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Dissertagdo do Programa de Mestrado em Bioengenharia relacionada a
area de concentracdo Reabilitacdo, tendo como linha de pesquisa: Mecéanica

do Corpo Humano.

Relevancia para a Bioengenharia: Pacientes que possuem Leucemia
Mieldide Cronica geralmente tem infec¢des, sangramentos e anemia e €
muito importante que se previna infecgdes e grandes inflamagdes. Portanto,
no contexto da Bioengenharia, o desenvolvimento de pesquisas cientificas na
area de reabilitacdo a salde com fatores que possam reduzir de processos
inflamatérios podem resultar em melhora na qualidade de vida deste

individuo.
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Resumo

A leucemia mieloide cronica (LMC) €& uma neoplasia mieloproliferativa,
caracterizada pela superproducdo de leucécitos, com o0s pacientes
apresentando anemia, fadiga, infec¢cdes, sangramento, entre outros
problemas. Assim, um objetivo importante para pacientes com LMC €& prevenir
infeccdes e inibir a exacerbacéo de processos inflamatérios. Nesse contexto,
0 presente estudo investigou se a vitamina C poderia inibir a ativacdo
hiperinflamatoéria de células K-562 induzida por LPS e se a sinalizacdo
purinérgica esta envolvida nessa resposta. Duas doses de vitamina C foram
usadas (5 ug / mL e 10 ug / mL) por 2 horas antes de LPS (10ng / mL) por 22
horas em células K-562 (3x105 células / mL / poco). Os resultados
demonstraram que ambas as doses de vitamina C reduziram
significativamente a liberacdo de IL-6 induzida por LPS (5 pg / ml, p <0,01 e
10 pug / ml p <0,01) e TNF-alfa (5 pg / mL, p < 0,01 e 10 pg / ml p <0,01). Em
contraste, ambas as doses de vitamina C induziram a liberagdo da citocina
anti-inflamatéria IL-10 (5 pg / ml, p <0,01 e 10 pg / ml p <0,01). Além disso, 10
pg / ml de vitamina C induziu a liberacéo de klotho (10 pg / mL p <0,01), uma
proteina anti-envelhecimento e antiinflamatéria. E importante ressaltar que a
vitamina C (5 pug / ml, p <0,01 e 10 pg / ml p <0,01) reduziu a liberacdo e o
acumulo de ATP no meio extracelular, bem como reduziu a expressdo em
niveis de mRNA do receptor P2X7, sugerindo um possivel mecanismo de
acao. Portanto, concluimos que a vitamina C inibe o estado hiperinflamatorio

induzido por LPS em células K-562 envolvendo a sinalizacao purinérgica.

Palavras-chave: Acido ascorbico. Vitamina C. Sinalizacdo purinérgica.

Leucemia. Citocinas. Inflamacédo. Bioengenharia.



Abstract

Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm,
characterized by overproduction of white blood cells, with the patients
presenting anemia, fatigue, infections, bleeding, and other problems. Thus, an
important goal for CML patients is to prevent infections and inhibit the
exacerbation of inflammatory processes. In this context, the present study
investigated whether vitamin C could inhibit hyperinflammatory activation of K-
562 cells induced by LPS and whether purinergic signaling is involved in such
response. Two doses of vitamin C were used (5 pg/mL and 10 pg/mL) for 2
hours prior LPS (10ng/mL) for 22 hours in K-562 cells (3x10° cells/mL/well).
The results demonstrated that both doses of vitamin C significantly reduced
LPS-induced the release of IL-6 (5 pg/mL, p<0.01 and 10upg/mL p<0.01) and
TNF-alpha (5 pg/mL, p<0.01 and 10pg/mL p<0.01). In contrast, both doses of
vitamin C induced the release of the anti-inflammatory cytokine IL-10 (5
pg/mL, p<0.01 and 10upg/mL p<0.01). In addition, 10ug/mL of vitamin C
induced the release of klotho(10pug/mL p<0.01), an anti-aging and anti-
inflammatory protein. Importantly, vitamin C (5 pg/mL, p<0.01 and 10ug/mL
p<0.01) reduced ATP release and accumulation in the extracellular milieu as
well as reduce the expression at mMRNA levels of P2X7 receptor, suggesting a
possible mechanism of action. Therefore, we conclude that vitamin C inhibits
hyperinflammatory state induced by LPS in K-562 cells involving purinergic
signaling.

Keywords: Ascorbic acid. Vitamin C. Purinergic signaling. Leukemia.

Cytokines. Inflammation. Bioengineering.



DIVULGACAO E TRANSFERENCIA DE CONHECIMENTO

Pacientes que possuem um tipo de cancer no sangue chamado de Leucemia
Mieldide Crbnica geralmente tem infec¢Bes, sangramentos e cansago e €
muito importante que estes pacientes ndo tenham infec¢cdes e grandes
inflamacfes. Muitas pesquisas mostram que a Vitamina C tem muitos
beneficios para a saude, entéo, foi realizado um estudo com células doentes
por Leucemia Mieldide Crénica que receberam uma substancia que provoca
inflamagé&o depois tratadas com doses diferentes de Vitamina C. O resultado
da pesquisa mostrou que estas células que foram tratadas com Vitamina C

tiveram uma diminuicdo da inflamacao.
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1. INTRODUCAO
1.1. VITAMINA C

Segundo Manuela-Azulay (2003, p. 266) “A vitamina C, também
chamada de acido ascérbico ou ascorbato, € uma vitamina solivel em agua
gue esta naturalmente presente em alguns alimentos, adicionada a outros e
disponivel como suplemento dietético”. “Os humanos, ao contrario da maioria
dos animais, sdo incapazes de sintetizar a vitamina C endogenamente, por
isso € um componente alimentar essencial (LI e SCHELLHORN, 2007, p.
2172)".

Segundo Lopes (2019), o escorbuto é a principal doenca relacionada a
deficiéncia de vitamina C. As descricdes de escorbuto sdo encontradas em
literatura que remete ao tempo do antigo Egito e Império Romano, o que
revela a antiguidade do conhecimento desta doenca (SOARES et al. 2020, p.
161). “[...] O escorbuto foi identificado no século XVI como uma
hipovitaminose, ganhando notoriedade quando se reconheceu que a maioria
dos marinheiros da época dos descobrimentos tinha esta doenca
[...]" (MONYNAN et al., 2018, p.16) “[...] e que (a doenca) era evitada quando
se introduzia uma dieta rica em vegetais [...]" (CHALYA et al., 2011, p. 7). Os
sinais de deficiéncia se manifestam apds cerca de 4 a 6 meses de baixa
ingestdo, sendo considerado quadro de hipovitaminose uma concentracao
plasmatica menor de 0,4mg/dL (LOPES, 2019).

Foram, entretanto, as pesquisas do quimico americano Linus Pauling
(1901-1994), também ganhadoras do Prémio Nobel de Quimica, que
popularizaram a vitamina C. “Pauling recomendava megadoses da vitamina

para o combate de resfriados, gripes e outras viroses, bem como na


https://pt.wikipedia.org/wiki/%C3%81cido_asc%C3%B3rbico

prevencédo do cancer e outras doengas degenerativas” (MANUELA-AZULAY,
2003, p. 266). No entanto, Hemil e Chalker (2013, p 1), uma meta-analise em
2013 concluiu que a suplementacdo de ASC s6 reduz a incidéncia de
resfriado comum em pessoas que desenvolvem atividade fisica intensa, nao
na populacdo geral. “[...] As necessidades diarias recomendadas sé&o
variaveis entre paises indo de 45 mg a 110 mg/d. No Brasil, adota-se a RDA
(Recommended Dietary Allowence) de 75 mg/dia para mulheres e 90 mg/d
para homens [...]" (ABRAN, 2018, P.749).

“[...] A absorcao da vitamina C da dieta depende de uma multiplicidade
de fatores [...]” (ROSSETTI, REAL e PALMA, 2020, P. 145). “[...] E absorvida
em sua quase totalidade no intestino delgado e ocorre por um mecanismo de
transporte ativo, ou seja, ha gasto de energia [...]” (CAVALARI e SANCHES,
2018, P 749). De acordo com Lykkesfeldt e Tveden-Nyborg (2019, p 2412)
apos a ingestdo oral, o ASC é absorvido principalmente por células de
membrana de borda de escova do epitélio intestinal. A absorcéo de ASC é
dependente de sodio e € mediado pelo SVCT1, um transportador ativo
acoplado ao sodio e depende diretamente da dose ingerida, se a ingestéao for
inferior a 100 mgs por dia (2-3 frutas e/ou vegetais), entre 80 e 90% sao
absorvidas; enquanto se € 200 mg por dia (4-5 frutas e/ou vegetais), €

totalmente absorvido, atingindo uma concentragéo plasmatica de 80-90mg

1.2. BENEFICIOS DA VITAMINA C

Barreta et al (2020, p 1182) explica que uma das principais funcdes da
vitamina C é neutralizar radicais livres, reduzindo ferro, regenerando a

vitamina E. A vitamina C atua como um cofator das enzimas a-



cetoglutaratodioxigenases, quebrando a cadeia que saciam radicais livres
atravées da doacdo de elétrons (HASSELHOLT, TVEDEN-NYBORG e
LYKKESFELDT, 2015, P. 1539). “[...] Essas enzimas participam da sintese de
neurotransmissores, se comportando como cofator de sistemas metabdlicos
que incluem a sintese de noradrenalina e dopamina [...]" (NEMET e
MONNIER, 2011, P, 37128) “[...] participam na regulacdo da expressédo do
gene e na sintese de fibras de colageno, atuando na hidroxilizacdo de dois
aminoacidos (prolina e lisina) essenciais para 0s processos de
cicatrizacaol...]” (DOUGLAS, 2020, p. 120). “...] Também esta presente na
biossintese de certos aminoacidos como a tirosina e fenilalanina, participando
da desaminacao das mesmas [...]” (BARRETA et al, 2020, p. 1182)

1.3. VITAMINA C - RISCOS DO EXCESSO

De acordo com Aranha et al (2000, p. 89) o mais notavel efeito da
hipervitaminose C é a diarréia, provavelmente determinada pelo carreamento
de grande quantidade de 4gua para o interior do intestino. Dutra-de-Oliveira e
Marchini (1998, p. 203) descrevem que podem acontecer ainda, nauseas,
vomitos, um aumento da absor¢éo do ferro e um problema potencial do rim e
da bexiga, em razao do aumento de suas excregdes. “[...] 0 &cido ascorbico é
parcialmente convertido em &cido oxalico, podendo com isso induzir a litiase
oxalica [...]” (NEMET e MONNIER, 2011, P. 37128). Aranha et al (2020, p.89)
descreve que o excesso de acido ascoérbico excretado na urina leva a um
teste falso positivo para glicosuria. “[...] evidéncias atuais mostram que a
ingestdo macica de vitamina C (9 g/dia) produz um pequeno aumento na
excrecdo urindria de oxalato e nenhuma alteragdo no urato ou fosfato

inorganico [...]" (LYKKESFELDT e TVEDEN-NYBORG, 2019, p.2412).



1.4. VITAMINA C E SISTEMA IMUNOLOGICO

O sistema imunoldgico consiste em varios 6rgdos, tecidos, células e
proteinas que combatem bactérias, virus e células cancerosas (STADFELD et
al, 2012, p.398).

Lauridsen (2019, p.4240) diz que a resposta imune €& fortemente
modulada pelo estresse oxidativo e processos inflamatérios. Porcelli (2017,
p.247) descreve que o mecanismo de defesa natural inespecifico ou inato €
derivado de células da linha mielocitica, e fornece uma resposta imediata.

Os estimulos inflamatérios podem desencadear a ativagdo das vias de
sinalizagédo intracelular envolvidas na expressdo de mediadores inflamatorios.
(KAMINSKA 2005, p. 253). Os estimulos inflamatoérios priméarios causam a
liberacdo de produtos microbianos e citocinas, incluindo interleucina-1p (IL-
1B), interleucina-6 (IL-6) e fator de necrose tumoral alfa (TNF-a) (GIRARD,
2009, p.168). Como resultado, vias de sinalizagdo intracelular sao
estimuladas, incluindo a proteina quinase ativada por mitogénio (MAPK)
(KYRIAKIS e AVRUCH, 2001, p. 807).

Chen, Zhou, e Min (2018, p.1487) descrevem que a ativacdo da
resposta inflamatoria e a promocao do estresse oxidativo estdo intimamente
relacionadas com o sistema imunoldgico. Crapo (2003, p 4) fala que o sistema
imunoldgico estd inter-relacionado com multiplos aspectos da regulacdo
fisiologica. “[...] bem como na utilizagdo de nutrientes [...]” (MARCOS, 2003, p.
66).

O acido ascorbico esta envolvido em varios processos bioldgicos,

nomeadamente na sintese de carnitina para transporte de acidos de cadeia
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longa pela membrana mitocondrial levando & sintese de ATP (BURSAC’-
MITROVIC’ et al, 2016, p. 29)

O ASC também estd presente na sintese de neurotransmissor
norepinefrina e de O6xido nitrico, metabolismo de prostaglandinas, fator
importante na atenuacao da resposta inflamatéria (BORETTI e BANIK, 2020,
P. 100). Monacelli et al (2017, p. 670) falam que a vitamina C tem sido
relatada como possui uma acdo antiinflamatoria, associada a reducdo da
secrecdo de citocinas pro-inflamatorias, como fator de necrose tumoral,
proteina interleucina-23 e C-reativa. Tréhle e Hahn (2009, p.49) descrevem a
vitamina C como um antioxidante inibe a oxidacdo de proteinas, lipidios,
carboidratos e &cidos nucléicos. Kogut, Lee e Santin (2020, p.1906) apontam
que o &cido ascorbico exerce multiplos efeitos sobre a viabilidade e
metabolismo das células imunes humanas e é armazenado em leucdcitos.
Mitmesser et al (2016, p 1161) discorrem que 0 armazenamento em
leucécitos € em concentracfes 50 a 100 vezes maiores do que no plasma e
essas concentracfes conferem efeitos protetores nas células imunes.

Carr et al. (2007, p.300) descobriram em um estudo observacional que
75% dos pacientes gravemente enfermos tinham niveis plasmaticos de
vitamina C abaixo do normal, devido ao aumento do metabolismo ocasionado
por uma resposta inflamatéria hiperativa.

A ASC parece exercer um papel protetor em doencas infecciosas virais
agudas e crbnicas, que sdo caracterizadas pelo excesso de producao de

radicais livres e danos ao DNA (KAUR, ROWE e STOVOLD, 2009). Doencas

infecciosas cronicas séo caracterizadas pela desregulacdo imunolégica e pelo



metabolismo celular prejudicado, que induzem um agravamento progressivo
do estresse oxidativo (CAR, 2020, p133).

A ASC modulava o microambiente tecidual em pacientes com cancer,
reduzindo niveis de citocinas pré inflamatérias, curiosamente, interleucina
(IL)-1 e IL-6 nesses pacientes exerceram beneficios contra a recidiva do
cancer (BORETTI e BANIK, 2020, p.100). Gorkom e col (2018, P.41)
descrevem que o ASC parece ter um papel importante na inducdo da
diferenciacdo e maturacdo das células T, ou seja, estimulacdo de células
imunes.

ASC também modula as citocinas envolvidas na inflamagcdo e na
resposta imune (KAUR, ROWE e STOVOLD, 2009, p. 200). Segundo Berretta
(2020, p. 1182) a incubacgéo de linfécitos sanguineos com ASC induzida por
lipopolisacarideo (LPS) reduziu o fator de necrose tumoral (TNF)-a e
interferon (IFN)-y, citocinas pro inflamatdérias, e aumentou a expresséo do IL-
10 antiinflamatério.

Tan et al (2020, p.7560) informa que o impacto de uma suplementacao
de vitamina C na duracdo de um resfriado e na prevencéo ou tratamento de

pneumonia ainda é questionado.

1.5. VITAMINA C E CANCER

De acordo com o INCA (Instituto nacional do Céancer) (2020), cancer é
um termo utilizado para representar mais de 100 doencas, incluindo tumores
malignos de diferentes localizagdes, é definido como uma enfermidade
multicausal crénica, em que as células possuem crescimento descontrolado.

O desenvolvimento de suas variadas formas resulta de uma interacéo entre



fatores enddgenos e ambientais (INCA, 2010). A incidéncia e a mortalidade
por cancer vém aumentando no mundo (BRAY, 2014). Segundo Castillo-
Velarde (2019, p.95) a relacdo entre vitamina C e cancer € bem complexa.

Mikiriva et al (2017, p.670) relatam que o consumo de vitamina C tem
efeitos benéficos na prevencdo do desenvolvimento de mutac¢des, uma vez
gue o estresse oxidativo tem papel importante na origem e disseminacao do
cancer. Por outro lado, individuos com cancer tendem a ter baixos niveis
plasmaticos de vitamina C e menos resposta a suplementacdo, que pode
ocorrer devido ao aumento da absor¢cdo de vitamina C pelas células tumorais
(DA MATA et al, 2016, p.680)

Rohenkohl, Carniel e Colpo (2011, p. 107) descrevem que o0sS
antioxidantes por si s6 conseguem controlar o crescimento tumoral sem
producéo de toxicidade, com menor eficiéncia do que as drogas antiblasticas,
mas quando administrados juntos consegue-se o efeito desejado. Estudos a
respeito dessa associacdo mostram a grande importancia da manutencao dos
niveis desses nutrientes para o paciente oncoldgico visando proporcionar
maior sobrevida e melhoria da qualidade de vida (BURSAC -MITROVIC’,
2016, p. 29).

Rohenkohl, Carniel e Colpo (2011, p. 107) realizaram uma pesquisa
em 2011e analisaram o consumo de antioxidantes, dentre eles a vitamina C,
em pacientes nos diferentes ciclos de tratamento quimioterapico e
observaram que o consumo desta vitamina foi adequado em todos os ciclos

em 71 % dos dias.



1.6. VITAMINA C E LEUCEMIAS

A leucemia € um cancer que tem inicio nas células-tronco da medula
0ssea no qual a formacéo de células sanguineas doentes (cancer) atrapalha a
producdo das células sanguineas saudaveis da medula dssea, fazendo com
que seu numero fique anormal (ABRALE, 2019). Pode ser classificada como
“aguda” ou “crénica” de acordo com a velocidade de crescimento das células
doentes e como “mieloide” ou “linfoide” a partir do tipo de glébulos brancos

produzidos na medula 6ssea (ABRALE, 2020).

1.6.1. LEUCEMIA MIELOIDE CRONICA (LMC)

Para Bollmann e Giglio (2011, p.236) a leucemia mieloide crdénica
(LMC) constitui uma desordem mieloproliferativa, que se caracteriza pela
presenca de uma mutacdo adquirida, a qual afeta a célula tronco
hematopoiética. A Organizacdo Mundial de Saude (OMS) classifica como uma
“neoplasia mieloprivativa” (quando a medula 6ssea produz células sanguineas
em excesso) (ABRALE, 2019, p 10).

Um cromossomo € um grupo organizado de DNA, substancia
encontrada no nucleo de cada célula e que contém as instru¢des genéticas
gue coordenam o seu desenvolvimento e funcionamento (SOUZA et al, 2013,
p.220). Montenegro, Valporto e Veith (2008, p.5) explicam que os 46
cromossomos das células somaticas humanas sao compostos de 23 pares.

No caso da LMC ocorre quebra errada nos cromossomos 9 e 22
(SOUZA, 2013, p.220). Quando os pedacos quebrados que tem o gene BCR

e 0 gene ABL desses cromossomos se juntam, formam o gene BCR-ABL no



chamado cromossomo Philadelphia e “Ph” é a sua abreviagdo (BOLLMANN e
GIGLIO, 2011, p 236).

Pacientes com LMC tém uma superproducdo de glébulos brancos e
uma evolugdo lenta no crescimento das células doentes (HAMERSCHLAK,
2008, p 84). “...] Isso pode causar anemia, fadiga, infeccdes e outros
problemas, mas alguns pacientes sao assintomaticos e a doenca €

descoberta em um exame comum [...]" (ABRALE, 2019, p. 12).

1.6.2 LEUCEMIA MIELOIDE AGUDA (LMA)

Na leucemia mieloide aguda (LMA), uma série de mutacfes genéticas
nas células-tronco resulta na formagao de blastos, células que ficam “presas”
nos estagios anteriores ao amadurecimento e se multiplicam de forma
descontrolada. (ABRALE, 2020, p 8). Os blastos também se desenvolvem
rapidamente na medula 6Ossea, se acumulam e passam a atrapalhar o
desenvolvimento de células saudaveis (HAMERSCHLAK, 2008, p 84). No
diagnéstico da LMA, o namero de células saudaveis (células vermelhas,
brancas e plaquetas) pode cair e, neste momento o individuo comeca
apresentar anemia, infeccbes e sangramentos (MARTINS e FALCAO, 2000,
p.57).

1.7. CELULAS K562

As células K562 foram estabelecidas a partir de derrame pleural de
mulher de 53 anos com leucemia mieldide crbnica em crise de explosao
terminal (YANG, CAl e MENG, 2016, p. 17). As células sdo ndo-aderentes e
arredondadas, sao positivas para o gene BCR:ABL, podendo ser usadas
como um alvo altamente sensivel para ensaios in vitro (MARK et al, 2016, p.

(40). Estudos recentes mostraram que as explosfes de K562 sdo células


https://www.translatoruser-int.com/translate?&from=en&to=pt&csId=a401baa5-7a84-43f4-be91-eaa430e428c2&usId=4ea8dc72-4a45-4c4f-8c10-dacb54e585b3&dl=en&ref=SERP_ct&dt=2021%2f3%2f17%200%3a36&h=vYOqNNsRIdaElRElKIROjntxb3RIKCUz&a=https%3a%2f%2fen.wikipedia.org%2fwiki%2fBcr%3aabl

malignas hematopoiéticas que se diferenciam espontaneamente em
progenitores reconheciveis das séries eritrocito, granulocito e monocitica
(KARIMIANI et al, 2014, p.183).

Yang, Cai e Meng (2016, p.18) expdem que as células K562 fazem
parte do painel de linha de células cancerigenas NCI-60 usado pelo Instituto
Nacional de Cancer.

Recente relatérios do nosso grupo e de outros mostraram que
pacientes com neoplasias hematolégicas sdo frequentemente deficiente em
vitamina C plasmatica, por motivo desconhecido (HUIJSKENS et al, 2016,
p.8). Estudos em cultura de tecidos tém mostrado que a restauracédo da
vitamina C em concentragcdes normais podem potencializar os efeitos do DNA
metil-inibidores da transferase (DNMTis) (LIU et al, 2016, p.10238).

De acordo com Gilbert et al (2019, p.143), pacientes com malignidades
hematoldgicas sao frequentemente deficientes em vitamina C, que é
essencial para a conversao induzida por TET de 5-metilcitosina (5mC) em 5-
hidroximetilcitosina (5hmC), um processo chave na progressdo e
agressividade das malignidades hematologicas [52]. Diante de todo exposto,
0 presente estudo hipotetizou que a suplementacdo com vitamina C pode

inibir a hiperativacao inflamatéria induzida por infecgbes bacterianas.


https://en.wikipedia.org/wiki/NCI-60
https://en.wikipedia.org/wiki/National_Cancer_Institute
https://en.wikipedia.org/wiki/National_Cancer_Institute

2. OBJETIVO GERAL

Avaliar se a suplementacdo com vitamina C é capaz de inibir a
hiperativagdo das células de leucemia mieloide cronica (K-562) e se ha

envolvimento da sinalizacao purinérgica.

2.1 OBJETIVOS ESPECIFICOS

Avaliar resposta inflamatoéria das células K562 suplementadas com vitamina C

através:

e Resposta das citocinas proé inflamatérias (interleucina 6 e fator tumoral
TNF- a);

e Resposta inflamatoria das células K562 através da resposta das
citocinas anti inflamatérias (interleucinal e interleucina 10);

¢ Resposta da proteina klotho.
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Abstract

Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm,
characterized by overproduction of white blood cells, with the patients
presenting anemia, fatigue, infections, bleeding, and other problems. Thus, an
important goal for CML patients is to prevent infections and inhibit the
exacerbation of inflammatory processes. In this context, the present study
investigated whether vitamin C could inhibit hyperinflammatory activation of K-
562 cells induced by LPS and whether purinergic signaling is involved in such
response. Two doses of vitamin C were used (5 pg/mL and 10 pg/mL) for 2
hours prior LPS (10ng/mL) for 22 hours in K-562 cells (3x10° cells/mL/well).
The results demonstrated that both doses of vitamin C significantly reduced
LPS-induced the release of IL-6 (5 pg/mL, p<0.01 and 10ug/mL p<0.01) and
TNF-alpha (5 pg/mL, p<0.01 and 10pug/mL p<0.01). In contrast, both doses of
vitamin C induced the release of the anti-inflammatory cytokine IL-10 (5
pg/mL, p<0.01 and 10upg/mL p<0.01). In addition, 10ug/mL of vitamin C
induced the release of klotho(10ug/mL p<0.01), an anti-aging and anti-
inflammatory protein. Importantly, vitamin C (5 pg/mL, p<0.01 and 10ug/mL
p<0.01) reduced ATP release and accumulation in the extracellular milieu as
well as reduce the expression at mMRNA levels of P2X7 receptor, suggesting a
possible mechanism of action. Therefore, we conclude that vitamin C inhibits
hyperinflammatory state induced by LPS in K-562 cells involving purinergic

signaling.

Keywords: ascorbic acid, vitamin C, purinergic signaling, leukemia,

cytokines, inflammation.



1. Introduction

Chronic myeloid leukemia (CML) is a myeloproliferative neoplasm,
associate with a cytogenetic abnormality on the Philadelphia (Ph)
chromosome, resulting in a reciprocal translocation between chromosomes 9
and 22. The CML affects mainly adults and presents an incidence of 1-2

cases per 100 000 adults[1-3].

CML patients have an overproduction of white blood cells and usually
have a slow evolution in the growth of diseased cells over time. This can
cause anemia, fatigue, infections, bleeding, and other problems. But some
patients are completely asymptomatic, and the disease is frequently
discovered after routine hematological examinations. The disorder starts with
a non-lethal overproduction of leukocytes, which soon evolves into leukemia,
due to accentuated leukocytosis with a predominance of immature myeloid
precursors and sometimes platelets. The CML disease develops slowly and
progressively, but the signs and symptoms begin to appear after the number

of leukocytes reach 30 to 90 thousand[4].

Owing to the presence of elevated neutrophil counts with normal
humoral and cellular immune function, in the chronic phase of CML there are
few occurrences of infections [5]. However, in the first months of treatment,
there is an increase of infections in CML patients as a result of neutropenia
observed in this period. Currently, the therapy for CML is based on the
molecule tyrosine kinase inhibitors (TKIs) that potently interfered with the
interaction between the BCR-ABL1 oncoprotein and adenosine triphosphate

(ATP), blocking cellular proliferation of the malignant clone[4]. In addition,the



selective inhibitory of TKIs, such as, imatinib mesylate, on BCR-ABL1

oncoprotein, has been demonstrated by competing ATP-binding site [6].

In this context, although vitamin C deficiency is infrequent in the general
population, patients with cancer often present reduced levels of vitamin C [7].
In fact, reduced cellular levels of vitamin C may facilitate the cells to turn into
leukemia cells [8].0n the other side, high doses of vitamin C may lead
leukemic cells to die [9]. Furthermore, vitamin C supplementation is thought to
improve health related quality of life in leukemia patient [10]. Of note, vitamin
C is also capable to restores the cellular sensitivity to imatinib, a BCR/ABL
tyrosine kinase inhibitor, which is the most promising drug in use actually for
CML treatment [11]. In this view, considering the TKIs, such as imatinib
present a crosstalk with purinergic signaling and that vitamin C also can act
via purinergic signaling [12], the present study investigates whether vitamin C
may inhibit chronic myeloid cells hyperactivation by modulating purinergic

signaling, notably ATP-induced P2X7 receptor activation.

2. Experimental section

2.1. Human Cell Culture Study

K-562 cell line, a human blood (chronic myelogenous leukemia) cell,
was obtained from Rio de Janeiro Cell Bank and cultured in RPMI 1640
medium (Sigma Chemical Co., St. Louis, MO, USA) supplemented with 10%
fetal calf serum and with 100 pug/ml of streptomycin and 100 Ul/ml of penicillin,
at concentration of 3x10%/mL/well in 48 wells plate, at a humidified atmosphere

into a CO2 incubator (5% CO2, 37°C) [13].



The cells were pre-treated with vitamin C (5ug/mL and 10ug/mL; Sigma
Chemical Co., USA) for 2 hours and then stimulated with lipopolysaccharide
from gram negative bacteria (LPS; 10ng/mL; Escherichia coli 026:B6;
L3755,Sigma Aldrich, St. Louis, MO, USA) for 22 hours. The cells and
supernatant were recovered, centrifuged at 900g, for 5 minutes at 4°C and
then supernatant immediately used for ATP measurement and latter for
cytokines measurement. The cells were washed using phosphate buffered

saline (PBS) and then subjected to RT-PCR protocol.

2.2. Cytotoxicity assay by MTT assay

The cell viability of control, LPS, and vitamin C at the following
concentrations (0.1; 1; 10; 100; and 1000ug/mL)-treated cells were measured
using a standard MTT assay. Briefly, 5x10% viable cells were seeded into clear
96-well flat-bottom plates (Corning USA) in DMEM high glucose medium
supplemented with 10% fetal bovine serum and pre-treated with 5ug/mL and
10ug/mLfor 2 hours and then stimulated with LPS (10ng/mL) for 22h. Then,
10uL/well of MTT (5mg/mL) were added and the cells were incubated for 4h.
Following incubation, 100uL of 10% sodium dodecyl sulfate (SDS) solution in
deionized water were added to each well and left overnight [13]. The
absorbance was measured at 595nm in a benchtop multimode reader

SpectraMax i3 (Molecular Devices,San Jose, CA, USA).

2.3. Adenosine Triphosphate (ATP) Measurement

The ATP concentration was determined in the cell culture supernatant
immediately after cell collection by using the ATPlite Luminescence Assay

System (Perkin Elmer, Waltham, MA, USA), according to the manufacturer’s



instructions. The readings were done using the SpectraMax i3 (Molecular

Devices, San Jose, CA, USA). The results were expressed in mmol/mL [14].

2.4. Cytokines Measurement

The levels of IL-1RA (DY280), IL-6 (DY206), IL-10 (DY217), TNF-alpha
(DY210) and Klotho (DY5334-05) were measured in the cell culture
supernatant by using DuoSet ELISA kit (R&D Systems; Minneapolis, MN,
USA) according to the manufacturer's recommendations. The readings were
done using the multireader plataform SpectraMax i3 (Molecular Devices, San

Jose, CA, USA). The results were expressed as pg/mL [14].

2.5. Reverse transcriptase-polymerase chain reaction (RT-PCR)

Total RNA of treated and untread K562 cells were performed using
Trizol® (GIBCO-BRL, Gaithersburgh, MD., USA), according to classical
protocol following the manufacturer's instruction.-actin was used as a control
and correction factor for the expression of P2X7 receptor, for which the
sequences of primers are described as follow: B-actin forward
(5'GTGGGCCGCTCTAGGCACCA3) and reverse primers
(B'CTCTTTGATGTCACGCACGATTTC3' 540 bp) [15] and P2X7 forward,
5-AGATCGTGGAGAATGGAGTG-3/, and

(5-TTCTCGTGGTGTAGTTGTGG-3') reverse primers [16].

2.6. Statistical Analysis

The software Graph Pad Prism 5.0 was used to perform the statistical
analysis and build de graphs. The results were expressed as mean *

standard error of mean (SEM) from at least three independent experiments.



Paired data was evaluated by Student's t-test. One-way analysis of variance
(ANOVA) was used for multiple comparisons, followed by the Bonferroni test

for comparison among the groups. A p value <0.05 was considered significant.

3. Results

3.1. Effects of LPS and Vitamin C on Cell Viability

Figure 1 shows the effects of increasing doses of vitamin C (0.1, 1, 10,
100, 1000uM) on cell viability. Considering the IC 80, the dose to reduce 20%
of cell viability was higher than 10uM, demonstrating and reinforcing the safety

of vitamin C supplementation.

3.2. Effects of LPS and Vitamin C on Pro and Anti-inflammatory

Cytokines

Figure 2 shows the effects of Vitamin C (5 and 10ng/mL) on pro-
inflammatory (Figure 2B, IL-6 and Figure 2D, TNF-alpha) and anti-
inflammatory cytokines (Figure 2B, IL-1ra, Figure 2C, IL-10 and Figure E)
released by K-562 cells. While LPS (10ng/mL) induced the release of IL-6
(Figure 2B, p<0.01) and TNF-alpha (Figure 2D, p<0.01), 2 hours of pre-
treatment of vitamin C at both doses (5 and 10ug/mL) significantly reduced
LPS-induced the release of IL-6 (Figure 2B, p<0.01) and TNF-alpha (Figure
2D, p<0.01). No differences were observed for the anti-inflammatory cytokine
IL-1ra (Figure 1A) for LPS and for vitamin C. In contrast, the levels of IL-10
were shown to be increased in LPS+vitamin C 5ug/mL (Figure 2C; p<0.01)
and LPS+vitamin C 10pg/mL.Regarding the release of klotho, LPS significantly

inhibited klotho release compared to control group (Figure 2E; p<0.05), while



only the dose of 10pug/mL of vitamin C positively increasing klotho release

(Figure 2E; p<0.01).

3.3. Effects of LPS and Vitamin C on Purinergic Signaling

Figure 3 shows the levels of adenosine triphosphate (ATP) (Figure 3A)
in K-562 and on the mRNA expression of P2X7 receptor (Figure 3B) of cells
pretreated with Vitamin C (5 or 10 pg/mL) for 2 hours and then stimulated with
LPS (10ng/mL) for 24 hours. LPS-stimulated cells presented higher levels of
ATP compared to control (p<0.01), while the cells pre-treated with Vitamin C
for both doses of 5ug/mL (p<0.01) and 10pg/mL (p<0.05), resulted in
significant decrease of ATP. In addition, LPS-stimulated cells presented higher
expression of P2X7 receptors compared to control (p<0.01), while the cells
pre-treated with Vitamin C, but only forthe dose of 10ug/mL (p<0.05), resulted

in significant decrease of expression of P2X7 receptor.

4. Discussion

This study shows for the first time that vitamin C supplementation can
prevent chronic myeloid cancer cells (K-562 cells) hyperactivation, as
demonstrated by reduced release of pro-inflammatory cytokines IL-6 and TNF-
alpha and by increased release of anti-inflammatory cytokine IL-10 and Klotho,
involving concomitant reduction of ATP release and consequent reduction in

the expression of P2X7 receptor.

Increased levels of pro-inflammatory mediators, which may also reflect

hyperactivation of myeloid cancer cells, is implicated in increased proliferation



and higher survival of cancer cells [17]. In this regard, IL-6, which is a
pleiotropic cytokine centrally involved in inflammation and cancer
development, is increased in patients with different types of myeloid cancer
[18]. Also, increased levels of IL-6 create a favorable microenvironment for
development of infectious process, which are extremely dangerous and often
follow cancer patients [19]. In addition, increased expression of IL-6 receptor,
due to increased IL-6 release,is pointed out as a possible promising target for
diagnosis and therapeutic purposes in myelomas [17]. In the present study, it
was observed that LPS increased IL-6 release by K-562 cells and the both
doses (5pug/mL and 10pg/mL) significantly reduced IL-6 release. These results
point out the potential role of vitamin C supporting the control or inhibiting the
inflammatory process in chronic myeloid cancer cells. However, whether this
inhibitory effect of vitamin C on IL-6 release may result in reduced cell
proliferation or in other functional effects need to be further investigated. For
instance, the possible role of vitamin C reducing leukemogenesis and the
induction of malignance in untransformed cells, once IL-6 is one of the
cytokines involved in these processes [19], certainly is a hypothesis that need

to be tested.

Tumor necrosis factor alpha (TNF-alpha) is a pro-inflammatory cytokine,
involved in several process in health and disease [20]. TNF-alpha is produced
by all leukocytes, but also by different tumor cells, including CML cells [21]. In
the context of chronic myeloid leukemia, increased plasma/serum levels of
TNF-alpha are normally found [21]. In fact, TNF-alpha has been described as
a key regulator of all steps of malignancies, such as tumorigenesis, increases

in cancer cell proliferation and survival, angiogenesis, cellular invasion, and



metastasis [22]. In addition, TNF-alpha induces the release of bigger amounts
of other pro-inflammatory cytokines, perpetuating the inflammatory processes
[21, 22]. In the present study, we found that LPS-induced K-562 cells release
TNF-alpha. On the other side, it was observed that both doses of vitamin C
(5ug/mL and 10pg/mL) strongly reduced TNF-alpha release, denoting a potent
anti-inflammatory of vitamin C supplementation. In fact, the present study is
limited to demonstrate this important inhibitory effect of vitamin C
administration, without an evidence of functional effectiveness in terms of its
possible effects on all steps of malignancies, as described above. Herein, this
hypothesis must be tested, at least as an adjunct therapy for chronic myeloid
leukemia, once the actual gold standard treatment for chronic myeloid
leukemia, the imatinib, exert part of its effects by down-regulating TNF-alpha in

CML patients [21].

Interleukin 10 (IL-10) was originally described as cytokine synthesis
inhibitory factor (CSIF) once its main effects are related to inhibition of cytokine
production [23]. Actually, IL-10 is known to be produced by several cell types
including dendritic cells, macrophages, B cells, various subsets of CD4+ and
CD8+ T cells [24], including lung structural cells [25]. In addition, IL-10 exert its
anti-inflammatory effects by inhibiting DCs activation and maturationas well as
antigen presentation [26], which results in reduced release of many pro-
inflammatory cytokines, such as IL-1beta, IFN-gamma and TNF-alpha [24-26].
In the present study, we found that K-562 cells, when stimulated with LPS and
treated with 5 ug/mL or 10 ug/mL of vitamin C, responded to increased release
of IL-10, suggesting a potential role of vitamin C to induce IL-10 release by K-

562 cells. So, this particular mechanism can be a potential way to fight



leukemia cells, once the main anti-cancer drugs, like gold standard imatinib,
also works blocking the release of pro-inflammatory cytokines [21]. In addition,
a study has demonstrated that vitamin C supplementation is capable to restore
the sensitivity of the cells to imatinib [11]. However, although we found that
both doses, 5 ug/mL or 10 ug/mL, of vitamin C stimulate the release of IL-10
by K-562 cells, whether these effects can result in inhibition of K-562

proliferation, needs to be further investigated.

Another protein involved in cancer biology including cancer cell
proliferation is klotho. Klotho was first discovered as an anti-ageing protein,
particularly into the kidneys [27], although it was further and additionally linked
to several age-related diseases, such as cardiovascular, renal,
musculoskeletal, and neurodegenerative conditions [27]. Herein, a growing
number of studies has pointed out the potential role of Klotho in cancer biology
[27]. In fact, cancer, and aging share underlying pathophysiological
mechanisms, such as time-dependent accumulation ofDNAdamage, genomic
instability, increased mutagenesis, and in both cases, reduced levels of klotho
are found [27]. So, this study found that LPS stimulation resulted in reduced
release of klotho by K-562 cancer cells and demonstrated for the first time that
vitamin C at 10 ug/mL can reestablish klotho release, while reduced the levels
of IL-6 and TNF-alpha and increased IL-10. However, the mechanism by

whether vitamin C induces klotho release needs to be further investigated.

These regulations of pro and anti-inflammatory response can be
attributed to several regulatory mechanism [28-30]. In this context, purinergic
signaling, particularly through the up regulation and activation of P2X7

receptor induced by increased ATP accumulation in the extracellular milieu,



have been pointed out as a key mediator of several aspects of cancer [30, 31].
Herein, the present study demonstrated that LPS stimulation induced an
increased ATP release by K-562 cells, with followed by an up-regulation of
P2X7 receptor in such cells. In fact, P2X7 activation classically induces IL-6
release [32], while P2X7 deletion inhibit such response [33]. Furthermore, as
observed in the present study, vitamin C, at both doses, 5 ug/mL and 10
ug/mL, reduced ATP release and the expression of P2X7 receptor in K-562
cells. Of note, such response was followed by reduced release of pro-
inflammatory cytokine, such as IL-6 and TNF-alpha, suggesting purinergic
signaling as a possible pathway for the anti-inflammatory effects of vitamin C

in the context of LPS-induced activation of K-562 cells.

5. Conclusions

So, in conclusion, vitamin C inhibits hyperactivation of K-562 cells

induced by LPS by damping purinergic signaling.
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Figure Legends

Figure 1. Effects of different doses of vitamin C (0.1, 1, 10, 100,
1000uM) on cell viability. Considering the IC 80, correspond to the dose able

to reduce in 20% the cell viability.

Figure 2. Results of the concentrations of interleukin-1 receptor
antagonist (IL-1ra) (A), IL-6 (B), IL-10 (C), tumor necrosis factor-alpha (TNF-A)
(D), and klotho (E) obtained in the control, LPS-stimulated cells and pre-
treated with Vitamin C (5 or 10ug/mL) for 2 hours and treated with LPS
(1pg/mL) for 24 hours. Statistical analyses of two-way repeated-measures
ANOVA test are presented as mean and standard deviation (SD) with a p

value of *p<0.05; *xp<0.01; ***p<0.001.

Figure 3. Effects of LPS stimulation and Vitamin C supplementation (5
or 10 10ug/mL) on adenosine triphosphate (ATP) concentrations (Figure 3A)

obtained in the cells pre-treated with Vitamin C (5 or 10ug/mL) for 2 hours and



stimulated with LPS (10ng/mL) for 24 hoursin K-562 cells.Effects of LPS
stimulation and Vitamin C supplementation (5 or 10 10pg/mL) on the
expression of mMRNA of P2X7 receptor (Figure 3B) in K-562 cells. All assays
have been performed in triplicate and the mean £ standard deviations are
shown as *p<0.05 versus LPS-treated cells or # p<0.05 versus LPS + Vitamin

C-treated cells. The mRNA levels were determined using real-time gRT-PCR.



4. Considerac¢des Finais

O intuito deste trabalho foi verificar se a suplementacéo de vitamina C
era capaz de inibir a ativagdo das células K562 através do envolvimento de
sinalizagdo purinérgica, avaliando, também o comportamento das citocinas

pré inflamatdrias e anti-inflamatorias e o comportamento da proteina Kloto.

Observamos que em ambas as doses de suplementacdo de vitamina C
(5ug/ml e 10ug/ml) houve reducdo da citosina pro inflamatéria (IL-6) o que
mostra que a vitamina C tem potencial no controle ou inibicdo do processo
inflamatorio das células de LMC, também houve reducdo do fator tumoral
TNF-a, que é considerado um regulador chave nas doencas malignas,
induzindo a liberacdo de citocinas pré inflamatérias. A reducdo do TNF-a é

conveniente ao tratamento de pacientes com cancer.

Verificamos um aumento na IL-10, a qual exerce papel anti-inflamatério
contribuindo para a reducdo de citocinas pré inflamatérias e TNF-a. Esse
aumento na IL-10 pode ser comparado com o Imatinibe, farmaco “padrao
ouro” utilizado no tratamento de pacientes com LMC e que age bloqueando a

liberacao de citocinas pro -inflamatérias;

Neste estudo, as células K562 estimuladas com LPS, aumentou
positivamente a liberacdo da proteina Kloto. A proteina Kloto contribui com a
reducado das citocinas pro inflamatorias e TNF-a e aumento das citocinas anti-

inflamatorias.

Outra descoberta é que niveis de ATP das células K562 estimulados

com LPS aumentada, o que induz a liberacdo da IL-6, mas teve seu nivel



reduzido quando tratado com as doses de vitamina C. As células estimuladas
com LPS tem maior expressdo do receptor P2x7 em relacdo ao grupo
controle, porém sé houve reducdo significativa desse receptor na

suplementacao de 10ug/mL de vitamina C.

Diante de todo exposto, em conclusdo, a vitamina C inibe a
hiperativagédo das células K-562 induzida por LPS por meio do amortecimento

da sinalizacéo purinérgica.



5 - FIGURAS

FIGURA 1 — Efeitos de diferentes doses de vitamina C
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FIGURA 2 - Citocinas
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FIGURA 3 — ATP P2X7
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