past) and received iron chelator
deferasirox for over 2 years, and with the adjusted dose
of deferasirox (range 5-30 mg/kg/day). All patients
from ESP on the use of hydroxyurea (HU) were in the
maximum tolerated dose of 35 mg/kg/day for more
than 2 year of use. The patients with SCA from NWPR
and NWSP received sporadic blood transfusions and did
not receive iron chelator and hyper transfusions. The
use of HU time was shorter than 1 year.

The Hb AA group (control) comprised students
from a public higher education institution and other
voluntary blood donors.

After informed consent, 4 mL of venous blood
samples was collected in ethylenediamine tetraacetic
acid (EDTA) tubes for hematological tests, screening
for hemoglobinopathies, and molecular biology. Fur-
thermore, 7 mL was collected in heparin tubes for the
evaluation of oxidative stress biomarkers.

The tests for hemoglobinopathy screening consisted
of hemoglobin electrophoresis at pH 8.6 and pH 6.2
[22, 23]. Quantitative analysis of hemoglobin frac-
tions was performed by high-performance liquid
chromatography (HPLC) using a Variant equipment
(Bio-Rad) [24]. The Hb S genotypes were confirmed
by molecular analysis (PCR-RFLP). The amplification
of the segment that encodes the B° gene was per-
formed by specific primers, followed by restriction
analysis using Ddel enzyme (New England Biolabs,
MA, USA) [25].

Lipid peroxidation was assessed by estimating
TBARS levels according to the method described by
Mihara and Uchiyama [26] with a reference value
from 0 to 440 ng/mL. The overall antioxidant capacity
was determined by TEAC, which was performed as
described by Miller et al. [27] and Re et al. [28] to eval-
uate plasma non-enzymatic antioxidants. Reference
values established for TEAC, considering regional
ethnic variation and laboratory conditions,
1.83-2.07 mm/L.

were

© 2013 John Wiley & Sons Ltd, Int. Jnl. Lab. Hem. 2014, 36, 205-212

Data were expressed as medians, and Statistica
software, version 8.0, was used for statistical analyses.
Results were assessed as for normality and homogene-
ity of variance. As data did not meet these assumptions,
the Mann—Whitney and Kruskal-Wallis nonparametric
tests were used, complemented by the U test and the
Dunn’s multiple comparison test. The Spearman’s cor-
relation test was used for correlation analyses. The sig-
nificance level for the tests was set at 5% (o = 0.05).

RESULTS

Of the total of 68 Hb SS subjects, 25% (n=17)
came from NWPR; 23.5% (n =16) from NWP; and
51.5% (n =35) from ESP. Among sickle cell traits
(Hb AS), 56.6% (n=30) were voluntary blood
donors from NWPR and 43.4% (n = 23) were blood
donors from the hematology center of NWSP. Age
ranged from 9 to 50 years in the Hb SS group, from
14 to 66 year in the Hb AS group and from 11 to
55 years in the group without hemoglobinopathy
(Hb AA) (Table 1).

The last Hb S, Hb F, and Hb A concentrations
resulting from the transfusion process were compared
in Hb S individuals from the three localities and
showed statistically significant differences (P = 0.01,
P=0.01, and P <0.001, respectively). The higher
concentrations of Hb S and Hb F were found in sub-
jects from NWPR, and the lower level of Hb S was
observed in subjects from ESP. As for Hb A, the
higher concentration was observed in samples from
ESP and is a vestige of transfusion processes (Table 1).
However, when comparing patients with and without
use of HU between the ditferent groups, we found no
significant difference in the level of Hb F (P > 0.05).
All patients were using HU showed higher Hb F when
compared with patients without the use of HU
(P < 0.001).

When it comes to hematological parameters, Hb
concentration in the SS group from ESP was signifi-
cantly higher compared with that of SS groups from
NWPR and NWSP (P < 0.001), and the degree of
reticulocytosis and total leukocyte showed signifi-
cantly reduced levels in the SS group from ESP com-
pared with those of the other localities (P < 0.001).

As expected, the levels of TBARS in Hb SS groups
from NWPR, NWSP, and ESP were significantly higher
compared with those of the control group (Hb AA)
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Table 1. Demographic characteristics and hematological/clinical profile of study groups, according to region of

origin
NWPR ESP NWSP
N 77 35 158
Gender F/M (%) 46.8/53.2 77.1/22.9 37.3/162.7
Age (years) 28 (10 to 55) 24 (9 to 50) 30 (18 to 66)
Genotype (n)
AA 30 — 119
AS 30 - 23
SS 17 35 16
Hematological data (HbSS)
Hb (g/dL) 7.6* (5.9-9.7) 8.1° (5.6-10.8) 7.8% (4.7-12.8)
Reticulocytes (%) 11.2% (6.3-36.9) 6.8° (0.7-14.8) —*
Leukocytes (x10°/L) 12.6° (8.6-18.8) 10 2" (5.35-15.6) 13.3%€ (7.1-23.7)
Hb F (%) 10.2° (1.2-24.2) ®(1.1-34.2) 4.25° (0.6-13.3)
Hb S (%) 83 5 (55.3-93.9) 68 6 (30.4-94.1) 76.4*" (25.6-93.3)
Hb A (%) 9% (0-33) 20° (1.1-61.7) 5.5 (1.5-60.6)
Treatment (Hb SS) (%)
Iron chelation therapy 5.9 74.3 18.7
Hydroxyurea 53 31.4 25
Folic acid 88.2 100 100
Blood transfusionf 5.9 68.6 43.8
Clinical complications (Hb SS) (%)
Osteonecrosis 23,5 20 0
Ulcer of the leg 5.8 22.9 50
Acute chest syndrome 5.9 2.85 6.3
Stroke 0 34.3 12.5
Priapism (% M) 0 25 333
Cholelithiasis/cholecystectomy 35.2 30 25
Retinopathy 0 5.7 0
Pneumonia 23.5 - -
Joint and muscular pain 29.4 - —
Cardiac abnormalities} 41.2 - -
Number of painful crisis in the last three years (%)
0-2 70.6 60 43.8
3-5 23.5 22.9 12.5
>6 5.9 17.1 43.8

F, female; M, male; ESP, east region of Sao Paulo state; NWPR, northwest region of Parana state; NWSP, northwest

region of Sao Paulo state.

Different superscript letters indicate statistical differences, P < 0.05 (Kruskal-Wallis followed by Dunn’s multiple com-

parison test or Mann—Whitney).

*Data not shown due to missing information on medical records.

TUp to 60 days prior to data collection.

iMitral insufficiency, cardiomegaly, heart murmur.

(P < 0.01). TEAC values for Hb SS groups from these
localities were also higher compared with those of the
Hb AA group (P <0.01). Conversely, when these
values were compared between the three localities, a
significant increase in TBARS was found in the groups
from NWPR (P = 0.01) and NWSP (P = 0.04) in rela-

tion to the group from ESP (Figure 1).

TEAC values were significantly different between
the three localities (P < 0.001), with highest levels in
ESP group and lowest levels in NWPR group
(Figure 2).

Table 2 shows the redox profile of Hb SS subjects
from the three regions studied who were treated with
folic acid alone. Data indicated that there was no sta-

© 2013 John Wiley & Sons Ltd, /nt. Jnl. Lab. Hem. 2014, 36, 205-212
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Figure 1. Comparative analysis of TBARS levels in Hb
SS subject from NWPR, NWSP, and ESP, using the
Kruskal-Wallis test complemented by the Dunn’s
with a 0.05 significance level. Between NWPR and
NWSP (P = 1); NWPR and ESP (P = 0.01); NWSP
and ESP (P = 0.04). ESP-east region of Sao Paulo
state; NWPR-northwest region of Parana state;
NWSP-northwest region of Sao Paulo state.
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Figure 2. Comparative analysis of TEAC levels in Hb
SS subject from NWPR, NWSP, and ESP, using the
Kruskal-Wallis test complemented by the Dunn’s
with a 0.05 significance level. Between NWPR and
NWSP (P = 0.005); NWPR and ESP (P < 0.001);
NWSP and ESP (P = 0.03). ESP-east region of Sao
Paulo state; NWPR-northwest region of Parand state;
NWSP-northwest region of Sao Paulo state.

tistically significant difference (P > 0.05) in the level
of TBARS between the localities, although there was a
clear difference in transfusion frequency. However,
TEAC had a statistically significant reduction
(P <0.01) in the group from NWPR, which showed
lower transfusion frequency compared with the other
two groups. TBARS/TEAC ratio, expressed by the R
index, exhibited higher levels in the group from
NWPR.

© 2013 John Wiley & Sons Ltd, Int. Jnl. Lab. Hem. 2014, 36, 205-212

Table 2. Distribution of medians for TBARS and
TEAC, TBARS/TEAC ratio (R index) and transtusion
frequency among Hb SS subjects from three different
localities who were given folic acid alone. Oxidative
status was inferred using the R index for the AA
group

ESP NWSP NWPR
(n=17) (n=10) (n=7) P
TBARS (ng/mL) 780° 892.5° 910.97 0.251
TEAC (mm/L) 2.3° 2.15" 1.98° <0.001
R-SS (R- AA) 339.1 415.1 460 -
(261.3)  (261.3)  (261.3)
B.T.* (%) 85.7 40 14.2 -

Different superscript letters indicate statistical differences;
(R-AA)-R index for the control group; Kruskal-Wallis
test complemented by the Dunn’s test with a 5% signifi-
cance level.

ESP, east region of Sao Paulo state; NWPR, northwest
region of Parand state; NWSP, northwest region of Sao
Paulo state; B.T. *, Blood transfusion in the last 60 days
prior to data collection.

Table 3 shows that the group that was given com-
bined antioxidant therapy, hydroxyurea, and iron
chelation (HU+IC) and that had a higher frequency of
blood transfusions presented a significantly lower level
of TBARS (P <0.01) and a higher level of TEAC
(P < 0.01) when compared with the group with lower
transfusion frequency and isolate use of antioxidant
(HU). The R index was lower in the group given
HU+IC.

Comparing the data from Hb AS subjects from
NWPR and NWSP with those from the control group
(Hb AA), it was found that the difference between the
levels of TBARS and TEAC did not show statistical
significance (P > 0.05), except for TEAC in the group
from NWSP, which had a significant increase
(P <0.01). A comparison of the data from NWPR and
NWSP localities revealed that the level of TBARS was
significantly higher (P < 0.001), TEAC was significantly
lower (P < 0.001), and a significantly higher total leu-
kocyte count (7.6 x 10°/L for NWPR; 6.3 x 10°/L for
NWSP) (P < 0.01) in the group from NWPR.

The Spearman’s correlation test showed that Hb AS
carriers presented a positive relationship between
TBARS and TEAC (r = 0.388, P = 0.033), which indi-
cates the efficacy of the response of the total antioxidant
defense system against ROS. However, no correlation
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Table 3. Distribution of medians for TBARS and
TEAC, -TBARS/TEAC ratio (R index) and transfusion
frequency among Hb SS subjects who underwent
combined and isolated antioxidant therapy.
Oxidative status was inferred using the R index for
the AA group

TBARS  TEAC

(ng/mL) (mm/L) R-SS (R- AA) B.T.*- (%)
HU+IC 568 222 255.8 (261.3) 77.7
(n=9)
HU 907.1 1.99  455.8 (261.3) 25
(n=28)
P 0.007 <0.001 - -

HU, hydroxyurea; IC, iron chelation; R-AA, R index for
the control group; B.T.*, blood transfusion in the last
60 days prior to data collection; IC, iron chelation ther-
apy; Mann—Whitney’s test complemented by the U test
with a 5% significance level.

was found between TBARS and TEAC or any of the
parameters analyzed in the Hb SS group, except
between TBARS and leukocytes (r = 0.31; P = 0.008),
and between TEAC and Hb A (r=0.35; P =0.003),
which showed a significant positive correlation.

DISCUSSION

Sickle cell erythrocyte membranes are susceptible to
continuous oxidative stress, due to the production of
lipid alkoxy (RO’) and ROO’ radicals, both of them
catalyzed by iron, thus contributing to cell damage
[14]. The extent of oxidative stress, evaluated by
TBARS, reflects the LPO of cell membranes, whose
increase is indicative of imbalance between ROS and
antioxidant defense [29]. This study, consistent with
SCA biology showed a significant increase in both
TBARS and TEAC levels in Hb SS samples from all
localities, in comparison with the Hb AA group, as
described previously in patients with SCA [30]. To
protect cells against oxidative stress, the antioxidant
defense seems to respond adaptively by
increasing its activity. However, this adaptation is not
sufficient to protect against organic damage when the
magnitude of ROS is excessive [31]. In a study con-
ducted in an animal model, the increase in LPO levels
associated with a marked reduction in the antioxidant

system

defense system is reflective of the disease severity,
which is proportional to Hb S concentration [5].

This study revealed that the lower degree of oxida-
tive stress was found in the Hb SS group that received
regular blood transfusions, associated with the com-
bined use of pharmacological agents with antioxidant
properties (HU+IC). Data suggest that Hb A resulting
from regular transfusion processes, even at high con-
centrations, does not seem to optimize the protective
effect against oxidative damage when it is not associ-
ated with the combined use of pharmacological agents
with synergistic effects on antioxidation. Hence, indi-
viduals who received regular transfusions and were
given folic acid alone showed higher R index com-
pared with those treated with combined antioxidants.

Similar data were observed by Rice-Evans, Omor-
phos, and Baysal [14] who showed that the combined
use of antioxidants, such as metal-chelating agents and
ascorbate, leads to a higher reduction in LPO than the
isolated use of these antioxidants. Drug action with
antioxidant properties associated with a low Hb S con-
centration and a considerable presence of Hb A, result-
ing from the transfusion process, may have contributed
to the optimization of the protective effect against LPO.
In the group with higher R index (Hb SS from NWPR),
in which the use of iron chelation therapy and blood
transfusions was not usual, there was an association
between higher Hb S concentrations and lower levels of
Hb A. Iron-chelating agents suppress LPO in the eryth-
rocyte membrane because they do not provide the met-
als to catalyze the conversion of lipid hydroperoxide to
highly reactive radicals, such as RO" and ROO" [14].
HU, besides having several beneficial effects on the
erythrocyte lineage, such as the reduction in the
expression of adhesion molecules located on the surface
of red blood cells and platelets and the increase in Hb F
and total Hb [32], has been recently pointed out as a
dose-dependent scavenger of the 'OH radical [33].
Thus, there is evidence that both iron-chelating agents
and HU have a powerful antioxidant activity in SCA.
Another study that confirms our results, the authors
demonstrated in a longitudinal in which
decreased TBARS values and increased TEAC values in
patients receiving deferasirox
hydroxyurea for approximately 390 days [34].

In our study, the isolated effect of HU showed no
decrease in oxidative stress parameters. When sepa-
rate patients were using only HU, they belong to the
NWPR group that despite the high levels of Hb F, the
ratio R is greater than the ESP group. We believe the

study,

(iron chelator) and
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time of use of hydroxyurea may have affected in this
result, because the patients of NWPR group used HU
<1 year, unlike the ESP group who used the drug for
more than two years. However, in other studies, the
authors showed that HU was responsible for improv-
ing the parameters of oxidative stress in patients who
used the drug for more than three years. This effect
can probably be at increased Hb F and other actions
of HU [34]. The Hb F concentration increase inhibits
the polymerization and sickling of Hb S, which
attenuates the oxidants production, thus playing the
protecting effect against LPO and hemolysis [34, 35].

Some authors have suggested that a concentration
higher than 25% of Hb F is necessary to eliminate Hb S
polymerization completely [36, 37], but the rate
observed in our study was behind that rate. The extent
of deoxygenated Hb S polymerization depends on the
intracellular concentration of Hb S and Hb non-S [36].

The increase in Hb F and Hb A levels makes it difficult
for Hb S molecules to undergo polymerization and sick-
ling, thus reducing the severity and the intensity of clini-
cal manifestations. Therefore, in patients who had Hb A,
although at lower levels compared with Hb S, it was suf-
ficient to inhibit the formation of polymers [38]. Our
results corroborate these observations, as the positive
correlation between Hb A and TEAC among Hb SS
groups suggests a protective effect against LPO in SCA. It
is interesting to note that high Hb F levels may have
been influenced by non-target factors in this study, such
as the three major loci — Xmn1-HBG2 single-nucleotide
polymorphism, HBS1L-MYB intergenic region on chro-
mosome 6q, and BCL11A — that contribute 20-50% of
the trait Hb F variance in patients with SCA [39].

Painful crises have been considered an important
parameter to estimate the severity of sickle cell disease
(SCD). However, this study found cholelithiasis and
osteonecrosis, associated with high levels of TBARS,
even in subjects with no painful crises or with a low
rate of painful crises in the last three years. These
observations suggest that the rate of painful crises

does not depend on TBARS levels and clinical compli-
cations. The retrospective nature of this information
may have incurred systematic errors, but our data cor-
roborate those of Van Beers ef al. [40], who found
that clinical complications and organic damage in
sickle cell patients are not related to painful crises and
occur even in patients who seem clinically stable.
Carriers of sickle cell traits have redox balance
compatible with the control group. These results cor-
roborate data from literature that demonstrate greater
preservation of antioxidants in heterozygous individu-
als, providing thus higher efficacy in antioxidant
defense and improved protection against LPO [41].
Oxidative stress plays a major role in the patho-
physiology of SCA, as there was evidence of oxidative
damage even in steady state of the disease, despite the
increase in the antioxidant defense system. The com-
bined use of antioxidant agents associated with a reg-
ular transfusion process mitigated the level of
oxidative stress in the SCA group. It has been reported
that treatments with antioxidant agents,
a-Tocopherol, vitamin C, N-acetyl L-cysteine, have
been reducing LPO and providing improvements in
abnormalities induced by oxidative stress in SCA [42].
Further studies involving the appropriate dosing for
the combination of pharmacological agents that have
a synergistic effect on antioxidant defense would be

such as

necessary, with the purpose of minimizing LPO and
mitigating the clinical severity of SCA and thus con-
tribute to improvement in the quality of life of the
patients.
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Abstract

without HU usage.

dependent” pharmacological effect.

Background: Sickle cell anemia (SCA) presents a complex pathophysiology which can be affected by a number of
modifying factors, including genetic and biochemical ones. In Brazil, there have been no studies verifying
B>-haplotypes effect on oxidative stress parameters. This study evaluated B°-haplotypes and Hb F levels effects on
oxidative stress markers and their relationship with hydroxyurea (HU) treatment in SCA patients.

Methods: The studied group was composed by 28 SCA patients. Thirteen of these patients were treated with HU
and 15 of them were not. We used molecular methodology (PCR-RFLP) for hemoglobin S genotype confirmation
and haplotypes identification. Biochemical parameters were measured using spectrophotometric methods
(Thiobarbituric-acid-reactive substances and Trolox equivalent antioxidant capacity levels, catalase and GST activities)
and plasma glutathione levels by High-performance liquid chromatography coupled to electrochemical detection.

Results: We found the highest frequency of Bantu haplotype (48.2%) which was followed by Benin (32.1%). We
observed also the presence of Cameroon haplotype, rare in Brazilian population and 19.7% of atypical haplotypes.
The protective Hb F effect was confirmed in SCA patients because these patients showed an increase in Hb F levels
that resulted in a 41.3% decrease on the lipid peroxidation levels (r=—0.74, p=0.01). Other biochemical parameters
have not shown differential expression according to patient’s haplotypes. Bantu haplotype presence was related to
the highest lipid peroxidation levels in patients (p < 0,01), but it also conferred a differential response to HU
treatment, raising Hb F levels in 52.6% (p = 0.03) when compared with the group with the same molecular profile

Conclusions: SCA patients with Bantu haplotype showed the worst oxidative status. However these patients also
demonstrated a better response to the treatment with HU. Such treatment seems to have presented a "haplotype-

Keywords: Hemoglobin S, Beta-S-gene cluster haplotypes, Oxidative stress, Antioxidant capacity

Background

Sickle cell anemia (SCA) is a chronic and progressively de-
bilitating medical condition featuring ongoing hemolytic
anemia and recurrent acute vaso-occlusive events [1]. It is
characterized by a clinical course highly variable, ranging
from death in early childhood [2] to a normal life span with
few complications [3]. This feature reflects the complex
pathophysiology of SCA which can be affected by a number
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of modifying factors including haplotype of B-globin gene
cluster [4], coinheritance of polymorphisms associated with
clinical aspects [56] and treatment response [7],
hemoglobin fetal (Hb F) levels [8], chronic inflammation
and oxidative states [9,10] as well as gender [4].

There are five distinct haplotypes linked to the p°-muta-
tion and they are known as Benin (Ben), Bantu or Central
African Republic, Senegal (Sen), Cameroon (Camer) and
Indian-Arab haplotypes. These ones are classified according
to the geographical region in which they were originally
identified [11,12]. Analysis of ° polymorphisms is of gen-
etic and anthropologic interest, but it may also be related to

© 2013 Silva et al,; licensee BioMed Central Ltd. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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disease severity as well as variations in drug response
[13,14]. Bantu haplotype has been associated with more se-
vere disease outcome and a high organ damage incidence.
Benin haplotype has been associated with intermediate dis-
ease severity. On the other hand, Senegal and Indian-Arab
haplotypes have been associated with milder disease sever-
ity [13,15] due to their higher Hb F levels related to the
C — T mutation at position -158 Xmnl in the Sy-globin
gene promoter region [15].

Hydroxyurea (HU) administration seems to be the best
available treatment option for SCA patients [1,16,17]. HU
is an antineoplastic drug which its main pharmacological
action is to increase Hb F levels. It has other potentially
beneficial effects including improved nitric oxide (NO) me-
tabolism, reduced red cell-endothelial interaction and de-
creased erythrocyte density [1]. Although highly effective
for most SCA patients, there is a considerable inter-patient
variability creating a broad spectrum of Hb F induction
[1,18]. HU mechanisms of action for Hb F induction re-
main incompletely understood. Hb F induction by HU has
been correlated to cell cycle inhibition leading to activation
of stress erythropoiesis [1,19-21]. Other studies have sug-
gested that Hb F induction by HU is mediated more
specifically via nitric oxide-dependent transcriptional mech-
anisms [22,23] and cyclic nucleotides [24,25] and initial evi-
dence for some epigenetic regulation [26].

Many studies have been carried out trying to establish
a relation between B°-haplotypes and SCA phenotype.
These haplotype-phenotype associations are not defin-
itely established and no clear correlation has emerged
[6,27-29] to date, though. In Brazil, there have been no
studies verifying p°-haplotypes effect on oxidative stress
parameters. Therefore this work aimed at studying f°-
haplotype effects and Hb F levels on oxidative stress
markers and their relationship with HU treatment.

Methods

Patients

Eligible patients were 10 years or older at the beginning of
the study and they were diagnosed with SCA. They all had
access to the same medication protocol. The studied group
was composed by 28 SCA patients (11 males and 17 fe-
males; mean age: 27.7 years old; range: 10-65 years old) in
clinical follow-up in Sao Jose do Rio Preto (SP) and Rio de
Janeiro (R]). All the patients are from the southeast region
of Brazil.

All SCA patients were screened using a questionnaire.
Pregnant, smokers or drinkers were excluded from the
study, as well as anyone who had had a stroke, pain and/or
hemolytic crisis or had received blood transfusion within
two months prior to the start of the study. The medications
used by SCA patients were previously checked and the ones
taking any other medication known to affect the parameters
analyzed (such as acetylsalicylic acid, antibiotics or
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vitamins) within 24 h of sample collection were also ex-
cluded. All subjects gave their informed consent and the
study was reviewed and ethically approved by the Data
Safety Monitoring Board (DSMB) according to Brazilian
Regulations and Ethical Committee of Sao Paulo State
University (0015.0.229.000-09).

Biological samples

Blood samples (11 mL) were collected through venipuncture
in heparinized and ethylenediamine tetraacetic acid (EDTA)
tubes. The heparinized blood (7 mL) was incubated for 20
min at 37°C and then centrifuged at 206 g for 20 min to
separate plasma for Thiobarbituric-acid-reactive substances
(TBARS) and Trolox equivalent antioxidant capacity
(TEAC) analysis. The EDTA sample fraction (4 mL) was
aliquoted: 2 mL used for the hemoglobinopathies tests,
genotypic determination and catalase (CAT) and glutathione
S-transferase (GST) enzymatic activities analysis and the
other 2 mL were submitted to centrifugation at 825 g for 10
min to obtain plasma and then were frozen at-80°C for
glutathione (GSH) levels determination.

Hemoglobin phenotypes, genotypes and B°-globin
haplotypes

Hb identification was performed using electrophoresis
on cellulose acetate pH 8.4 and agar electrophoresis at
pH 6.2. Hb fraction quantification was obtained using
high performance liquid chromatography (HPLC) by the
automated VARIANT™ equipment (Bio-Rad Laboratories,
CA, USA) [30]. Cell morphology microscopic analysis was
performed on the stained blood using May-Griinwald-
Giemsa. In all patient samples, Hb S genotype was
developed by molecular analysis using PCR-RFLP. The
segment amplification that encodes B° gene was ac-
complished by specific primers and amplicon was
cleaved by the Ddel restriction endonuclease (New
England BioLabs, MA, USA) [31]. Beta globin haplo-
types were determined through the PCR-RFLP analysis
of the following polymorphic restriction sites: yG
(Hind III), yA (Hind III), B (Hinc II), 3'yp (Hinc II)
and 5'B (Hinf I), as previously described [32].

Biochemical analysis

Lipid peroxidation levels were assessed in heparinized
plasma using TBARS assay [33]. Antioxidant capacity
was also determined in heparinized plasma samples
according to their equivalence to Trolox (6-hydroxy-
2,5,7,8-tetramethychroman-2-carboxylic acid) [34]. For
total GST activity, blood samples were diluted in a 3.5
UM 2-mercaptoethanol 10 uM NADP 2.7 mM EDTA
hemolyzing solution (1:20, v/v) and then assayed using
1-chloro-2,4-dinitrobenzene (CDNB) as substrate at 340
nm. The assay was carried out in 0.2 M K-phosphate
buffer pH 6.5, 1 mM CDNB, 1 mM GSH (¢ =9.6 mM™
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cm™) [35]. For CAT activity analysis, blood samples were
diluted in ultrapure water (1:50, v/v) and then 10 pL
were used to measure CAT activity, by the decrease in
absorbance at 240 nm (e = 0.04 mM™" cm™) due to con-
sumption of HyO, (10 mM H,0, in 1 M Tris—HCI buf-
fer pH 8.0 containing 5 mM EDTA) [36].

GSH concentration was determined in EDTA
plasma samples using HPLC coupled to a coulometric
electrochemical detector (Coulochem III ESA, Bedford,
MA) [37]. Under these conditions, GSH clearly eluted
in ~ 6 min. GSH was extracted from the plasma sam-
ples by adding perchloric acid to the plasma sample
(10% final concentration). After vigorous stirring
and remaining 10 min on ice, the mixture was
centrifuged at 825 g for 10 min at 4°C. The extract
was then filtered through Millex syringe filter units
(0.22 um) and directly injected into the HPLC sys-
tem. The calculations were based on a calibration
curve previously constructed by injecting authentic
GSH standards into HPLC system.

Statistical analysis
Statistical analysis was performed in groups with at least
three individuals using the Statistica 9.0 software
(Statsoft Inc.). Data were tested regarding normality and
homogeneity of variances assumptions according to
Shapiro-Wilk test and Levene’s test, respectively. Groups
that met the assumptions (parametric data) were com-
pared by applying t test or one-way ANOVA followed by
Fisher’s post hoc. Those groups that did not meet the
assumptions (non-parametric data) were compared by
Mann—Whitney test or Kruskal-Wallis followed by
Dunn’s post hoc test. In order to assess association de-
gree between the studied variables, we used Pearson’s
correlation for parametric data and Spearman’s rank cor-
relation for non-parametric data. In order to assess age
and gender influence on the values of oxidative stress
markers, we classified SCA patients into two age groups
(< 20 and > 20 years) and we applied factorial ANOVA.
Data were expressed as mean * standard deviation and
p < 0.05 was considered statistically significant.

Page 3 of 9

Table 1 Characterization of atypical °-haplotypes alleles

Restriction sites

B°-Haplotypes Xmn | Hind I Hinc Il Hinf |
L A B 1 5B
Atypical 1 - - - - -
Atypical 2 - + - - + -
Atypical 3 - - + - + -
Results

Through B°-haplotypes molecular analysis we found
nine different combinations of restriction sites, resulting
in the following specific combinations: Bantu, Benin,
Cameroon and three atypical. The atypical patterns were
classified by the numbers 1, 2 and 3, they do not fall into
any of the classifications previously reported in the
literature (Table 1).

We identified eight (28.5%) patients with haplotype
Bantu/Bantu, 10 (35.7%) Bantu/Benin, two (7.1%) Benin/
Benin, one (3.6%) Benin/Cameroon, one (3.6%) Bantu/
Atypical 1, one (3.6%) Benin/Atypical 1, one (3.6%) Benin/
Atypical 2, one (3.6%) Benin/Atypical 3 and three (10.8% )
Atypical 2/Atypical 2. From 56 chromosomes analyzed,
the allelic frequency observed was: 27 (48.2%) alleles
Bantu, 18 (32.1%) Benin, one (1.8%) Cameroon and 10
(19.7%) Atypical, from the atypical ones, two (3.6%) Atyp-
ical 1, seven (12.5%) Atypical 2 and one (1.8%) Atypical 3.

For biochemical parameters assessment, firstly we
checked whether age and gender could influence the
values of studied markers (TBARS and TEAC levels,
GST and CAT enzyme activities and plasma GSH levels)
to avoid biases. We found no statistically significant dif-
ference for any of the evaluated parameters, as shown in
Table 2.

The influence of haplotypes and HU treatment over Hb
F concentration and on biochemical markers was deter-
mined by subgroups formation - haplotype and HU use (+
HU) and haplotype without HU use (~HU). The values
and/or mean of ana\lyzed parameters according to sub-
group are presented in Table 3.

Between the subgroups submitted to statistical compari-
sons, we assessed haplotypes effect on SCA phenotypic

Table 2 Analysis of the age and gender interference on the biochemical markers values in SCA patients

#

Age P values* Gender* P values*
<20yearsn=09 > 20yearsn=19 Male n=11 Female n=17
TBARS (ng/mL) 1452.94 £ 699.00 1577.07 £ 539.85 04950 134594 +£413.13 1660.90 + 655.72 0.0719
TEAC (mM) 1.97 £0.21 203+0.15 0.6737 201+0.23 201£0.12 0.7292
GST (U/mL) 1.77 £0.94 1.51+049 0.2394 1.50+0.56 1.64+0.72 03757
CAT (U/mL) 1660.80 + 52541 191216 +£517.83 0.0957 1831.30 £ 634.04 183140 +461.03 0.7524
GSH (uM) 0.74£049 0.70£0.39 0.3644 0.59+0.52 0.79+0.31 0.2791

*Comparisons were made by factorial ANOVA.

*There were no significant interactions between independent variables: age and gender (p > 0.05).
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Table 3 Descriptive analysis of the B5-haplotypes interference in the phenotypic expression of SCA patients
Parameters

Hb F (%) TBARS (ng/mL) TEAC (mM) GST (U/mL) CAT (U/mL) GSH (uM)
Haplotypes (+HU) n
Bantu/Bantu 2 1.95 1201.18 217 1.26 1742.95 1.30
Bantu/Benin 6* 1742 1066.26 203 1.50 229401 0.62
Benin/Benin 1 52 1616.62 217 144 227817 1.10
Benin/Camer 0 —_— —_— —_— —_— —_— —_—
Bantu/Atp1 0 _ _ _ _ _ _
Benin/Atp1 1 1.8 1524.30 2.20 1.20 1531.69 0.19
Benin/Atp2 1 84 1012.00 201 2.00 1084.51 0.22
Benin/Atp3 1 7.3 1216.92 2.10 1.92 1880.28 0.88
Atp2/Atp2 1 1 1308.00 1.97 1.51 1866.20 0.37
Haplotypes (—-HU)
Bantu/Bantu 6* 6.78 228433 1.93 203 1656.10 0.77
Bantu/Benin 4% 6.68 1815.50 2.09 1.27 184243 0.84
Benin/Benin 1 2.1 1222.00 2.09 1.65 257042 0.74
Benin/Camer 1 48 934.00 1.90 2.00 996.48 0.70
Bantu/Atp1 1 32 1287.00 1.95 1.18 2017.61 0.87
Benin/Atp1 0 _ E— _ _ _ _
Benin/Atp2 0 _ E— _ _ _ _
Benin/Atp3 0 _ E— _ _ _ _
Atp2/Atp2 2 745 1576.00 1.77 145 1248.24 0.32

(+HU): patients treated with HU; (-HU): patients not treated with HU; Camer: Cameroon; Atp: atypical.

*Subgroups subject to statistical comparisons.

expression markers, comparing Bantu/Bantu (-HU) with
Bantu/Benin (-HU) and we observed no statistical differ-
ence (Table 4). In order to prove the contribution of HU
use on these markers, according to haplotypes subgroups,
we compared Bantu/Benin (+HU) with Bantu/Benin
(-HU) and found an increase in Hb F levels in the treated
subgroup (p <0.01) and consequent lipid peroxidation re-
duction (p = 0.03) (Table 5).

The association degree among the studied markers
showed that in patients with the same $*-haplotype (Bantu/
Benin), HU promoted an increase of 61.7% in Hb F values

Table 4 Influence of Bantu and Benin haplotypes on SCA
phenotypic expression

(Figure 1A) and a decrease of 41.3% in lipid per-
oxidation levels (Figure 1B), according to a negative cor-
relation found between these markers (r=—0.74, p =0.01)
(Figure 1C). The other evaluated biochemical parameters
showed no differential expression or association.

Bantu haplotype is associated with the worst clinical
outcomes in SCA. Therefore, to better address Bantu
haplotype influence on oxidative stress markers and HU
usage, we classified the patients into four sample groups:

Table 5 Influence of the HU use in SCA patients with the
Bantu/Benin haplotype

Modulators Bantu/Bantu (~HU) Bantu/Benin (—HU) P
h=06 n=04 values*
Hb F (%) 6.78+3.60 09731
TBARS (ng/mL) 2284.33 £435.50 1815.50 +334.80 0.1074
TEAC (mM) 192+0.13 0.1465
GST (U/mL) 203+1.02 02245
CAT (U/mL) 1656.10 +413.96 184242 +397.81 04993
GSH (M) 0.77+£0.37 08317

Modulators Bantu/Benin (+HU) Bantu/Benin (—-HU) P
n=06 n=04 values*
Hb F (%) 1741+3.10 6.67 £4.37 0.0069"
TBARS (ng/mL) 1066.26 + 495.09 1815.50 + 334.80 0.0303*
TEAC (mM) 202+0.16 208+0.18 06124
GST (U/mL) 149+ 062 127 £0.63 0.5925
CAT (U/mL) 2294.01 +297.29 184242 +397.81 0.0725
GSH (uM) 062+037 0.84+0.62 04981

(—=HU) patients not treated with HU. Mean + standard deviation.
* Comparisons were made by Mann-Whitney test.

(—=HU) patients not treated with HU. (+HU) patients treated with HU.
*Comparisons were made by Mann-Whitney test.
*Indicates statistical difference (p < 0.05).
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Figure 1 Hb F and lipid peroxidation levels in SCA patients with Bantu/Benin haplotype. A) Hb F levels were about 2.6 times higher in
patients under HU treatment compared to those not treated (p = 0.0069; Mann-Whitney test). B) Lipid peroxidation levels showed 1.7 times
lower in those patients on HU usage (p =0.0303; Mann-Whitney test). C) Negative linear correlation between Hb F and lipid peroxidation levels

(r=-0.74; p=10.0156; Spearman'’s rank test).

Group L. Patients with Bantu haplotype at least one
chromosome without HU treatment. The haplotypes
that comprised this group were Bantu/Bantu, Bantu/
Benin and Bantu/Atpl;

Group II. Patients with Bantu haplotype at least one
chromosome and under HU treatment. The
haplotypes were Bantu/Bantu and Bantu/Benin;

Group III. Patients without the Bantu haplotype a HU
usage. This group was composed by haplotypes
Benin/Benin, Benin/Camer, Atp2/Atp2;

Group IV. Patients without Bantu haplotype in any
chromosome, but under HU usage. The haplotypes
were Benin/Benin, Benin/Camer, Atp2/Atp2.

Table 6 summarizes obtained results from the
comparisons between such groups for all evaluated
parameters.

The haplotype sample group analysis also showed signifi-
cant differences only in the Hb F and lipid peroxidation
markers. Bantu haplotype presence was related to the
highest lipid peroxidation levels in patients (p<0.01)
(Figure 2A), but also, it conferred a differential response to
HU treatment, raising Hb F levels in 52.6% (p = 0.03) when
compared with the group with same molecular profile not
treated (Group I). This treatment response was not ob-
served in patients without Bantu haplotype (Figure 2B).

Discussion

Although SCA is one of the first disorders to be clearly
defined at molecular level, genetic understanding of the
basis for disease expression variability is still unclear
[38]. Since P°-haplotypes discovery as genetic modula-
tors of phenotypic expression in SCA, several studies
have been developed to determine haplotypes effect

on SCA patients hematological and clinical features
[13,27,38-41], but studies associating haplotypes with
oxidative stress markers are scarce. This study, to our
knowledge, yields a unique opportunity in which both
genetic factor (B°-haplotypes) and oxidative stress
markers were simultaneously measured and correlated
with Hb F levels and HU use in Brazilian SCA patients.
We found a higher frequency of Bantu haplotype
followed by Benin. This distribution of B°-haplotypes
was similar to other studies with Brazilian SCA patients
from southeast region [39-44]. The chromosomes major-
ity with p° gene has one of the five common haplotypes,
although in every large series of SCA patients there is a
minority of chromosomes (5+10%) usually referred as
“atypical” haplotypes [45]. We found 19.7% of atypical
haplotypes, higher frequency than it is expected. None
of the identified haplotypes during the study have had
presence of Xmmnl polymorphic site, neither those haplo-
types already described in the literature nor the atypical
ones. Therefore, other genetic polymorphisms not
targeted in this study should be involved in high Hb F
levels obtained in SCA patients not treated with HU.
Bantu/Benin haplotype was the most frequent. There-
fore in these patients, we confirmed Hb F protective ef-
fect provided by HU use. Once increasing Hb F levels
resulted in a decrease of the lipid peroxidation levels in
accordance with our recent publications [44,46]. The
protective effect is due to the increase in Hb F concen-
tration that either inhibits or retards Hb S polymerisa-
tion [47], leading to a decreased intravascular sickling
and an increasing nitric oxide bioavailability [48]. These
alterations result in a decreased oxidative stress with
markedly decreased lipid peroxidation and increased
activitylevels of antioxidants (SOD, GPx, catalase, and

Table 6 Relationship between the Bantu haplotype and HU treatment on SCA patients

Sample groups P
Group | Group Il Group Il Gruop IV values*
n=11 n=08 n=04 n=05
Hb F (%) 642 + 4457 13.55+ 7.66° 545+5427 6.74 + 346" 00388
TBARS (ng/mL) 2023.18 + 490.74° 1099.99 + 455.70° 1327.00 + 463.9° 1335.57 4 241.94° 0.0009
TEAC (mM) 199+0.16 206+0.15 1884027 209+0.10 0.2296
GST (U/mL) 1684090 1444055 1644053 1614034 0.8974
CAT (U/mL) 1756.72 + 385.98 2156.25 + 54032 151585 + 759.98 1728.17 + 44654 0.1758
GSH (M) 0.81+044 079 +045 052+024 055 + 041 04987

*Different letters indicate statistical differences (ANOVA followed by Fisher’s post hoc test).
Group [: Bantu (-=HU), Group II: Bantu (+ HU), Group lIl: any haplotype except Bantu (—HU), Group IV: any haplotype except Bantu (+ HU).
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Figure 2 Analysis of Bantu haplotype effect and HU use on SCA phenotypic expression modulators. A) Lipid peroxidation showed its

highest mean value in Group | compared to the others groups. B) Higher Hb F levels in patients of Group Il compared to group with the same

molecular profile not treated (Group 1) and to the others evaluated groups. *Indicates statistical difference (ANOVA followed by Fisher's post hoc
L test). Group I: Bantu (—HU), Group II: Bantu (+ HU), Group lll: any haplotype except Bantu (=HU), Group IV: any haplotype except Bantu (+ HU).

GSH) [48]. This antioxidant response was not observed
though, according to the haplotype profile.

Bantu haplotype presence was related to the highest
lipid peroxidation levels in patients, corroborating with
the results obtained by Rusanova et al. [49]. The authors
showed that SCA patients with Senegal and Indian-Arab
alleles had the mild clinical outcomes associated with
low oxidative status, whereas high oxidative stress was
related to Benin and Bantu haplotypes, consequent se-
vere phenotypes. On the other evaluated parameters
(TEAC levels, CAT and GST activities and plasma GSH
levels), we have not observed any significant haplotype
influence. Thus, oxidative stress biomarkers analysis may
be important in clinical condition evaluation of SCA pa-
tients, furthermore in therapeutic response monitoring
among SCA patients under HU use.

Currently, many researches aimed at identifying inter-
individual genetic variations, underlying different pharma-
cological responses to drug use [50]. In SCA, this paradigm
is being applied to elucidate vascular complications patho-
genesis and to develop individualized therapies [6]. How-
ever, there is no stated relationship in the literature
between differential response to HU treatment according to
B°-haplotypes in SCA patients. Vicari et al. [51] showed, in
contrast to previous reports [52-54], a significant increase
in Hb F levels in SCA patients with Bantu haplotype after
HU use, similar HU pharmacological response that we
obtained in our studied group. As it is estimated that 40%
of the patients do not respond to HU treatment [55] and
Bantu haplotype is the most frequent in Brazilian SCA pa-
tients, this HU differential response should be carefully
interpreted, according to Vicari et al. [51].

We hypothesized that this “haplotype-dependent”
pharmacological effect of HU is due to the “highest
stress erythropoiesis stimulation” in SCA patients with
Bantu haplotype. The presence of Bantu haplotype is as-
sociated with a hyperoxidative status and consequent

higher hemolytic levels and lower Hb concentrations,
characteristics known to increase the circulating erythro-
poietin concentrations, which in turn stimulates erythro-
poiesis [56-58]. Based on HU cytotoxic effect which is
beneficial in many ways; it targets rapidly dividing cells,
which in red cells tend to be those ones with a high Hb
S levels and favors the production of red cells with a
high Hb F levels, as these levels tend to arise from red
cells that divide less rapidly [59]. This way, SCA patients
with Bantu haplotype under HU use would have higher
erythropoiesis stimulation, favoring production of red
cells with a high Hb F levels. This hypothesis agrees with
the observations from Gordeuk et al. [60]. The authors
confirmed by multiple linear regression that lower
hemoglobin concentration was correlated with higher
erythropoietin concentration and higher Hb F percent-
age among sickle cell disease patients. Therefore, even
with a small sample size, our results have left perspec-
tives for further studies to better address this hypothesis.

Conclusion

We provided evidence that Bantu haplotype presence
seems to be an important predictor factor of oxidative
stress and of differential response to HU use in SCA pa-
tients. We confirmed a hyperoxidative status among
SCA patients. This status should be considered, at least
partially, on clinical manifestations variety of these pa-
tients. Thus, the use of oxidative stress biomarkers may
be important in the evaluation of clinical condition of
SCA patients, furthermore in therapeutic response mon-
itoring among SCA patients under HU use. We also sug-
gest that the development of therapies to improve the
redox status would be beneficial to reduce the severity
of SCA.
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ABSTRACT. Sickle cell anemia is an affection that causes chronic
inflammation, with consequences for vaso-occlusion, oxidative stress
and cytokine production. Genetic polymorphisms in markers involved
in this process can modulate the inflammatory response, including
polymorphisms -308G/A of TNFA (tumor necrosis factor alpha) and
-509C/T of TGFBI1 (transforming growth factor beta 1), reported
to increase TNF-a and TGF-B1 production, respectively. Changes
in the cytokine balance are important risk factors for clinical events;
consequently, we examined the frequencies of these polymorphisms in
240 Brazilian sickle cell anemia patients from southeast Brazil. PCR-
RFLP was used to detect these polymorphisms. The -509C/T (TGFB1)
polymorphism was more frequent than -308G/A (TNFA), with allelic
frequency of 0.3 for the mutant allele T (TGFB) agaist 0.1 for the mutant
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allele A (TNFA). These allelic frequencies are similar to those known
from populations with ethnicity similar to the Brazilian population.
Inheritance of these polymorphisms does not seem to be associated with
that of the Hb S mutation; however, this information could be useful in
analyses of specific clinical characteristics of sickle cell anemia.

Key words: Allelic frequency; Genetic polymorphisms; PCR-RFLP;
Sickle cell disease; SNPs; Hemoglobin S

INTRODUCTION

Sickle cell anemia (SCA) is a hemolytic anemia caused by a mutation in the sixth
codon of the beta globin chain (GAG — GTG), resulting in homozygous hemoglobin (Hb) S
(Honig and Adams III, 1986; Frenette and Atweh, 2007). The inflammatory process that occurs
in SCA patients may play an important role in vaso-occlusion, oxidative stress stimulation and
cytokine production, contributing to the disease pathogenesis (Chiang and Frenette, 2005).

Evidence shows the involvement of genetic polymorphisms in the inflammatory re-
sponse in SCA patients, among them, some association studies suggest that TNFA4 (tumor
necrosis factor alpha) and TGFB/! (transforming growth factor beta 1) genes interfere in the
SCA clinical profile (Nolan et al., 2006; Cajado et al., 2010). TNF-a and TGF-$ cytokine
production may be genetically influenced by polymorphisms that affect gene regulation. The
-308G/A (TNFA) (rs1800629) and -509C/T (TGFB1) (rs1800469) polymorphisms are reported
to increase the production of TNF-o (Rodriguez-Rodriguez et al., 2011) and TGF-B1 (Bhayal
et al., 2011), respectively.

Changes in cytokine balance in SCA patients are important risk factors for clinical
events, and thus, the objective of this study was to determine the frequencies of the -308G/A
(TNFA) and -509C/T (TGFBI) polymorphisms in Brazilian SCA patients, and to compare our
results with the frequencies reported in some recent studies in the literature.

MATERIAL AND METHODS

We analyzed 240 peripheral blood samples of SCA patients from southeast Brazil. All
samples were submitted to a classical Hb diagnostic, including Hb electrophoresis at alkaline
and acid pH (Marengo-Rowe, 1965; Vella, 1968) and high-performance liquid chromatogra-
phy for Hb fraction quantification (VARIANT, Bio-Rad) (Bonini-Domingos, 2006). For mo-
lecular analysis, genomic DNA was extracted by the phenol-chloroform method (Sambrook
et al., 1989). Amplification of the segment that encodes Hb S was performed using specific
primers, and fragments were cleaved with the restriction endonuclease FastDdel (Fermentas,
USA) (Belini et al., 2010). -308G/A (TNFA) and -509C/T (TGFBI) were determined by am-
plification of the specific genomic segment, with subsequent treatment with specific restriction
enzymes for mutations in the TNFA (FastNcol; Fermentas) and TGFBI (FastBsu36l; Fermen-
tas) genes (Wilson et al., 1992; Silverman et al., 2004).

Statistical analyses were performed for comparing the frequencies obtained against
those of other studies and databases, using the Statistica 10.0 software with the chi-square test.
The level of significance was set at P < 0.05.
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RESULTS

The genotypic and allelic frequencies for the polymorphisms evaluated in SCA pa-
tients are shown in Table 1. The -509C/T (TGFB1) polymorphism was more frequent than
-308G/A (TNFA), with the frequency of the mutant allele being 0.3 versus 0.1. Table 2 presents
the literature frequencies for the -308G/A (TNFA) and -509C/T (TGFBI) polymorphisms ob-
tained by other authors and in databases, as well as a comparison with our data, showing that
our data were in accordance with other studies with similar populations.

Table 1. Genotypic and allelic frequency of the -308G/A (TNFA) and -509C/T (TGFBI) polymorphisms in
sickle cell anemia patients.

Polymorphism Genotype Genotypic frequency [N (%)] Allelic frequency
TNFA GG 195 (81.25) G=0.90
(-308G/A) GA 43 (17.92) A=0.10

AA 2(0.83)
TGFBI CcC 109 (45.42) C=0.70
(-509C/T) CT 116 (48.33) T=0.30

TT 15 (6.25)

Table 2. Allelic frequency found to -308G/A (TNFA) and -509C/T (TGFBI) polymorphisms in some recent
studies and database, comparing with the present study.

Population group N Allelic frequency P References
G A
-308G/A (TNFA) General population (Brazil) 200 0.86 0.14 0.1956 (Cajado et al., 2011)
SCA (Brazil) 210 0.88 0.12 0.5175 (Cajado et al., 2011)
SCA (Brazil) 49 0.92 0.08 0.6920 (Vicari et al., 2011)
General population (India) 216 0.94 0.06 0.1200 (Ghosh et al., 2010)
HapMap_CEU European 113 0.83 0.17 0.0678 *
HapMap_YRI African 113 0.91 0.09 0.6712 wE
*SCA (Brazil) 240 0.90 0.10 - -
-509C/T (TGFBI) General population (Korea) 352 0.52 0.48 <0.0001 (Kim et al., 2010)
General population (Hungary) 30 0.58 0.42 0.1382 (Rovo et al., 2010)
Severe asthma population (Brazil) 38 0.60 0.40 0.2419 (de Faria et al., 2008)
HapMap_CEU European 113 0.71 0.29 0.8507 -
HapMap_YRI African 113 0.79 0.21 0.0843
*SCA (Brazil) 240 0.70 0.30 - -

SCA =ssickle cell anemia; CEU = Utah residents with ancestry from Northern and Western European; YRI = Yoruba
in Ibadan, Nigeria. Statistical test: Chi-square test (o < 0.05). *Presente study; **available in dbSNP, NCBI [http://
www.ncbi.nlm.nih.gov/projects/SNP].

DISCUSSION

The frequencies found for the -308G/A (TNFA) and -509C/T (TGFBI) polymor-
phisms are similar to those provided by databases for Caucasian and African populations from
NCBI databases (http://www.ncbi.nlm.nih.gov/projects/SNP), reflecting the contribution of
these groups to the ethnic composition of the Brazilian population. For the -308G/A (TNFA)
polymorphism, the frequencies obtained were similar to those results of other SCA studies in
Brazil (Cajado et al., 2010; Vicari et al., 2011). Our results also did not differ from those found
for the Brazilian population without hemoglobinopathies (Cajado et al., 2011), suggesting that
the inheritance of the polymorphisms studied is independent of the % gene inheritance. In re-
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lation to the Indian population, the frequencies found in our population did not differ (Ghosh
et al., 2010), probably due to the ethnic heterogeneity of both.

For the -509C/T (TGFB1) polymorphism, our data were similar to findings from a
Brazilian study in severe asthma patients (de Faria et al., 2008). Regarding that study, there
was no association between presence of polymorphism and risk of developing asthma, which
is a chronic inflammatory disease. The similarity with the frequencies obtained in our study is
probably due to resemblance of the two populations, but not to the chronic inflammatory pro-
cess. Regarding a study in Hungary with healthy individuals (Rovo et al., 2010), a population
with different ethnic characteristics from the Brazilian one, the absence of a difference can be
explained by the small sample number (N = 30), which probably was not representative of the
Hungarian population. Differences relative to Korean individuals (Kim et al., 2010), in turn,
demonstrate the low influence of this ethnicity in the formation of the Brazilian population.

In summary, the frequencies for the polymorphisms evaluated were not associated
with inheritance of Hb S and were similar between populations with the same ethnic charac-
teristics. Furthermore, the polymorphisms do not appear to be associated with other inflam-
matory diseases.

CONCLUSION

Allelic frequencies found in this study for the -308G/A (TNFA) and -509C/T (TGFB1)
polymorphisms are in agreement with the literature for population groups with similar ethnic-
ity as compared to the Brazilian population. The inheritance of the two polymorphisms does
not seem to be associated with the Hb S mutation, but knowledge about them can be useful in
future studies involving specific clinical characteristics of SCA, since they are involved in the
control of inflammation.

ACKNOWLEDGMENTS

Reasearch supported by Conselho Nacional de Desenvolvimento Cientifico e Tec-
noldgico (CNPq), Coordenagio de Aperfeigoamento de Pessoal de Nivel Superior (CAPES),
Ministério da Saude (#MS3072/2007), and Fundagido Pro-Hemorio RJ (FUNDARYJ). English
text revised by Carolina Griinig Humberto da Silva.

REFERENCES

Belini JE, Cancado RD and Domingos CR (2010). The Xmnl polymorphic site 5' to the gene G (gamma) in a Brazilian
patient with sickle cell anaemia - fetal haemoglobin concentration, haematology and clinical features. Arch. Med.
Sci. 6: 822-825.

Bhayal AC, Prabhakar B, Rao KP, Penchikala A, et al. (2011). Role of transforming growth factor-betal -509 C/T
promoter polymorphism in gastric cancer in south Indian population. Tumour. Biol. 32: 1049-1053.

Bonini-Domingos CR (2006). Metodologias Laboratoriais para o Diagndstico de Hemoglobinopatias ¢ Talassemias.
Inovagdo Distribuidora de Livros Ltda., Sdo Paulo.

Cajado CS, Cerqueira BAV, Barbosa CG and Lyra IM (2010). IL-8 e TNF-alfa: marcadores imunoldgicos no prognostico
da anemia falciforme. Gazeta Med. Bahia 80: 56-61.

Cajado C, Cerqueira BA, Couto FD, Moura-Neto JP, et al. (2011). TNF-alpha and IL-8: serum levels and gene
polymorphisms (-308G>A and -251A>T) are associated with classical biomarkers and medical history in children
with sickle cell anemia. Cytokine 56: 312-317.

Genetics and Molecular Research 12 (4): 6762-6766 (2013) ©FUNPEC-RP www.funpecrp.com.br



L.S. Torres et al. 6766

Chiang EY and Frenette PS (2005). Sickle cell vaso-occlusion. Hematol. Oncol. Clin. North Am. 19: 771-84.

de Faria IC, de Faria EJ, Toro AA, Ribeiro JD, et al. (2008). Association of TGF-betal, CD14, IL-4, IL-4R and ADAM33
gene polymorphisms with asthma severity in children and adolescents. J. Pediatr. 84: 203-210.

Frenette PS and Atweh GF (2007). Sickle cell disease: old discoveries, new concepts, and future promise. J. Clin. Invest.
117: 850-858.

Ghosh J, Joshi G, Pradhan S and Mittal B (2010). Investigation of TNFA 308G > A and TNFB 252G > A polymorphisms
in genetic susceptibility to migraine. J. Neurol. 257: 898-904.

Honig GR and Adams IIT JG (1986). Human Hemoglobin Genetics. Springer-Verlag Wien New York, New York, 19-36.

Kim JJ, Choi YM, Choung SH, Yoon SH, et al. (2010). Analysis of the transforming growth factor betal gene -509 C/T
polymorphism in patients with advanced-stage endometriosis. Fertil. Steril. 93: 2121-2124.

Marengo-Rowe AJ (1965). Rapid electrophoresis and quantitation of haemoglobins on cellulose acetate. J. Clin. Pathol.
18: 790-792.

Nolan VG, Adewoye A, Baldwin C, Wang L, et al. (2006). Sickle cell leg ulcers: associations with haemolysis and SNPs
in Klotho, TEK and genes of the TGF-beta/BMP pathway. Br. J. Haematol. 133: 570-578.

Rodriguez-Rodriguez L, Gonzalez-Juanatey C, Palomino-Morales R, Vazquez-Rodriguez TR, et al. (2011). TNFA -308
(rs1800629) polymorphism is associated with a higher risk of cardiovascular disease in patients with rheumatoid
arthritis. Atherosclerosis 216: 125-130.

Rovo L, Szell M, Bella Z, Korsos A, et al. (2010). The -509 C/T genotype of TGFbetal might contribute to the pathogenesis
of benign airway stenosis. Otolaryngol. Head Neck Surg. 142: 441-443.

Sambrook J, Fritcsh EF and Manatis T (1989). Molecular Cloning: A Laboratory Manual. 2nd edn. Vols. 1, 2 and 3. Cold
Spring Harbor Laboratory Press, Cold Spring Harbor.

Silverman ES, Palmer LJ, Subramaniam V, Hallock A, et al. (2004). Transforming growth factor-betal promoter
polymorphism C-509T is associated with asthma. Am. J. Respir. Crit. Care Med. 169: 214-219.

Vella F (1968). Acid-agar gel electrophoresis of human hemoglobins. Am. J. Clin. Pathol. 49: 440-442.

Vicari P, Silva GS, Nogutti MA, Neto FM, et al. (2011). Absence of association between TNF-alpha polymorphism and
cerebral large-vessel abnormalities in adults with sickle cell anemia. Acta Haematol. 125: 141-144.

Wilson AG, di Giovine FS, Blakemore Al and Duff GW (1992). Single base polymorphism in the human tumour necrosis
factor alpha (TNF alpha) gene detectable by Ncol restriction of PCR product. Hum. Mol. Genet. 1: 353.

Genetics and Molecular Research 12 (4): 6762-6766 (2013) ©FUNPEC-RP www.funpecrp.com.br



Artigo de revisdo aceito para publicacido na Revista Brasileira de Hematologia e Hemoterapia

— RBHH (ISSN: 1516-8484), previsao de publicacao: 2015.

Review article
Title: Hemoglobin D-Punjab: Origin, distribution and laboratory diagnosis
Running Head: Hemoglobin D-Punjab: a review

Authors: Lidiane Souza Torres; Jéssika Viviani Okumura; Danilo Griinig Humberto Silva; Claudia
Regina Bonini-Domingos.

Affiliation: Department of Biology, Hemoglobin and Hematological Genetic Diseases Laboratory, Sdo
Paulo State University (UNESP), Sao Jose do Rio Preto, Sdo Paulo, Brazil

Corresponding author:
Lidiane de Souza Torres
Hemoglobin and Hematologic Genetic Diseases Laboratory, Sdo Paulo State University (UNESP)
Cristovao Colombo Street 2265; Sdo José do Rio Preto — Sdo Paulo - Brazil
Postal code: 15054-000
Phone: +55 (17) 3221-2392
Fax: +55 (17) 3221-2390
lidiane.unesp@gmail.com



Abstract

This review discusses about the hemoglobin D-Punjab (Hb D-Punjab), also known as Hb D-Los Angeles,
which is one of the most frequent hemoglobin variants in worldwide. It is derived from a point mutation
in beta-globin gene (HBB:c.364G>C; 1s33946267) prevalent in Punjab region, Indian northwest. Hb D-
Punjab can be inherited in heterozygosis with normal Hb A, with no clinical or hematological alterations,
or in homozygosis, a rarest form of inheritance commonly not related to clinical symptomatology. This
hemoglobin variant can occur in association with others hemoglobinopathies, such as Hb S or
thalassemias, but the noticeable clinical severity occur when Hb D-Punjab is associated to Hb S, whose
clinical manifestations can be similar to homozygosis for HBB® gene. Although Hb D-Punjab is a
worldwide frequent variant and has clinical importance, especially in cases of double heterozygosis Hb
SD-Punjab, it is still understudied. In Brazil, for example, Hb D-Punjab is the third most common
hemoglobin variant, however, poorly studied and understood. Thus, this paper summarizes information
about origin, geographic distribution, characterization and occurrence of Hb D-Punjab haplotypes, to
assist in the greater knowledge of this variant. Moreover, we provide a compilation about the main
methodologies applied for its identification and we emphasize the importance of complementary

molecular analysis for accurate diagnosis.

Keywords: Hb D-Los Angeles, Hb D-Punjab, haplotypes, hemoglobin variant, laboratory analysis.



Introduction

Mutations in genes encoding hemoglobin chains are common and are present in about 7% of
worldwide population [1]. Such genetic alterations can affect the production rate of globin chains and
cause thalassemia, or they can modify molecule structure and generate hemoglobin variants [1,2].

Hemoglobin variants result usually from single amino acid substitutions caused by point
mutations in genes encoding globin chain, resulting in a tetramer with different physicochemical
characteristics [3]. According to Globin Gene Server database (http://globin.cse.psu.edu/), 1198
hemoglobin variants were described until September 2014. Most of the hemoglobin variants described do
not cause symptomatic clinical manifestations; however, in some cases, they can be associated to relevant
pathophysiology, e.g., hemoglobin S (Hb S). Hb S is the most frequent hemoglobin variant in the world
and its clinical outcome is severe in homozygous or in association with other relatively frequent
hemoglobinopathies, such as beta-thalassemia, Hb C or Hb D, for example [3,4]. Contrary to the other
hemoglobinopathies, this last one is still poorly studied, especially in Brazil, where there are not many
recent studies about its prevalence, diagnosis and clinical aspects. Moreover, Hb D presents considerable
geographic distribution and it can be associated with Hb S, forming heterozygous compost with peculiar
clinical severity.

Thus, we aimed to gather information about hemoglobins type D available in the literature, more
specifically about Hb D-Punjab, in order to draw attention to its importance and to encourage the

scientific community interest in the subject, particularly in Brazil, where studies on this variant are scarce.

History

Until the early 50’s, only three types of hemoglobin had been described: adult hemoglobin (Hb
A) and two variants (Hb S and Hb C). The fourth identified hemoglobin was Hb D and it was first
described by Itano (1951). In his study, Itano analyzed a family from Los-Angeles region with
multiethnic feature, British, American and Indian ones, and he found a molecule with different
characteristics of the other known hemoglobins. This hemoglobin showed electrophoretic mobility similar
to Hb S in alkaline pH, however, in acid pH, its migration resembled to Hb A. Furthermore, Hb D
exhibited normal solubility when in reduced state and it did not suffer the sickling process [5,6].

Since the discovery of this new variant and the knowledge of its molecular structure, other
hemoglobins with similar patterns were discovered in populations from different ethnicities and they were
nominated according to the regions where they have been described. In a study performed in 1962 by
Baglioni, the author analyzed the molecular structure of five of these hemoglobins, Hb D-Chicago, Hb D-
North Carolina, Hb D-Punjab, Hb D-Portugal and Hb D-Oak Ridge and he observed that all of them

actually exhibited the same chemical composition of the first discovered one, the Hb D-Los Angeles



[6,7]. The most frequent denominations for this mutant hemoglobin found in the literature are Hb D-Los

Angeles or Hb D-Punjab.

Mutation p121 Glu—GIn (GAA—CAA)

The Hb D-Punjab is a variant derived from a point mutation in beta-globin gene (HBB) in the first
base of the 121 codon (GAA—CAA) giving the substitution of glutamine for glutamic acid (Glu>GIn) in
the beta globin chain [8]. According to the Globin Gene Server database, besides Hb D-Punjab, there are
seven other types of Hb D, caused by different point mutations in HBB. They are Hb D-Agri
(HBB:c.29C>A;364G>C), Hb D-Bushman (HBB:c.49G>C), Hb D-Ouled Rabah (HBB:c.60C>A or
60C>G), Hb D-Iran (HBB:c.67G>C), Hb D-Granada (HBB:c.68A>T), Hb D-Ibadan (HBB:c.263C>A)
and Hb D-Neath (HBB:c.365A>C).

Origin and geographic distribution

The Hb D-Punjab is one of the most common hemoglobin variants in worldwide, second to Hb S
and Hb C, for example. It is prevalent in Punjab region, Indian northwest, which has 2.0% estimated
frequency. On the other hand, in west region, more specifically in the Guajarat region, its frequency drops
by half [9].

The Hb D-Punjab is also common in countries such as Italy [10], Belgium [11], Austria [12] and
Turkey [13]. Hb D-Punjab is the second more common hemoglobin alteration in Turkey and it occurs in
0.2% of population from Denizli province, southeast region, when it represents the most frequent variant.
Furthermore, 57.9% of abnormal hemoglobins observed in this province refer to Hb D-Punjab, followed
by Hb S, with 21.9% [13]. Similar frequency occurs in Xinjiang province, China northwest, where 55.6%
of variant hemoglobins found refers to Hb D-Punjab [14,15].

In Brazil there are no recent studies about the frequency of Hb D-Punjab in population, but in a
large survey conducted in 1993 by Bonini-Domingos, which evaluated the prevalence of
hemoglobinopathies in about 100,000 Brazilian individuals from all states of the country, Hb D-Punjab
was observed to be the third hemoglobin variant more common in the population [16]. Posteriorly, in a
screening for hemoglobinopathies performed in hospital-based population from southeast of Brazil by
Sonati et al (1996), the authors found hemoglobin alterations in 34.4% of the individuals, of which 0.4%
corresponded to Hb D-Punjab. Despite the low frequency, Hb D-Punjab was also the third most frequent
variant identified in this population [17].

At first, the geographic distribution of the Hb D-Punjab suggest that this mutation was originated
in central region of the Asia, once it is prevalent in Punjab, a region of India, and China Northwest. Then
it spread to other nearby countries by migration, presenting currently worldwide distribution [11,18,19].

In contrast, haplotypes analysis of beta-globin cluster provides another insight about the origin of this



hemoglobin. The analysis of polymorphic sites 5’-¢ Hincll, Y HindIll, y* Hindlll, wp Hincll, 3’-yp
Hincll, 5°-p Hinfl, § Avall, 3°-p Hinfl, 3’-B BamHI (Figure 1) showed certain haplotypes associated to Hb
D-Punjab, suggesting a multicentric origin for its mutation [19-24].

In the study of Atalay et al (2007), considering seven beta-globin gene polymorphic sites, 5’-¢
Hincll, ¥¢ Hindlll, y* Hindlll, wp Hincll, 3°-yp Hincll, p Avall and 3’-p Hinfl, three haplotypes are
mentioned. One of them is the Mediterranean Haplotype I (+ — — — — + +), that is the most frequent and
was also identified in populations from Mexico [22], Italy [10] and Iran [23]. A second pattern recently
discovered was associated to Hb D-Punjab cases from Thailand (— + + — + + +) [8] and the third
haplotype related was a haplotype from Turkey populations (—+——+ + +) [20].

In 2009, Yavarian et al. analyzed the polymorphic sites 5’-¢ Hincll, Y HindlIll, y* HindlIII, yp
Hincll, 3°-yB Hincll, 5°-f Hinfl and 3’- Hinfl and found four haplotypes patterns associated to Hb D-
Punjab in Indian population: the Mediterranean Haplotype I, the most frequent (+ — — — — + +); one
haplotype that seems to be a product from Mediterranean Haplotype I variation, originated probably by an
independent mutation event (+ ———— — +); the same haplotype previously found in Turkey (—+——++
+); and a common haplotype in India and England populations (—+ —+ ++ +) [19].

Considering the same restriction sites assessed by Atalay et al in 2007, also in 2009, Bahadir et al
related the occurrence of a new haplotype in Turkey population (— — + — + + +) [20,24]. Due to lack of
studies in Chinese and Indian populations, Patel et al (2010) evaluated individuals with Hb D-Punjab
from Agharia, India region, and they found another haplotype (————— + +) in addition to haplotypes I
(+————++) [21]. Table 1 summarizes all these results.

As the described haplotypes in association with Hb D-Punjab are prevalent in different regions, it
is suggested that the origin of mutation in codon 121 may be multicentric. According to Yavarian et al
(2009), there is also the fact of the mutation site is located in a short palindromic region, where many
mutations are described, suggesting that the codon 121 exhibit higher mutation rate than the expected.
Therefore, it provides chance for new mutational events giving origin to the same hemoglobin in different
regions [19]. However, is not yet possible to assure the origin and distribution of this hemoglobin once at
the moment there are not studies about haplotypes in populations from China [20] and from other
continents such as North, South and Central America and Africa. In Brazil, no study has been performed

for screening of haplotypes associated to Hb D-Punjab.

Inheritance of Hb D-Punjab and associated clinical features

The Hb D-Punjab can be inherited in heterozygosis with normal Hb A, characterizing the
heterozygous trait. This condition presents no clinical or hematological alterations. The homozygous
component Hb DD, rarest form of inheritance, commonly is not related to symptomatic cases, but

eventually the individuals with this profile can develop mild to moderate hemolytic anemia [25,26].



The association of this variant with others abnormal hemoglobins, such as Hb S or thalassemias
can also occur. Usually, interactions between Hb D-Punjab and beta thalassemia course with discrete
degree of microcytic and hypochromic anemia, but do not present relevant clinical and hematological
changes [27].

However, when Hb D-Punjab is associated to Hb S, the double heterozygous Hb SD shows
noticeable clinical manifestations of moderate to severe and this association can be clinically similar to
homozygous inherence Hb SS [25]. Recent episodes of pain, due to vaso-occlusive events, represent one
of the complications more observed in these individuals. Furthermore, stroke and acute chest syndrome
can manifest in carriers of this genotype [28,29,30].

Recently, Patel et al (2014) published a study demonstrating HbSD-Punjab patients with
moderate to severe clinical symptomatology, similar to Hb SS genotype, evidenced by vaso-occlusion
episodes or blood transfusion requirements. Moreover, the authors observed greater vulnerability for red
cell lysis in Hb SD-Punjab patients than Hb SS genotype [31]. Clinical severity in individuals Hb SD
could be related to the fact that Hb D favors polymerization of Hb S into the erythrocytes [32].

Associations between B° chains of a tetramer occur by hydrophobic interaction between Val-6,
Phe-B85 and Leu-p88 of adjacent Hb S molecules. Subsequently, these tetramers interact with other p°
tetramers by contact sites, such as 73 e B121, constituting polymers. It is believed that the amino acid
changes in the 121 Glu—Gln position encourage the Hb S molecules interaction and consequently its
polymerization [33,34]. Adachi et al. (1988) showed that Hb S polymerization speed is higher when in
association with Hb D-Punjab. This may explain the clinical severity of sickle cell disease in double
heterozygous Hb SD-Punjab, once Hb D-Punjab increases the sickling chance of the erythrocytes in
shorter transit time of these cells in the blood capillaries [32].

Hydroxyurea (HU) administration is a potential therapeutic strategy for sickle cell anemia (Hb
SS), showing efficacy in increasing HbF levels and consequently reducing the number of painful
episodes, acute chest syndrome, transfusions, and hospitalizations. In contrast, HU therapy for Hb
SD-Punjab is not established. Patel et al (2014), however following Hb SD-Punjab patients using low
doses (10mg/kg/day) of HU noticed an effective reduction in the incidence of vaso-occlusion and
frequency of blood transfusion. These results suggest that HU is a promising therapeutic target for clinical

symptomatology resulting from Hb SD-Punjab condition [31].

Laboratory diagnosis

There are numerous laboratory methodologies used for hemoglobin variants and thalassemias
diagnosis. Here we describe the behavior of samples containing Hb D using methodologies incorporated
for Hb D-Punjab characterization in worldwide, but mainly in Brazil.

At first, the hemoglobins can be separated by electrophoresis in cellulose acetate pH 8.6 [35] and
electrophoresis in agarose gel pH 6.2 [36]. In the first method, Hb D migration is slower than Hb A and



demonstrates similar position pattern to Hb S, but in acid pH its migration occurs in the same position of
Hb A. These electrophoretic patterns, however, are not specific for variants of Hb D group, once there are
other hemoglobin variants with the same behavior, such as Hb G and Hb Korle-bu.

Structural characterization of hemoglobin variants by electrophoretic separation of hemoglobin
polypeptide chains is used in cases in which the obtained results in initial tests are not conclusive [37,38].
With this method mutant B° chain presents migration very similar to the B° chain, being slightly below of
this fraction in alkaline pH, while it migrates in the same position of normal p* chain in acid pH. Figure 2
shows photographs of the electrophoresis methods mentioned above.

It is also possible to separate hemoglobins according to its isoelectric point (pl) by isoelectric
focusing (IEF) [38]. In Hb D-Punjab case, its pl is near to pH 7.1, a similar position to other hemoglobin
variants such as Hb Korle-Bu (Figure 3). Although it has great resolution, the technique requires specific
kits and it is more expensive than conventional electrophoresis.

High liquid performance chromatography (HLPC) methods with high sensitivity and specificity
have been developed for hemoglobin fractionation. The system provides an integrated method based on
ion-exchange for separation and identification of the relative percent of specific hemoglobins in whole
blood samples (Figure 4). Another existent method employed for hemoglobin fractions detection is the
capillary electrophoresis (CE) based on the principle of electrokinetic separation. Despite the excellent
resolution and reproducibility, the technique is only now coming in some countries, such as Brazil.

Reverse-phase HPLC (RP-HPLC) of human globin chains has been reported as an important tool
for detecting hemoglobinopathies. Nevertheless, although it is widely used for the detection,
quantification and purification of many proteins from biological materials, its clinical application for
hemoglobin is still limited due to long analytical time, complex sample preparation and resolution
problems [40,41]. Currently, studies have had success in method optimizing [40,41], but in many
laboratories the technique is still employed exclusively for research.

Although all these tests aim to the diagnosis for Hb D-Punjab, they are not considered conclusive,
because of the large number of hemoglobin variants, in which patterns may be confused with each other.
It is always recommended molecular analysis to genotype confirmation and the PCR-RFLP technique is
an alternative for Hb D-Punjab confirmation [42] (Figure 5).

Finally, when the variant Hb D is not identified by abovementioned methodologies, it is
recommended sequencing of beta-globin gene or other techniques able to discriminate amino acid
changes.

Using abovementioned methodologies, in the least 10 years, we diagnosed in our laboratory
(Hemoglobin and Hematological Genetic Diseases Laboratory at Sao Paulo State University (UNESP) -
Brazil), a reference center for hemoglobin diagnosis, 70 cases of hemoglobins type D from southeast
Brazil. Of these, 66 (94.3%) showed compatible profile to Hb D-Punjab: eight (12.1%) of them
compound heterozygous Hb SD-Punjab and 58 (87.9%) heterozygous trait Hb AD-Punjab, all of them

confirmed by molecular tests. The other four remaining cases presented electrophoretic and



chromatographic profile compatible with to trait “Hb AD- non Los Angeles”, possibly Hb AD-Iran (data
not published).

Conclusion

Although it is not always associated with relevant clinical history, Hb D-Punjab is hemoglobin
relatively common worldwide and it represents the third most common hemoglobin variant in Brazil.
Greater attention has been given when it is present in interaction with other abnormal hemoglobin or
thalassemia and leads to clinical effect. However, this issue is still understudied and the
pathophysiological mechanisms caused by Hb D-Punjab are poorly known. Especially in Brazil, there is a
lack of studies about the subject. We have not recent information about Hb D-Punjab prevalence in
Brazilian population, reports about association with other hemoglobin variants, or characterization of
typical haplotypes in our region. Therefore, it is important to conduct studies about this hemoglobin
variant, for give it the attention it deserves within the clinical context and for better knowledge of our

population.
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Table 1. Relationship of described haplotypes in the literature in association with Hb D-Punjab and the locations

when they were first found.
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Figure 1. Restriction polymorphic sites in cluster B-globin for haplotypes screening in association with Hb D-
Punjab (modified of Yavarian et al., 2009).
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Figure 2. Electrophoretic mobility of Hb D-Punjab comparing to other known hemoglobins, such as Hb A, S and C.
Images correspond to hemoglobin electrophoresis in cellulose acetate (A), hemoglobin electrophoresis in agarose
gel (B), polypeptide chains electrophoresis in cellulose acetate (C) and polypeptide chains electrophoresis in
polyacrylamide gel (D). The genotypes of each sample are at the top of the figure. Current direction and
hemoglobins position are beside each method (images of the authors).
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Figure 3. Schematic representation of relative mobilities of different hemoglobins in isoelectric focusing method.
Hb D-Punjab is shown in the picture with isoelectric point (pI) between 7.1 and 7.2 (image of the authors).



Figure 4. Chromatographic profile of a heterozygous trait for Hb D-Punjab (B and C) and a double heterozygous
Hb SD-Los Angeles A and D). A-B) The VARIANT I system chromatogram with heterozygous beta-thalassemia
analysis kit. The arrow indicates the pike corresponding to Hb D-Los Angeles with average retention time of 4.1 to
4.3 minutes. It is possible note decreasing in Hb A, values, a characteristic of samples with this hemoglobin variant.
C-D) The ultra® Resolution system chromatogram with Genesys analysis kit. The arrow indicates the Hb D-Punjab
pike, with retention time between 0.92 and 0.96 minutes related to Hb S (images of the authors).
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Figure 5. Agarose gel visualization of fragments generated by the PCR-RFLP technique for screening of f121
Glu—GIn (GAA—CAA) mutation. Normal alleles generate two fragments and mutant alleles maintain the 564bp
fragment, indicated by the arrows. N = absent mutation; HET = heterozygous for Hb D-Los Angeles; mm =
molecular marker of 100bp. Primers: Forward 5’-TGCCTCTTTGCACCATTCTA-3’ and Reverse 5’-
GACTCCCACATTCCCTTTT-3’. Restriction enzyme: EcoRl (GJ|AATTC) (image of the authors).
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the decrease of leukocytes and total bilirubin. We found 180 (36.0%) patients with intermediate phenotype,

Keywords: 170 (34.0%) mild phenotype and 150 (30.0%) with severe phenotype. Patients with ages >40 years had higher
Hemoglobin S mean score (0.778 4 0.177) than patients between 18 and 40 years (0.562 + 0.152) and patients between 5
Sickle cell anemia and 17 years (0.322 4 0.145). We observe that there is a tendency of individuals with leg ulcers, avascular necro-
Hydroxyurea sis and cardiac complications with increasing age. Correlation analysis showed relations between severity scores
with leukocytes, reticulocytes, bilirubin, lactate dehydrogenase, HbS, hemoglobin and hematocrit (p < 0.05).
Several comparisons involving age groups, SCD genotype and phenotypic classification had satisfactory results
and this classification will be used for future studies involving genetic polymorphisms, response to treatment

with HU and oxidative stress markers in SCD.
© 2015 Elsevier Inc. All rights reserved.
1. Introduction Even with improved knowledge of the human genome, develop-

Sickle cell disease (SCD) is characterized by a very heterogeneous
clinical course between patients with the same mutations for sickle
hemoglobin (HbS), ranging from patients who have normal life
expectancy with relatively few complications. Others can have severe
complications such as pulmonary hypertension, priapism, stroke, leg
ulceration, recurrent painful episodes, acute chest syndrome (ACS)
and avascular necrosis of bone (AVN) [1].

The molecular basis for HbS formation is known, but only the muta-
tion (HBB, glu6val, rs334) is not sufficient to explain the heterogeneous
phenotype found in SCD patients, other factors such as HbF levels [2-7],
a-thalassemia co-inheritance [8-13], genetic polymorphisms [14-21],
hydroxyurea use [22-26] and environmental factors [27] have been
identified as modulators of SCD.
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ment of new genomic tools and identification of single nucleotide
polymorphisms (SNPs) associated with sub-phenotypes of SCD by
genome-wide association studies (GWAS) [28], there is still a major
challenge to combine all these variables and establish potential predic-
tors of the SCD severity. Thus, the knowledge of these determinants may
help to unravel the pathophysiological mechanisms underlying the
disease process, to identify novel targets for therapeutic interventions,
and to enhance patient care [29].

On the other hand, a number of SCD severity classifications have
been proposed, aiming at the integration of many clinical and laboratory
dimensions and the influence of each parameter on disease-related
mortality [29-33]. Therefore, a meaningful single synthetic measure of
morbidity and/or risk of death within a given period is clinically useful
to understand the relationships among clinical and laboratory measures
of disease expression and to identify genetic variants that impact the
disease severity [34].

An impediment to this objective has been the inability to integrate
the many clinical and laboratory dimensions of the disease into a single
measure of disease severity using traditional statistical methods.
Furthermore, many results of hematological and biochemical tests are
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usually found outside of normal values hindering the prediction of
disease severity.

Sebastiani et al. [35] developed a predictive model of disease severity
using a Bayesian network modeling approach in which the 5-year
mortality risk was projected as a disease severity score and can be used
in other studies involving clinical and laboratory variables. However,
the data on the patients were derived from United States residents and
the application of this tool in individuals from others populations like
in Brazil should be tested.

In this study, we aimed to evaluate the feasibility of the calculator
use for disease severity (http://www.bu.edu/sicklecell/downloads/
Projects) and to classify the Brazilian SCD patients according to the
range of scores established.

2. Methods
2.1. Study design, patients and data collection

An observational study involves 500 SCD patients (237 males and
279 females with a mean age of 25.1 ranging between 5 and 65 years
old) receiving medical care at State Institute of Hematology “Arthur de
Siqueira Cavalcanti”, Rio de Janeiro (HEMORIO). Eligible patients were
5 years old or older at the beginning of the study. Patients were exclud-
ed if they were smokers, consumers of alcoholic drinks, pregnant, or if
they had a stroke, pain, or a hemolytic crisis in the 4 weeks prior to
the date of collection of blood sample for routine laboratory tests.
From this date of collection made a retrospective assessment to obtain
the clinical events, hydroxyurea (HU) treatment and regular blood
transfusions for the severity score calculation. We considered the pa-
tients who were using hydroxyurea over 90 days. All patients were
under follow-up according to Clinical Protocols and Therapeutic Guide-
lines for SCD patients of Brazil [36,37].

A group of 72 SCD patients (mean age of 36.4 years old ) randomized
and adherent to HU treatment from HEMORIO, were studied to assess
the HU effect on the severity scores. The severity score was calculated
in patients without the HU use and after a mean of 105 days with HU
use, the scores were recalculated. The eligible and exclusion criteria, as
well as, therapeutic guidelines, followed the same principles mentioned
previously.

2.2. Hemoglobin phenotypes and genotypes

Hemoglobin was identified using electrophoresis on cellulose
acetate at pH 8.6, and using agar electrophoresis at pH 6.2. Hb fraction
quantification was obtained using high performance liquid chromatog-
raphy (HPLC) with the automated VARIANT™ equipment (Bio-Rad
Laboratories, CA, USA). In all samples, the Hb genotype was developed
through molecular analysis using PCR-RFLP and PCR-EA [38].

2.3. Sickle cell disease severity calculator

We used the tool “Sickle Cell Disease Severity Calculator”, available
from http://www.bu.edu/sicklecell/downloads/Projects, for calculation
of severity scores and classification of patients into categories by pheno-
type (mild, intermediate, severe). This tool was developed through a
Bayesian network modeling using 25 clinical and laboratory variables
to estimate the severity of SCD in a study involving 3380 patients
followed in the Cooperative Study of Sickle Cell Disease (CSSCD). The
network model calculates the death risk within 5 years and considers
this risk as a disease severity score, which ranges from 0 (least severe)
to 1 (most severe). The predictive value (ie, accuracy of forecasting
death based on a clinical and laboratory profile) of the model was
validated in two unrelated sets of patients and showed high specificity
and sensitivity [35].

The calculator requires the following variables that are sufficient to
compute the score for severity of disease: age, acute chest syndrome

(ACS), serum total bilirubin, blood transfusion, lactate dehydrogenase
(LDH), mean corpuscular volume (MCV), pain crises, priapism, reticulo-
cyte count, gender, stroke, total leukocyte (WBC), genotype of SCD and
avascular necrosis of bone (AVN). Bilirubin, LDH, MCV, reticulocyte, and
WBC levels were obtained from the collection date of samples for
routine laboratory tests. Blood transfusion was assigned to patients
who have regular blood transfusion for more than 1 year before the
start of the study. Priapism and ACS were considered as variables
present in patients with these frequent events near collection date of
blood samples. Painful crises were considered present in patients who
had more than 3 episode crises per person per year in the last year
before the date of sample collection.

Two parameters required by the calculator “Sepsis” and “systolic
blood pressure” could not be used for this study because they were
not available in the routine medical records, in Brazil. Even in the
absence of any variable (clinical or laboratory) the calculator allows
the researcher to enter “non available” for the missing variable. Thus,
the calculator fixes a reference value and the changes in the risk for
death changes according to the other variables filled.

24. Statistical analysis

Statistical analysis was performed using the Statistica 11.0 and
Graphpad Prism 5.0 softwares. Data are expressed as mean + standard
deviation and were tested for normal distribution using the Lilliefors
test. Data were also tested for homogeneity of variances using Levene's
test. Means between the groups were compared by applying the t-test
or one-way ANOVA, followed by the post hoc Tukey's test for paramet-
ric data, and either the Mann-Whitney test or Kruskal-Wallis test,
followed by the post hoc Dunn's test for non-parametric data. To assess
association degree between the studied variables, we performed
Pearson's correlation for parametric data and Spearman's correlation
for non-parametric data. Categorical data were compared by Binomial
test for proportion analysis, and Pearson Chi-square test supplemented
by Fisher's exact test, for association analysis. A p value of <0.05 was
considered statistically significant.

3. Results and discussion

This is the first Brazilian study involving SCD patients that assesses
the feasibility of “sickle cell disease severity calculator” to calculate the
severity scores of disease and classify patients into phenotypic catego-
ries. In this regard, we conducted several comparisons involving age
groups, SCD genotype, HU use and phenotype classification.

We separated the patients into three age groups according to calcu-
lator (age below 18 years, age between 18 and 40 years, age above
40 years) and evaluated the HU influences on the disease severity,
hematological and biochemical data between patients using and
not using HU (Table 1). The HU influenced in the increase in mean
corpuscular volume (MCV) and HbF concentration. Furthermore, we
observed a decrease of leukocytes amount and of total bilirubin levels
in the HU-sample groups. The beneficial effects of HU as increased
HbF synthesis, increased hemoglobin and VCM, and decreased hemoly-
sis markers and number of leukocytes have been characterized in the
literature [25,39-41].

Severity scores in three age groups were not statistically different
between patients using and not using HU. This difference was not
found because the calculation of the scores was a punctual assessment
and we do not calculate the baseline score severity in patients using
HU. In this sense, when we evaluated 72 patients before and after the
use of HU, we checked the HU influence on various laboratory and
clinical data, as shown in Table 2. As expected, we observed an increased
HbF synthesis, increased Hb, MCV and hematocrit values, furthermore,
decreased of leukocyte number, and decreased reticulocyte and biliru-
bin levels.
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Table 1
Demographics and clinical data and laboratory values in SCD patients separated into age groups with and without hydroxyurea use.
Characteristics 5-17 years p value 18-40 years p >4(0 years p value
—HU +HU —HU +HU value Ty +HU
(n=108) (n = 82) (n = 143) (n=179) (n = 43) (n = 45)
Hb genotypes (HbSS/HbSC) 89/19 79/03 - 125/17 74/5 - 34/09 39/06 -
Gender (female/male) 48/60 34/48 - 87/56 42/37 - 33/10 29/16 -
Hemoglobin (g/dL) 95+ 64 86+ 14 0.15 88+ 18 9.0+ 1.7 0.24 85+19 87+19 0.7
Hematocrit (%) 259+ 78 247 + 44 0.38 25.1 £55 257+ 5.1 0.31 245+ 6.2 244 +58 0.95
MCV (fL) 84.1 £ 9.0 94.0 + 9.9 <0.001 87.8 +8.2 974 +12.2 <0.001 87.6 + 9.1 98.1 +22.9 <0.001
Leucocytes (/mm?) 10.7 £33 99432 0.04 108 £34 99 £50 <0.001 109 +£ 44 82+34 0.03
Reticulocyte (k/uL) 2482 + 1125 2402 £ 914 0.36 252.7 £ 999 229.0 +93.8 0.09 200.3 + 102.9 1772 £79.2 0.32
LDH (U/L) 1081.9 £ 567.3 953.0 + 343.5 0.12 940.3 + 482.6 873.3 & 416.5 0.31 927.7 £ 519.1 750.1 4+ 79.2 0.12
Total bilirubin (mg/dL) 34+£22 27+19 0.01 3.7+26 28 +£22 0.01 3.1+£22 22+14 0.03
ALT (U/L) 23.1 £ 153 226 £ 135 0.58 304 +29.6 33.6 + 25.8 0.93 252 + 143 26.1 +£16.3 0.98
AST (U/L) 54.1 4+ 22.1 529 + 22.1 0.66 54.7 + 28.4 56.9 + 46.0 047 50.6 &+ 21.2 52.9 + 30.1 0.65
Creatinine level (mg/dL) 0.6 £0.1 0.6 +£ 0.1 0.92 0.7 £ 0.2 0.8 +0.2 0.12 12+ 1.1 1.1+£05 0.18
HbF (%) 56 + 4.8 99 455 <0.001 4.8 + 4.6 88 +7.1 <0.001 57 + 4.8 11.7 £ 93 <0.001
Blood transfusion [n (%)] 39 (36.1%) 45 (54.9%) 0.009 53 (37.1%) 47 (59.5%) 0.013 14 (32.5%) 21 (47.0%) 0.17
Number of sickle cell crises per person per year in the last year [n (%)]
0-2 81 (75.0%) 50 (61.0%) 0.07 101 (70.6%) 33 (41.8) <0.001 25 (58.1%) 29 (64.4%) 0.38
3-5 24 (22.2%) 22 (26.8%) 0.62 29 (20.3%) 30 (38.0%) <0.001 13 (30.2%) 11 (24.4%) 0.63
>6 03 (2.8%) 10 (12.2%) 0.01 13 (9.1%) 16 (20.2%) 0.02 05 (11.6%) 05 (11.1%) 0.52
Complications of sickle cell disease [n (%)]
Stroke 22 (20.4%) 16 (19.5%) 0.71 22 (15.4%) 12 (15.2%) 0.92 07 (16.3%) 04 (8.9%) 0.29
Leg ulcers 04 (3.7%) 01 (1.2%) 0.26 30 (21.0%) 22 (27.8%) 0.28 19 (44.2%) 25 (55.5%) 0.22
Avascular necrosis 02 (1.9%) 01 (1.2%) 0.68 11(7.7%) 08 (10.1%) 0.56 12 (27.3%) 11 (24.4%) 0.83
Acute chest syndrome 47 (43.5%) 58 (70.3%) <0.001 81 (56.6%) 61 (77.2%) <0.001 18 (41.0%) 21 (46.7%) 0.51
Cardiac complications 02 (1.9%) 03 (3.6%) 0.48 15 (10.5%) 10 (12.6%) 0.66 12 (27.3%) 12 (27.1%) 0.99
Priapism 04 (7.0%) 10 (20.8%) 0.03 12 (21.4%) 14 (37.8%) 0.04 02 (20.0%) 03 (18.7%) 0.64
Mean severity score 0.320 + 0.147 0.324 + 0.144 0.85 0.549 + 0.145 0.585 + 0.164 0.09 0.795 + 0.194 0.762 + 0.161 0.38

MCV (mean corpuscular volume); LDH (lactate dehydrogenase); ALT (alanine aminotransferase); AST (aspartate aminotransferase); —HU (patients without hydroxyurea use); +HU
(patients hydroxyurea use). Cardiac complication (congestive heart failure, cardiomegaly, cardiomyopathy and myocardial infarction).
We considered the patients who were using hydroxyurea over 90 days. Quantitative data comparisons were made by Mann-Whitney test (non-parametric data) and t-test (parametric

data). Categorical data comparisons were made by Binomial test.

Significant decrease in severity scores (p = 0.02) in patients using
HU was possible because there was an improvement of laboratory indi-
ces, as well as in the reduction of patients with painful crises and other
clinical events (even not statistically significant). The small decrease in
scores on the HU influence may be due to association strength in that
each variable represents in the network [35]. For example, the variables
painful crises and MCV has a low strength of association (odds ratio

Table 2
Clinical data and laboratory values in SCD patients before and after the hydroxyurea use.

Characteristics Before HU use After HU use P value
Hemoglobin (g/dL) 82+18 88+ 1.7 0.0017
Hematocrit (%) 234456 249452 0.0023
MCV (fL) 91.2 £ 13.7 99.6 + 17.7 0.0008
HDbF (%) 6.5 £ 5.6 122 £ 7.7 <0.0001
Leucocytes (/mm?) 10.7 £ 4.0 9.1 +4.6 0.0088
Reticulocyte count (%) 122 £5.2 84+ 4.1 <0.0001
LDH (U/L) 768.2 + 505.6 746.5 4+ 335.3 0.6909
Total bilirubin (mg/dL) 35426 26+19 <0.0001
Complications of sickle cell disease [n (%)]

Blood transfusion 32 (44.4%) 27 (37.5%) 0.3969
Painful crises (more than 3 25 (34.7%) 13 (18.1%) 0.0233

episodes in last year)

Stroke 7 (9.7%) 10 (13.9%) 0.4385
Priapism 12 (44.4%) 10 (37.0%) 0.6432
Mean severity score 0.641 + 0.194 0.601 + 0.223 0.0281
Classes of phenotype [n (%)]

Mild 07 (9.7%) 16 (20.8%) 0.0406
Intermediate 30 (41.7%) 31 (43.1%) 0.7364
Severe 35 (48.6%) 25 (34.7%) 0.0910

MCV (mean corpuscular volume); LDH (lactate dehydrogenase); ALT (alanine
aminotransferase); AST (aspartate aminotransferase). Quantitative data comparisons
were made by paired t-test. Categorical data comparisons were made by Binomial test.

(OR) of 1.98 and 1.61, respectively) when compared with the stroke
that has a higher OR of 3.8. Precisely this variable (stroke) may have
influenced the overall mean scores of patients using HU because there
was an increase of three patients in this group.

According to the severity scores distribution, in the age group
between 5 and 17 years, 13.2% of patients had scores greater than 0.5;
the age group between 18-40 years, 60.8% of patients were above 0.5
and in the age group >40 years, 90.8% of the patients had risk of death
above 0.5 (Fig. 1). Furthermore, independent of HU use, patients age
>40 years had the highest mean score (0.778 4+ 0.177) followed by
patients of age between 18 and 40 years (0.562 + 0.152) and finally
patients age between 5 and 17 years (0.322 + 0.145) (p < 0.0001).
These observations demonstrate that age is a factor that influences the
disease severity and the calculator was accurate for the age, i.e., the
risk of death increases with age and this observation has been well
documented once age is related to the natural history of SCD [42-44].

The frequency of phenotypes among the age groups presented
statistical difference. We observed that there is a tendency of higher
number of individuals with leg ulcers, avascular necrosis and cardiac
complications with increasing age. The occurrence of priapism in men
and number of painful crisis were lower in subjects between 5 and
17 years compared with other age groups (Table 3). We believe that
this gravity might be a consequence of two factors in older patients:
one would be the management and diagnosis of the disease that were
still in improvement process in Brazil in previous decades, and the
other factor would be the less knowledge of the pathophysiology and
treatment of the disease which had at that time [45].

Regarding to the genotype of the disease, the mean severity scores
were higher in HbSS (0.501 + 0.218) compared with HbSC (0.395 +
0.223), (p < 0.001). Patients with HbSC disease are usually less severe
than individuals with sickle cell anemia and HbS-B° thalassemia [46].
On average, individuals with HbSC disease have half the number of
painful episodes than sickle cell anemia patients. Stroke is less frequent
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Fig. 1. Distribution of the severity score in sickle cell disease patients and score ranges for phenotypes classification. (A) The histograms show the different distribution of disease severity
score in three age groups. In ascending order, the frequency of patients with more severe scores: [age > 40 years] > [age between 18 and 40 years] > [age between 5 and 17 years]. (B) Scores

ranges for phenotype classification in mid, intermediate and severe.

and leg ulcers are rare in HbSC patients [30,47,48]. Thus, the calculator
showed a sensitivity of severity in the aspect of the SCD genotypes.

In order to classify patients into phenotypes classes (mild, interme-
diate and severe), we used the score ranges established in the work
Sebastiani et al. [49], and adapted for our study. The classification was
based on the observation that the severity score has a U shape that
changes in age groups. Therefore, the scores <0.4 were classified as
“mild phenotype” independent of age. The score >0.8 for patients age
>40 years and scores >0.6 for patients age <40 years were considered
as “severe phenotype”. For patients age >40 years, the score >0.8 was
considered for severe phenotype to reduce the risk of misclassification.
The scores that do not correspond to “mild” and “severe” phenotype
were classified as “intermediate” phenotype (Fig. 1B). After determining

Table 3
Complications of sickle cell disease separated according to age groups.

the score ranges, we classified the SCD phenotypes and we found that
180 (36.0%) patients had intermediate phenotype, 170 (34.0%) mild
phenotype and 150 (30.0%) the severe phenotype.

For the use of phenotypic classification in future analyses, we
verified whether the SCD complications were associated with the phe-
notype class. In Table 4, we found the association of severe phenotype
with stroke, leg ulcers, cardiac complications and blood transfusion.
Pain crises of 3-5 per person in the last year and avascular necrosis
were more frequent in intermediate and severe phenotypes when
compared with the mild phenotype. The SCD severity is based on the
number of painful episodes, frequency of hospital admissions, priapism,
history of stroke, acute chest syndrome or sepsis, chronic leg ulcers,
pulmonary hypertension, renal impairment, and avascular necrosis of

Table 4
Complications of sickle cell disease separated according to phenotypes characterized by
ranges of severity scores in mild, intermediate and severe.

Complications of SCD  Age groups P value Complications of SCD  Phenotypes P value

5-17 years 18-40 years >40 years Mild Inter Severe

(n=190) (n=222) (n=88) (n=170) (n=180) (n=150)
Stroke 3 (20.0%) 34 (15.3%) 11 (132%) 023 Stroke 21(124%)°  25(13.9%)0°  37(247%)° <0.01
Leg ulcers 5(2.6%)* 52 (23.4%)b 44 (50.0%)¢ <0.001 Leg ulcers 9 (5.3%)* 43 (23.9%)° 49 (32.7%)¢ <0.001
Avascular necrosis 3(1.6%)* 19 (8.6%)° 23 (26.5%)¢ <0.001 Avascular necrosis 4(2.3%)* 23 (12.8%)° 18 (12.0%)°  0.002
Acute chest syndrome 106 (55.8%) 142 (63.9%) 39 (44.3%) 0.107 Acute chest syndrome 97 (57.1%) 94 (52.2%) 95 (63.3%) 0.067
Cardiac complications 5(2.6%)* 5(11.3%)° 24 (27.3%)¢ <0.001 Cardiac complications 6 (3.5%)* 1(11.7%)° 27 (18.0%)¢  0.006
Priapism [n/total male] 14/108 (12.9%)* 26/93 (27.9%)° 5/26 (19.2%)°  0.025 Priapism [n/total male] 11/88 (12.5%) 23/83 (27.7%) 11/54 (20.4%)  0.081
Blood transfusion 84 (44.2%) 100 (45.1%) 35 (39.8%) 0.065 Blood transfusion 59 (34.7%)* 60 (33.3%)" 100 (66.7%)® <0.001
*Painful crises [0-2] 82 (43.2%)? 134 (60.4%)° 54 (61.4%)° <0.001 *Painful crises [0-2] 117 (68.8%) 119 (66.1%) 83 (553%)  0.241
*Painful crises [3-5] 24 (12.6%)? 59 (26. 64)b 24 (27.3%)> <0.001 *Painful crises [3-5] 40 (23.5%)? 48 (26.7%)° 41(27.3%)°  0.001
*Painful crises [>6] 7 (3.7%)? 29 (13.1)° 0(11.4%)°> 0.003 *Painful crises [>6] 13 (7.7%)* 3(7.2)° 26 (17.3%)°>  0.122

Data were expressed as number of patients with complication (percent of patients).
Different letters indicate statistical difference (Pearson Chi-square test supplemented by
Fisher's exact test).

* Number of sickle cell crises per person per year in the last year.

Data were expressed as number of patients with complication (percent of patients).
Different letters indicate statistical difference (Pearson Chi-square test supplemented by
Fisher's exact test).

* Number of sickle cell crises per person per year in the last year.
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bones [50,51]. Therefore, we demonstrated that the disease manifesta-
tions were associated with the classes of severe phenotypes.

The few studies associated with disease severity and severity scores
have shown lower scores than those found in Brazilian patients. Anoop
et al. [52] found in patients >18 years classified phenotypically by
clinicians, mean score of 0.182 for the mild phenotype, score of 0.19
for the intermediate and mean score of 0.866 for the severe phenotype.
However, these patients also had lower frequencies of individuals with
priapism (18%), ACS (14%) and stroke (12%) compared to Brazilian
patients >18 years that showed 26% of men with priapism, 58% of
patients with ACS and 31% stroke patients. Patients >21 years from
Boston Medical Centre showed the following mean severity scores:
mild phenotype (0.16), intermediate phenotype (0.28) and severe
(0.95) [35]. These results show that regardless of the form of pheno-
types categorization, Brazilian patients have higher mean scores, as
shown: mild phenotype (0.32), intermediate phenotype (0.54) and
severe (0.80).

We evaluated in all patients the relationship of biomarkers with
severity scores and the degree of relation between severity score
(ssco) and hemoglobin (p = 0.004, r = —0.20), ssco and hematocrit
(p=0.001, r = —0.21), ssco and leukocyte (p = 0.02, r = 0.10), ssco
and reticulocyte (p = 0.009, r = 0.11) were statistically significant.
Since there is no validation of severity calculator in patients <18 years
[35], we remove the group of 5-17 years and have made other correla-
tion analyses. We found the relation between ssco and hemoglobin
(p<0.001, r = —0.32), ssco and hematocrit (p < 0.001, r = —0.33),
ssco and leukocyte (p = 0.03, r = 0.26), ssco and reticulocyte
(p<0.001, r = 0.27), and ssco and LDH (p < 0.001, r = 0.28). These
results show that when LDH, leucocyte and reticulocyte values
increased, the ssco values tended to increase. On the other hand,
when hemoglobin and hematocrit values decreased the ssco values
tended to increase. In addition, we analyzed the degree correlation
between severity scores and laboratory variables within each pheno-
type class (without the patients aged 5-17 years) and the results are
shown in Fig. 2.

The correlation analysis allowed us to verify that the disease severity
is associated with decreased hemoglobin and hematocrit. Low hemo-
globin is linked generally to poor prognosis in SCD with increased risk
of many specific complications [30,53-55]. In the first analysis, the
correlation coefficients were not high, but when we removed the
group 5-17 years, the correlation coefficients increased and other vari-
ables became significant. Furthermore, we found that the SCD severity is
associated with increased of leukocytes, reticulocytes, bilirubin, LDH
and HbS. All these markers are associated with the severity of the
disease, e.g., increased leucocytes have been correlated with increased
frequency of pain [51], increased hemorrhagic stroke risk [6] and earlier
death [2]; increased LDH, bilirubin and reticulocytes are laboratory
indicators of chronic hemolytic anemia [48,56,57], and the increase in
HbS concentration provides the polymerization, under specific condi-
tions [58,59].

Currently there are two models of disease severity that have been
validated by other studies: one involving pediatric patients [29] and
another which we are validating [35]. Thus discussion among different
studies involving severity tools is limited, Coelho et al. [34] mentioned
that both tools are not yet the effective tools needed for patient stratifi-
cation in genotype/phenotype relationship analysis as well as in the
discovery and validation of prognosis markers of the largely unpredict-
able SCD clinical course. Anoop et al. [52] agree that scores have high
specificity and positive predictive value, but for patients >40 years start
off with a high score and if data on one or more severity parameters
for such patients are unavailable, the score is likely to be spuriously high.

Importantly, there are already results in the literature showing the re-
lationship between genotype and severity score. Studies have reported
the association of several SNPs (for example, rs652785 in complement
component 8 gene-C8A) and some biomarkers (tumor necrosis factor-o
receptor-1 and vascular cell adhesion molecule-1) with the severe

phenotype classified by severity calculator [49,60]. Thereby, demonstrat-
ing the applicability of the calculator for patient clinic association with ge-
netic and biochemical markers.

The correlation analysis and comparisons of clinical manifestations
in different groups helped to evaluate the feasibility of tool. Further-
more, the group of patients <18 years deserves more attention, because
the calculator does not contain clinical and laboratory variables specific
to this age which may compromise the generation severity score.
Another observation was in patients classified as intermediate pheno-
type. In this group, we have not found significant correlations as in the
other two phenotypes classes (mild and severe). In this group, we
found patients with very heterogeneous hematological and biochemical
characteristics, which prevented the significant correlations. Maybe a
subdivision of the intermediate phenotype could be done in these
patients, fulfilling other criteria for classification. Moreover, the
incorporation of genetic polymorphisms that participate in relevant
pathological events of SCD (e.g., rapid destruction of sickle cells, dense
cell formation, and adhesion to endothelium) might improve the utility
of the scoring system.

For our study the severity calculator, showed high sensitivity and
positive predictive value. Several comparisons involving age groups,
SCD genotype, HU use and phenotype classification had satisfactory
results and this classification will be used in future studies involving
genetic polymorphisms, response to treatment with hydroxyurea and
oxidative stress markers in SCD.
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