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RESUMO 
 

O microambiente tumoral é composto, além das células tumorais, por células 
do sistema imunológico, desencadeando um processo inflamatório crônico, onde 
ocorre liberação de citocinas pró-inflamatórias, levando a uma importante modulação 
do sistema citocromo P450 (CYP), principalmente no tecido hepático. Considerando 
essa regulação, avaliamos os efeitos da fração solúvel de polissacarídeos extraídos 
do vinho tinto cabernet franc (SFP) sobre a tríade citocromo P450-inflamação-
câncer, uma vez que seus efeitos antitumorais ocorrem através do aumento de TNF-
α no tecido tumoral e modulação imunológica. Utilizamos células HepG2 em cultivo 
para análises dos efeitos da SFP in vitro, onde verificamos a citotoxicidade e 
expressão gênica; e o modelo de tumor Walker-256 em ratos submetidos a três 
protocolos: a) protocolo de tumor sólido, com animais portadores de tumor sólido e 
livres de tumor (Basal), tratados com 60 mg/kg da SFP isolada ou associada a 0,5 
mg/kg de vincristina, por 14 dias; b) protocolo de tumor líquido, com animais 
portadores do tumor ascítico , tratados com 60 mg/kg da SFP ou 0,5 mg/kg de 
vincristina, por 5 dias; c) protocolo de  quimioprevenção, com animais portadores ou 
não de tumor sólido, tratados com 6 mg/kg de SFP por 14 dias antes da inoculação, 
e com 6 mg/kg da SFP, isolada ou associada a 0,5 mg/kg de vincristina, por 14 dias 
após a inoculação do tumor. Nos protocolos a e c, peso e volume tumoral foram 
avaliados, enquanto em b o volume ascítico e o número de células tumorais viáveis 
foram mensurados. Após a eutanásia, o sangue dos animais foi encaminhado para 
análises hematológicas e bioquímicas, e o fígado foi utilizado para as análises de 
CYP total, atividade enzimática de mieloperoxidase (MPO) e N-
acetilglucosaminidase (NAG) e determinação dos níveis de TNF-α; assim como para 
expressão gênica, juntamente com tecido intestinal. Os resultados in vitro 
demonstram inibição da CYP1A2 em todos os grupos tratados com a SFP, sem 
redução da viabilidade das células HepG2 pela SFP isolada. Os dados hepáticos 
demonstraram que os níveis de CYP total diminuíram no grupo veículo em 
comparação com o naive, e em todos os grupos tratados com a SFP (com e sem 
tumor) e vincristina, nos protocolos de tumor sólido e líquido, enquanto houve 
aumento da atividade de NAG e dos níveis de TNF-α para esses grupos, no 
protocolo de tumor sólido. Neste protocolo, a SFP também inibiu a expressão das 
enzimas Cyp3a9, Cyp2e1 e Cyp1a1 no tecido hepático. De modo interessante, o 
protocolo de quimioprevenção não alterou os níveis de CYP total nos tecidos 
hepático e intestinal, nem os parâmetros inflamatórios hepáticos avaliados. A fim de 
investigar se a SFP chegaria intacta ao intestino, realizamos uma análise de 
digestão in vitro, onde identificamos que a SFP ficou praticamente intacta, sem ser 
degradada. Dessa forma, conclui-se que os efeitos observados são resultado da 
ação da SFP íntegra, na dose mais alta testada, que leva a uma importante 
modulação imunológica no tecido hepático, resultando na inibição de CYPs, 
especialmente, das Cyp1a1, Cyp2e1 e CYP1A2, que estão envolvidas no processo 
de carcinogênese. Esses conhecimentos fornecem uma melhor compreensão da via 
de inflamação e de câncer na inibição de CYPs, do papel da SFP ao desencadear 
essa via, e do importante efeito antitumoral da SFP através da inibição da subfamília 
CYP1A. 
 
Palavras-chave: Citocromo p450. Inflamação. Câncer. Tumor Walker-256. TNF-α. 
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ABSTRACT 
 

The tumor microenvironment is composed of tumor cells and cells of the 
immune system, triggering a chronic inflammatory process, where pro-inflammatory 
cytokines are released, leading to an important modulation of the cytochrome P450 
(CYP) system, mainly in the liver tissue. Considering this regulation, we evaluated 
the effects of the soluble polysaccharide fraction extracted from cabernet franc red 
wine (SFP) on the cytochrome P450-inflammation-cancer triad, since its antitumor 
effects are related to the increase of TNF-α in tumor tissue and immune modulation. 
Cultured HepG2 cells were used for analyses of the effects of SFP in vitro, where 
cytotoxicity and gene expression were evaluated; and the Walker-256 tumor model in 
rats subjected to three protocols: a) solid tumor protocol, with animals bearing solid 
tumor, and tumor free (Basal), treated with 60 mg/kg of SFP alone or associated with 
0.5 mg/kg of vincristine, for 14 days; b) liquid tumor protocol, with animals bearing 
ascitic tumor, treated with 60 mg/kg of SFP or 0.5 mg/kg of vincristine, for 5 days; c) 
chemoprevention protocol, with animals with or without solid tumor, treated with 6 
mg/kg of SFP for 14 days before inoculation, and with 6 mg/kg of SFP, alone or 
associated with 0.5 mg/kg of vincristine, for 14 days after tumor inoculation. In 
protocols a and c, the tumor weight and tumor volume were evaluated, while in b 
ascitic volume and the number of viable tumor cells were measured. After 
euthanasia, blood from the animals was applied in hematological and biochemical 
analyses, and the liver was used for total CYP, myeloperoxidase (MPO) and N-
acetylglucosaminedase (NAG) enzyme activity, and determination of TNF-α levels; 
as well as for gene expression, along with intestinal tissue. The in vitro results 
demonstrate inhibition of CYP1A2 in all groups treated with SFP, with no reduction in 
viability of HepG2 cells by SFP alone. Hepatic data demonstrated that total CYP 
levels decreased in the vehicle group compared to the naive group, and also in all 
groups treated with SFP (with and without tumor) and vincristine in the solid and 
liquid tumor protocols, while there was increased NAG activity and TNF-α levels for 
these groups in the solid tumor protocol. In this protocol, SFP also inhibited the 
expression of Cyp3a9, Cyp2e1 and Cyp1a1 enzymes in liver tissue. Interestingly, the 
chemoprevention protocol did not alter total CYP levels in liver and intestinal tissues, 
nor did it alter the liver inflammatory parameters evaluated. In order to investigate 
whether SFP would reach the intestine intact, we performed an in vitro digestion 
analysis, where we identified that SFP was almost intact, without being degraded. 
Thus, we conclude that the observed effects are a result of the action of intact SFP, 
in the highest dose tested, which leads to an important immune modulation in liver 
tissue, resulting in the inhibition of CYPs, especially Cyp1a1, Cyp2e1 and CYP1A2, 
which are involved in the process of carcinogenesis. This knowledge provides a 
better understanding of the inflammation and cancer pathway in inhibiting CYPs, the 
role of SFP in triggering this pathway, and the important antitumor effect of SFP 
through inhibition of the CYP1A subfamily. 

 
Keywords: Cytochrome p450. Inflammation. Cancer. Walker-256 tumor. TNF-α. 
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1 INTRODUÇÃO  
 

1.1 CITOCROMO P450 (CYP) E INFLAMAÇÃO 

 

As enzimas do citocromo p450 (CYP) correspondem a uma superfamília de 

heme-proteínas, determinadas pela sua complexidade e capacidade metabólica. Até 

o momento, 57 enzimas CYP apresentam sua função devidamente identificada, das 

quais seis (CYP1A2, CYP2C9, CYP2C19, CYP2D6, CYP2E1 e CYP3A4) estão 

diretamente ligadas ao metabolismo de 90% dos medicamentos (STAVROPOULOU, 

PIRCALABIORU, BEZITZOGLOU, 2018). Além do metabolismo de xenobióticos, as 

CYP possuem funções como síntese de hormônios, regulação de ácidos graxos, 

assim como metabolismo de vitaminas lipossolúveis e hormônios (BERNHARDT, 

2006). De modo geral, sua localização é predominantemente hepática, mas estão 

presentes em outros órgãos como no intestino e nos rins (GILANI, CASSAGNOL, 

2021; STAVROPOULOU, PIRCALABIORU, BEZITZOGLOU, 2018).  

Considerando seu efeito primordial sobre o metabolismo de fármacos, esse 

grupo de enzimas pode estar ligado a grande parte das reações adversas ou ainda 

falha terapêutica encontradas na prática clínica. Essas respostas diversas estão 

relacionadas a variações genéticas das CYPs, e/ou a fatores não genéticos 

(ZANGER, SCHWAB, 2013). Um importante fator não genético é o processo 

inflamatório, que promove uma regulação negativa sobre essas enzimas (SHAH, 

SMITH, 2015). Contudo, esse efeito depende das características dos pacientes 

(idade, função renal, uso de medicamentos), da variabilidade genética, do grau da 

inflamação, do perfil de citocinas e da via metabólica de um fármaco. As principais 

citocinas responsáveis por esse efeito são o TNF-α (fator de necrose tumoral alfa), a 

IL (interleucina)-1 e IL-6. Portanto, para otimizar um tratamento personalizado, torna-

se necessário compreender como o processo inflamatório compromete a 

farmacocinética, de modo especifico, no metabolismo dos fármacos (DE JONG et 

al., 2020).  

 

1.2 RELAÇÃO ENTRE CÂNCER E O PROCESSO INFLAMATÓRIO 

 

A inflamação está diretamente associada ao desenvolvimento das células 

neoplásicas, que promovem modificações na composição e na função do sistema 
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imunológico, contribuindo para a sobrevivência, proliferação e disseminação destas 

células (CARVALHO et al., 2016; HIAM-GALVEZ; ALLEN; SPITZER, 2021). De 

modo geral, a imunidade é regulada através de interações entre as diferentes 

linhagens celulares e seus tecidos, sendo que no microambiente tumoral (HIAM-

GALVEZ; ALLEN; SPITZER, 2021), as células imunes encontram um ambiente rico 

em nutrientes e oxigênio, e composto por células cancerosas, células-tronco 

tumorais, células endoteliais e estromais, fibroblastos associados ao tumor e células 

do sistema imunológico, como os macrófagos associados ao tumor (TAMs). Os 

TAMs são as principais células envolvidas no processo inflamatório e atuam como 

promotor tumoral (CARVALHO et al., 2016; HANAHAN; WEINBERG, 2011; 

MANTOVANI et al., 2017; JUNTTILA; DE SAUVAGE, 2013). 

Devido à presença de células inflamatórias, as citocinas pró-inflamatórias 

estão presentes no microambiente tumoral, e são responsáveis pelos efeitos 

mutagênicos. As principais citocinas envolvidas no desenvolvimento tumoral são o 

TNF-α, IL-1e IL-6. O TNF-α é a principal citocina pró-inflamatória e está envolvido 

em todos os aspectos da carcinogênese, como na transformação celular, 

sobrevivência, proliferação, invasão, angiogênese e metástase (WANG; LIN, 2008). 

Muitos modelos tumorais malignos são capazes de produzir TNF-α em pequenas 

quantidades, melhorando o crescimento e a expressão de genes carcinogênicos 

(BALWILL, 2009).  

Além de participar da progressão tumoral, um processo inflamatório crônico 

aumenta o risco de desenvolvimento de vários tipos de cânceres, como os 

pulmonares, gástricos, cervicais, colorretais, bem como de hepatocarcinoma, 

mieloma e linfoma de Hodgkin (ELINAV et al., 2013; GRIVENNIKOV, GRETEN, 

KARIN, 2011). 

A regulação do microambiente inflamatório tumoral também está associada 

a mutações nas células tumorais que originam antígenos reconhecidos pelos 

linfócitos T através de moléculas “checkpoint”, tal como PD-1 (morte programada 1) 

e CTLA-4 (antígeno 4 associado ao linfócito T citotóxico). Esses são conhecidos 

como pontos de verificação imunológica, e regulam negativamente a função dos 

linfócitos T. De modo geral, essas células também estão diminuídas no 

microambiente tumoral e possuem déficits funcionais. Para burlar esses 

mecanismos, atualmente tem se utilizado a imunoterapia, que através dos inibidores 

dos checkpoints imunológicos promove um aumento da ativação do sistema 
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imunológico. Os inibidores de checkpoint aprovados até o momento para a terapia 

do câncer são o inibidor do CTLA-4 (ipilimumab), utilizado no tratamento do 

melanoma, e os inibidores da PD-1 (nivolumab e permbrolizumab) que são 

aplicados, na terapia do câncer de pulmão de células pequenas e no melanoma 

(BUCHBINDEZ; DESAI, 2016; GURUSAMY ET AL., 2017; HIAM-GALVEZ; ALLEN; 

SPITZER, 2021).  

 

1.2.1 Modelo celular HepG2  

 

A linhagem celular de hepatoma humano HepG2 corresponde a células com 

elevada taxa de proliferação e não tumorigênicas. São de origem epitelial, 

desempenhando diferentes funções hepáticas, como secreção de proteínas 

(albumina, α2-macroglobulina, α1-antitripsina, transferrina e plasminogênio). Essa 

linhagem tem sido amplamente utilizada para estudos in vitro do metabolismo de 

drogas e hepatotoxicidade, podendo ser empregada para avaliar as possíveis 

interações entre medicamentos. Apesar dos baixos níveis de expressão basal das 

enzimas CYP, essa linhagem celular é um modelo alternativo para avaliação da 

indução de CYP, principalmente, CYP1A2, CYP2B6 e CYP3A4, podendo ser útil 

como um modo de triagem para estudo das interações envolvendo as enzimas 

CYPs (CHOI, et al., 2014; DONATO; TOLOSA; GÓMEZ-LECHÓN, 2015). 

 

1.2.2 Modelo tumoral animal – Walker-256  

 

O carcinossarcoma Walker-256 (W256) é um modelo tumoral espécie-

específico de ratos, que tem crescimento rápido e foi descoberto na Universidade 

Johns Hopkins – Pittsburgh, Estados Unidos, no ano 1928, pelo Dr. George Walker 

(EARLE, 1934; SCHEREK, 1935; GOLDACRE, SYLVEN, 1962; SIMPKINS et al., 

1991). 

Ratos portadores do tumor Walker-256 apresentam similaridades com 

pacientes humanos com cânceres severos (ACCO, BASTOS-PEREIRA, DREIFUSS, 

2012; BLOOR, HAVER, 1954), estando associado à inflamação. Salles Perroud et 

al. (2006) avaliaram a liberação de citocinas pró-inflamatórias por células Walker-

256, e identificaram elevados níveis de INF-γ, IL-12 e TGF-β produzidos pela 

variante A das células tumorais, assim como a produção de TNF-α. A produção e 
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liberação das citocinas pró-inflamatórias são capazes de modular o sistema 

enzimático CYP, uma vez que o INF-γ e TNF-α podem promover inibição enzimática.  

Olson e Weiner (1980) e Raw (1983) demonstraram a relação entre o tumor 

Walker-256 e o metabolismo de enzimas do CYP450, e ambos observaram redução 

da atividade de CYPs no fígado de ratos portadores do tumor Walker-256. Ou seja, 

por si só este tumor, mesmo localizado em tecidos não hepáticos, afeta a atividade 

enzimática e, consequentemente, a capacidade metabólica do animal. 

 

1.3 COMPOSTOS ANTITUMORAIS  

 

Atualmente existem alguns tipos de tratamentos antineoplásicos que buscam 

burlar os mecanismos da progressão tumoral, sendo eles a cirurgia, radioterapia, 

quimioterapia, hormonioterapia e imunoterapia. A terapia mais convencional em 

pacientes com câncer é a quimioterapia, na qual são utilizados medicamentos para 

combater o desenvolvimento da doença (FRERES, JERUSALEM E MOONEN, 

2017).  

Dentre as drogas quimioterápicas mais utilizadas estão vincristina e cisplatina, 

que possuem diferentes mecanismos de ação (DE ALMEIRA et al., 2005), e que 

podem também afetar a atividade de CYPs (Tabela 1). Apesar de ser amplamente 

utilizada contra o câncer, a eficácia da quimioterapia é limitada pela toxicidade e 

pelos processos de resistência a fármacos (ROCHA, 2016), que incluem 

mecanismos que limitam a concentração da droga no meio intracelular, por meio de 

seu efluxo ou por bloqueio de processos envolvidos na ativação do composto 

(HOLOHAN et al., 2013). Por estas razões, novos fármacos antineoplásicos, 

eficientes e com poucos efeitos adversos, são constantes alvos de estudos. Desta 

forma, na tentativa de obter novos compostos com atividade antitumoral, é que os 

polissacarídeos obtêm destaque, dentre eles, a fração solúvel de polissacarídeos do 

vinho tinto. 

Tabela 1 – Medicamentos quimioterápicos e sua relação com as enzimas do CYP. 

Droga quimioterápica Mecanismo de ação Efeito sobre enzimas 
CYP 

Cisplatina Formação de adutos no 

DNA e apoptose (DASARI 

Inibidor da CYP2E1 e 

CYP3A1/2 (AHMED et al., 
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E TCHOUNWOU, 2014). 2014) 

Indutor da CYP4A11 (LI et 

al., 2015) 

Vincristina Se liga a proteínas 

microtubulares, inibindo a 

formação dos 

microtúbulos e na 

dissolução do fuso 

mitótico (FRERES, 

JERUSALEM E 

MOONEN, 2017). 

Inibidor da 

CYP3A4/CYP3A5 

(EGBELAKIN et al., 2011) 

 

1.3.1 Fração solúvel do polissacarídeo extraído do vinho tinto  

 

Os polissacarídeos podem ser considerados substâncias modificadoras da 

resposta biológica, principalmente por promoverem modulação do sistema 

imunológico. Polissacarídeos de diversas fontes e diferentes estruturas possuem 

atividade antitumoral, dentre eles está a fração solúvel de polissacarídeos (SFP) 

extraídos do vinho tinto, composto principalmente por arabinogalactana (Ara), 

rhamnogalacturonana (Rha), ácido glicurônico (GalA), glicose (Glc), galactose (Gal), 

manose (Man), xilose (Xyl) e fucose (Fuc). A SFP demonstrou um importante efeito 

antitumoral contra o tumor Walker-256 em ratos por meio de modulação 

imunológica, com elevação de linfócitos circulantes e TNF-α tumoral, associada à 

diminuição de monócitos e neutrófilos sanguíneos, e óxido nítrico (NO), N-

acetilglucosaminidase (NAG) e mieloperoxidase (MPO) no tecido tumoral. O 

aumento de TNF-α provavelmente é responsável pelo estímulo de necroptose, 

evidenciada pelo aumento da expressão gênica de Rip-1 e Rip-3 em animais 

tratados com a SFP na dose oral de 60 mg/kg (STIPP et al., 2017). Apesar desses 

efeitos, não se conhece a influência da SFP sobre enzimas de metabolismo, 

tampouco sua interferência na ação e biotransformação de outros quimioterápicos. 

Razão pela qual este trabalho foi realizado.   

 

1.4 JUSTIFICATIVA  
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A SFP é uma mistura de polissacarídeos extraídos do vinho tinto, bebida 

mundialmente apreciada e consumida. Este é um dos fatores que torna o estudo de 

seus componentes interessante e necessário. Recentemente nosso grupo publicou 

um estudo sobre os efeitos antitumorais do tratamento com SFP (STIPP et al., 

2017). Este composto promoveu modulação no microambiente inflamatório tumoral, 

assim como modulou células do sistema imune circulantes. Portanto, hipotetizamos 

que este efeito da SFP pode afetar a regulação de CYPs, que pelo aumento de 

citocinas (Ex: TNF-α) podem sofrer regulação negativa, e consequentemente, 

promover efeitos colaterais de outros fármacos administrados simultaneamente e 

metabolizados por estas enzimas. Estes efeitos da SFP poderiam interferir nas 

ações terapêuticas, ou favorecer efeitos adversos de outros quimioterápicos, como a 

vincristina. Neste trabalho investigamos se o tratamento antitumoral (profilático ou 

terapêutico) com a SFP, associada ou não à vincristina, pode ter efeitos na 

regulação das enzimas CYP. Para tanto, foi utilizado o tumor Walker-256 como 

modelo de estudo, pois já foi demonstrado que estas células liberam um 

“toxohormônio”, responsável pela redução da síntese de enzimas CYPs no fígado de 

ratos portadores desse tumor, sendo, portanto, um modelo adequado para a 

presente proposta (OLSON, WEINER, 1980; RAW, 1983); bem como a linhagem 

celular humana HepG2 foi utilizada, por ser proveniente de tecido hepático e permitir 

estudos de possíveis interações medicamentosas. 

 

 

1.5 OBJETIVOS 

1.5.1 Objetivo geral  

 

Investigar se o efeito modulador inflamatório da SFP pode regular o 

metabolismo hepático in vitro, diante das células HepG2, e in vivo, especialmente 

sobre as enzimas CYP3A9, CYP2E1, CYP2D4 e CYP1A1, quando usada isolada ou 

em combinação com a vincristina, um conhecido inibidor da enzima CYP3A4. 

Através disso, verificar se essa regulação pode prejudicar a ação deste agente 

quimioterápico ou induzir efeitos colaterais, diante do tumor Walker-256. 

 

1.5.2 Objetivos específicos 
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a) Investigar o efeito in vitro, diante das células HepG2, do tratamento 

com SFP, de modo isolado ou associado aos quimioterápicos 

vincristina e cisplatina sobre as enzimas CYP1A2 e CYP2B6; 

b) Avaliar o efeito antitumoral e sobre as enzimas CYPs pelo tratamento 

com SFP no protocolo de tumor líquido, iniciado após a inoculação 

intraperitoneal das células tumorais;  

c)  Avaliar o efeito antitumoral e sobre as enzimas CYPs pelo uso 

profilático de SFP no protocolo de quimioprevenção em tumor sólido, 

iniciado 14 dias antes e finalizado 14 dias depois da inoculação 

subcutânea das células tumorais inoculadas subcutaneamente;  

d) Avaliar o efeito antitumoral e sobre as enzimas CYPs pelo tratamento 

de 14 dias com SFP associada à vincristina no protocolo de tumor 

sólido; 

e) Avaliar, diante dos tratamentos acima: 

o Parâmetros hematológicos (células do sistema imune); 

o Parâmetros bioquímicos (AST, ALT e níveis de glicose); 

o Níveis de CYP total no tecido hepático; 

o Níveis de CYP total no tecido intestinal do protocolo de 

quimioprevenção em tumor sólido; 

o Atividade enzimática de mieloperoxidase (MPO) e N-

acetilglicosaminidase (NAG) no tecido hepático;  

o Níveis de TNF-α no tecido hepático no protocolo de tumor sólido. 

f) Avaliar o efeito sobre a expressão gênica das enzimas CYP3A9, 

CYP2E1, CYP2D4 e CYP1A1, do tratamento com SFP diante do 

protocolo de tumor sólido, iniciado após a inoculação subcutânea das 

células tumorais em ratos; 

g) Investigar o perfil de digestão da SFP in vitro, em sistema livre de 

células.  
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NOTA EXPLICATIVA 
 

Esta tese é apresentada em formato de artigos científicos, constando de um 

artigo de revisão de literatura (publicado no periódico Cancer Chemotherapy and 

Pharmacology, 2021, doi: 10.1007/s00280-020-04181-2) e de um manuscrito 

abordando os experimentos realizados, resultados e discussão, a ser submetido. 
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2.1 ABSTRACT  

Cytochrome P450 (CYP) enzymes are responsible for the biotransformation 

of drugs, xenobiotics, and endogenous substances. This enzymatic activity can be 

modulated by intrinsic and extrinsic factors, modifying the organism’s response to 

medications. Among the factors that are responsible for enzyme inhibition or 

induction is the release of proinflammatory cytokines, such as interleukin-1 (IL-1), IL-

6, tumor necrosis factor  (TNF-α), and interferon-  (IFN-γ), from macrophages, 

lymphocytes, and neutrophils. These cells are also present in the tumor 

microenvironment, participating in the development of cancer, a disease that is 

characterized by cellular mutations that favor cell survival and proliferation. Mutations 

also occur in CYP enzymes, resulting in enzymatic polymorphisms and modulation of 

their activity. Therefore, the inhibition or induction of CYP enzymes by 

proinflammatory cytokines in the tumor microenvironment can promote 

carcinogenesis and affect chemotherapy, resulting in adverse effects, toxicity, or 

therapeutic failure. This review discusses the relevance of CYPs in hepatocarcinoma, 

breast cancer, lung cancer, and chemotherapy by reviewing in vitro, in vivo, and 

clinical studies. We also discuss the importance of elucidating the relationships 

between inflammation, CYPs, and cancer to predict drug interactions and therapeutic 

efficacy. 
 

Keywords: CYP450; enzyme; hepatocarcinoma; breast cancer; lung cancer; 

chemotherapy. 
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2.2 INTRODUCTION 

The cytochrome P450 (CYP450) system comprises important metabolizing 

enzymes that are present in different tissues. These enzymes are found mainly in 

intestinal and hepatic tissues, but they are also present in the kidneys, lungs, and 

brain. The activity of CYP enzymes is influenced by various factors, including gender, 

disease states, the environment (e.g., herbicide exposure), alcohol consumption, 

herbal medications, and diet [1]. The expression of CYPs is modulated by cytokines 

during inflammation, which can result in alterations of the pharmacological effects of 

substances in inflammatory diseases, such as cancer, and alterations of the 

pharmacokinetics of prescriptions medications, such as chemotherapeutic drugs [2]. 

CYP enzymes play an important role in the deactivation of endogenous and 

exogenous substances. They are also responsible for the metabolism of 

procarcinogens to carcinogens. The main CYPs that are responsible for 

procarcinogen activation are CYP1A1, CYP1A2, CYP1B1, CYP2A6, and CYP2E1, 

gene polymorphisms of which are associated with a higher risk for some cancers [3]. 

Moreover, CYPs are associated with tumor development and progression and the 

activation of anticancer prodrugs and their metabolic clearance [4]. This review 

focuses on the involvement of CYPs in cancer, cancer-related inflammation, and 

chemotherapy. 
 

2.2.1 Features and functions of the CYP450 system 

 

The CYP system consists of a large group of hemeproteins that are located on 

the endoplasmic reticulum or in mitochondrial membranes [5]. The Human Genome 

Project sequenced 57 distinct CYP genes, consisting of 18 families [6, 7]. CYP genes 

are divided into two groups: endogenous CYPs (CYP family 7-51) and xenobiotic 

CYPs (CYP family 1-4) [8]. Endogenous CYPs are involved in the metabolism of 

sterols and are found in the testes, ovaries, and adrenal glands. One-third of CYPs 

are found in the liver and involved in the degradation of xenobiotics [7, 9].  

The nomenclature of CYP450 reflects the absorption of pigment at 450 nm 

when they are reduced in the presence of CO [10]. The enzyme designation consists 

of a sequence of number-letter-number. The first number represents ≥ 40% 

sequence identity (e.g., CYP1 and CYP2). The suffix indicates the subfamily, based 
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on ≥ 55% sequence identity (e.g., CYP1A and CYP1B). The final number represents 

the individual P450 within the family/subfamily (e.g., CYP1A1 and CYP1A2 [9]; Fig. 

1). 

 

 

Figure 1 - CYP enzyme nomenclature. 

 (Figure produced by Power Point software) 

 

CYP gene expression is regulated by the activation of many nuclear 

receptors, including the pregnane X receptor (PXR), constitutive androstane receptor 

(CAR), and aryl hydrocarbon receptor (AhR). These receptors are activated by 

xenobiotics [11]. CYP activity can be associated with many intrinsic and extrinsic 

factors that alter enzyme expression and consequently impair their function. The 

therapeutic response and side-effects can be different among patients who are 

treated with the same drug and dose, resulting in variable drug excretion and plasma 

drug concentrations [12]. This condition is a prerequisite for predicting 

pharmacokinetics and the drug response [13]. CYP1, CYP2, and CYP3 are 

responsible for the metabolism of 70-80% of all drugs in clinical use and other 

xenobiotics. The highest expressed forms of CYP in the liver are CYP3A4, CYP2C9, 

CYP2C8, CYP2E1. CYP1A2. CYP2A6, CYP2D6, CYP2B6, CYP2C19, and CYP3A5 

are less abundant in the liver, and CYP2J2, CYP1A1, and CYP1B1 are expressed 

mainly extrahepatically [13]. CYP4 is involved in eicosanoid metabolism and 

activated by various environmental stimuli, such as diet, chemical compounds, drugs, 

and pheromones [7]. The expression and function of various xenobiotic CYPs are 

described in Table 1. 
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Table 1 - Examples of CYP enzymes and their function. 
CYP enzyme Organ of 

Expression 
Function Metabolized drugs/ 

compounds 
CYP2A6  Lung, 

esophagus
, nasal 
epithelium 
[14] 

Arachidonic acid epoxygenase activity 
[15], coumarin 7 – hydroxylase activity 
[16], iron ion binding, steroid 
hydroxylase activity [15], N-
nitrosomethylbenzylamine activation 
[17], nicotine detoxication [17, 18], 
tobacco-specific procarcinogen 
activation [18] 

Cotinine, tegafur, letrozole, 
efavirenz, valproic acid, 
pilocarpine, artemisinin, 
artesunate, SM-12502, 
caffeine, tyrosol [19] 

CYP1A1 Liver, 
placenta 
[20] 

Estrogen 16-  hydroxylase activity 
[21], monooxygenase activity [15], 
oxidoreductase activity [22], oxygen 
binding [23], vitamin D 24-hydroxylase 
activity [24] 

5-Florouracil, aminoflavone, 
amiodarone, bergamottin, 
ciprofibrate/clofibrate, 
curcumin, dexamethasone, 
ellipticine, estradiol, 
fluoroquinolones, flutamide, 
fluvoxamine, ketoconazole, 
propioconozole, lansoprazole, 
omeprazole, norfluoxetine, 
oltipraz, phenobarbital, 
quinidine, quinine, resveratrol, 
salicylamide, sertraline, 
sulindac, vitamin A [25] 

CYP1A2 Liver [26] Caffeine oxidase activity [27], 
demethylase activity, electron transfer 
activity [28], enzyme binding [29], 
heme binding [30], monooxygenase 
activity [15], oxidoredutase activity [22] 

Caffeine, clozapine, 
theophylline [31] 

CYP2C8 and 
CYP2C9  

Liver 
(hepatocyt
es) [32] 

Arachidonic acid epoxygenase activity 
[15], caffeine oxidase activity [27], 
estrogen 16- -hydroxylase activity 
[33], heme binding [15], 
monooxygenase activity [34], steroid 
hydroxylase activity [15], drug binding 
[35]  

Carvedilol, celecoxib, glipizide, 
ibuprofen, irbesartan, losartan 
[31] 

CYP2D6 Liver, 
duodenum 
[36] 

Drug binding [35], heme binding [15], 
monooxygenase activity [34], 
oxidoreductase activity [22], steroid 
hydroxylase activity [15] 

Amitriptyline, carvedilol, 
codeine, donepezil, 
haloperidol, metoprolol, 
paroxetine, risperidone, 
tramadol [31] 

CYP3A4 Liver, 
duodenum 
[36] 

Caffeine oxidase activity [27], enzyme 
binding [29], estrogen 16- -
hydroxylase activity [33], iron binding 
[37], monooxygenase activity [38], 
oxidoreductase activity [22], oxygen 
binding [39], steroid binding [37], 
steroid hydroxylase activity [40], 
testosterone 6- -hydroxylase activity 
[41], vitamin D 24-hydroxylase activity 
[24], vitamin D3 25-hydroxylase activity 
[24] 

Alprazolam, amlodipine, 
atorvastatin, cyclosporine, 
diazepam, estradiol, 
simvastatin, sildenafil, 
verapamil, zolpidem [31] 

 

Mutations of CYP genes can cause metabolism defects and contribute to 

several clinically relevant diseases [42]. The genetic instability of metabolic rate is 
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determined by genetic factors, such as monogenic polymorphisms, which may 

partially explain variations in only a few enzymes, such as CYP2D6. Most enzymes 

are multifactorially controlled, including additional polymorphisms in regulatory trans-

genes and nongenetic host factors, including sex, age, disease state, and hormonal 

and diurnal influences. Environmental and behavioral factors (e.g., diet, drug co-

administration, and smoking) can influence enzymatic activity [12, 13]. Thus, through 

interactions between environmental factors, CYP can be induced or inhibited by 

some drugs, resulting in the different activity or toxicity of xenobiotics. Evaluations of 

the effects of drugs on these enzymes are useful for determining drug safety, 

predicting drug-drug interactions, and elaborating appropriate drug administration 

protocols [43]. 
 

2.3 HEPATIC CYP450 AND INFLAMMATION 

During inflammatory disorders, proinflammatory cytokines, such as 

interferon-γ (IFN-γ), interleukin-1 (IL-1), IL-6, and tumor necrosis factor α (TNF-α), 

are produced and released from monocytes, macrophages, and stromal cells [44]. 

Proinflammatory cytokines bind to receptors (e.g., Toll-like receptors) on the cell 

surface of Kupffer cells in the liver. These receptors mediate the inflammatory 

response, activating intracellular signaling systems and regulating the gene 

transcription of transporters and enzymes [45]. Thus, impairments in hepatic drug 

disposition during inflammation have been attributed to downregulation of the gene 

expression of drug-metabolizing enzymes, especially CYPs and drug transporters 

[46–48]. The expression or activity of CYP generally decreases during chronic 

inflammation, during lipopolysaccharide (LPS) exposure, and in the presence of 

proinflammatory cytokines (e.g., IL-6, TNF- , and IFN-γ). In this case, changes in 

CYP expression can alter the pharmacokinetics of prescription medications, 

increasing plasma levels of substances and resulting in toxicity or side-effects [2, 48].  

Primary hepatocytes and animal models have been used to evaluate the 

effects of cytokines on CYP expression and activity. The response to inflammation 

depends on the type of disease, disease state, time course, and CYP involvement. 

Therefore, predicting changes in drug exposure in patients is difficult, demonstrating 

the importance of developing endogenous markers of CYP activity to individually 

tailor drug dosages and the choice of therapy [2]. 
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To evaluate the effects of inflammation on CYPs, phase II enzymes, and 

transporters (i.e., Ugt1a1, Sultn, Mrp2), Shah et al. [46] applied LPS (i.e., Gram-

negative bacteria) and lipotechoic acid (LTA; Gram-positive bacteria) to mouse 

hepatocytes. Lipopolysaccharide and LTA similarly downregulated drug-metabolizing 

enzymes. Lipopolysaccharide promoted the downregulation of enzymes in the 

absence of CARs. Lipotechoic acid attenuated the suppressive effect of LPS in the 

absence of CARs, indicating the involvement of CARs in negative regulation that is 

mediated by LTA in those genes. The effects on genes depend on the inflammatory 

stimulus, which can change among Gram-positive and Gram-negative bacteria. This 

indicates that patients who are exposed to bacterial infections can present 

differences in drug metabolism [46]. Moriya et al. [11] analyzed the effect of LPS 

treatment on mRNA levels of CYPs that are regulated by xenobiotic-activated nuclear 

receptors. They reported a decrease in mRNA levels of CYP3A11, CYP2C29, 

CYP2C55, and CYP1A2 in LPS-induced inflammatory responses. Considering that 

these effects were mediated by PXRs and AhRs and possibly CARs in the liver in 

healthy mice, the authors suggested that this decrease depends on TNF-α and IL-1β 

that are reduced in the liver in mice that are treated with the PXR/CAR/AhR activator 

+ LPS [11].  

The above processes have been extensively studied in animal models but 

less so in humans, and even less is known about responses in the absence of 

inducing agents [47]. Aitken and Morgan [47] investigated the effects of LPS, IL-1β, 

IL-6, TNF-α, IFN-γ, and transforming growth factor  (TGF-β) on the mRNA 

expression of CYP2B6 and CYP2C in human hepatocytes, comparing with 

responses of CYP3A4. The authors observed negative regulation for all CYPs when 

in contact with IL-6. For other cytokines, each CYP presented a specific response. 

For example, the expression of CYP2C9 and CYP2C19 decreased while in the 

presence of IL-6 and TGF-β, but expression was unaltered in the presence of LPS, 

TNF-α, IFN-γ, and IL-1. CYP3A4 and CYP2C8 were downregulated by all cytokine 

treatments. Others enzymes (e.g., hepatic flavin monooxygenases, UDP-

glucuronosyltransferases, sulfotransferases, and glutathione-S-transferases) and 

hepatic transporters also decreased in inflammatory conditions (e.g., hepatitis, 

cirrhosis, LPS-induced cholestasis, and LPS-induced inflammation) [48]. 

CYP2 is an important family of enzymes that are involved in inflammatory 

processes. In mice, CYP2A5 was induced by inflammatory conditions and infectious 
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disease, which decreased the regulation and activity of several CYP isoforms [49]. 

CYP2C and CYP2J epoxygenases are responsible for converting arachidonic acid to 

antiinflammatory epoxyeicosatrienoic acid (EET), which exerts protective effects in 

various disorders, including cardiovascular disease and metabolic syndrome [2]. The 

downregulation of CYP epoxygenase and decreases in EET levels in hepatic tissue 

are a consequence of fatty liver disease-associated inflammation, thus justifying 

therapeutic approaches that target these pathways [50]. Raffaele et al. [51] reported 

an increase in IL-10 mRNA level, decreases in TNFα and NF-κB mRNA levels, fatty 

acid accumulation, fibrosis, and non-alcoholic fatty liver disease (NAFLD) in db/db/ 

mice (i.e., a model of obesity) that were treated with EET, thus demonstrating that 

EET may be a pharmacological strategy to prevent fibrosis, mitochondrial 

dysfunction, and the development of NAFLD  [51]. The CYP/EET pathway was also 

shown to modulate renal dysfunction in advanced cirrhosis in rats that were 

subjected to bile duct ligation [52].  

CYP4A and CYP4F hydroxylases are responsible for metabolizing multiple 

substrates that are related to regulating inflammation and lipid homeostasis. One 

challenge, however, is determining which substrates are physiologically relevant for 

each enzyme. The best-characterized activities include the generation of 20-

hydroxyeicosatetraenoic acid (20-HETE) and inactivation of leukotriene B4 [2]. 20-

HETE induces endothelial inflammation by increasing the expression of adhesion 

molecules, cytokines, and chemokines in leukocytes [53]. 

Considering the features of CYPs, they have been the focus of studies of 

their involvement in the variability of drug efficacy and toxicity in inflammatory states 

[2, 54]. Fig. 2 summarizes the influence of inflammation on CYP expression. 
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Figure 2 - Regulation of CYP enzyme transcription by inflammatory processes in the liver. 

(Figure produced by Mind the Graph software) 

 

 

2.4 RELATIONSHIP BETWEEN CYP450 AND CANCER 

Carcinogen metabolism is complex and mediated by the activity of single or 

multiple genes, which limits the ability to predict cancer risk that involves CYP 

modulation [55]. The CYP family is involved in the metabolism of many pre-

carcinogens, resulting in secondary metabolites that can cause DNA damage, 

generate chemical adducts, and act on the activation or inactivation of anticancer 

drugs [56, 57]. 

Approximately 1% of the human population presents stable variations of 

gene sequences or polymorphisms [58]. Polymorphic CYP enzymes play an 

important role in detoxication via the metabolism of substances, and these may 

account for interpatient variability in the clinical course of various cancers [59]. 

Associations between gene polymorphisms and cancer susceptibility can be revealed 

by CYP1A1, CYP1A2, and CYP2E1, which are responsible for the biotransformation 
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of chemicals, especially the metabolic activation of pre-carcinogens. Polymorphisms 

of CYP genes that are involved in drug metabolism, especially CYP2C9, CYP2C19, 

CYP2D6, CYP3A4, and CYP3A5, can result in therapeutic failure or side effects [55].  

Agundez [60] performed phenotyping analyses and found an association 

between CYP enzyme activity and the risk of developing several forms of cancer, 

such as lung, liver, head, and neck cancers. Controversial findings suggest that 

colorectal and prostate cancers may be associated with CYP polymorphisms, but no 

evidence of such association with bladder cancers has been reported. Several 

polymorphisms of CYP enzymes occur because of gene duplication, gene deletion, 

or single-nucleotide polymorphisms. Generally, the enzymes that have been the most 

extensively studied with regard to tumors are CYP1A1, CYP1A2, CYP1B1, CYP2A6, 

CYP2B6, CYP2C8, CYP2C9, CYP2C18, CYP2C19, CYP2D6, CYP2E1, CYP3A4, 

and CYP3A5 [60]. 

The expression of downstream genes of the CYP1 family (e.g., CYP1A1, 

CYP1A2, and CYP1B1) is initiated by AhRs, a ligand-activated transcriptional factor 

that dimerizes with aryl hydrocarbon receptor nuclear translocator (ARNT), resulting 

in a complex that binds to xenobiotic response elements (XREs). The CYP1 family is 

involved in the metabolism of endogenous hormones, xenobiotics, and drugs. The 

expression of CYP1 can be regulated by estradiol (E2) or xenobiotics in diverse 

cancers [61]. For example, CYP1B1 is responsible for converting E2 into 4-

hydroxyestradiol, which can then be converted to potential carcinogens by 

peroxidases, forming estradiol-3,4-quinone. CYP1B1 is overexpressed in tumors. It 

has been shown to be active within tumors and capable of metabolizing many 

anticancer drugs [62]. High expression of the CYP1 family indicates the possibility of 

carcinogenesis through xenobiotic exposure in endometrial and ovarian cancers [61]. 

The CYP11 family is important in steroidal biosynthesis. CYP11B1 and 

CYP11B2 exhibit the highest number of mutations, and 80% of these mutations can 

affect the conformation of proteins and subsequently affects their function. Lower 

CYP11 expression and CYP11 mutations influence steroidal biosynthesis [8]. 

CYP11A1 expression presented a negative regulatory effect on colon 

adenocarcinoma, renal clear cell carcinoma, liver hepatocellular carcinoma (HCC), 

lung squamous cell carcinoma, prostate adenocarcinoma, and uterine corpus 

endometrial carcinoma. 
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The human CYP4 family is also important in cancer development. CYP4A11, 

CYP4F2, and CYP4F3B hydroxylate arachidonic acid at the omega position to form 

hydroxyeicosatetranoic acid (20-HETE), which has important effects on tumor 

progression, angiogenesis, and blood pressure regulation in the vasculature and 

kidneys [63, 64]. Table 2 summarizes the main CYPs that are related to cancer [60]. 

CYP polymorphisms are not solely associated with pro-tumoral activity. In a meta-

analysis of hormone-related cancer risk, the polymorphic CYP24A1 rs2296241 

single-nucleotide polymorphism was associated with a lower risk of prostate cancer 

[65]. CYPs also influence HCC, breast cancer, and lung cancer. 
 

Table 2 - Main CYP isoforms that are involved in the carcinogenesis of different types of cancer. 

CYP Cancer 

CYP1A1 Lung cancer, head cancer, neck cancer, oral cancer, larynx/pharynx cancer, 
esophageal cancer, colorectal cancer, gallbladder cancer, breast cancer, 
prostate cancer, renal cancer, endometrioid and ovarian cancer, lymphomas, 
leukemia 

CYP1A2 Urothelial and bladder cancer 

CYP1B1 Prostate cancer, ovarian cancer, head cancer, neck cancer, breast cancer, 
lung cancer, gastrointestinal cancer, bladder cancer, liver cancer 

CYP2A6 Lung cancer, oral cancer, colorectal cancer 

CYP2C9 Colorectal cancer, lung cancer 

CYP2C18 
and 
CYP2C19 

Prostate cancer, bladder cancer, lung cancer, liver cancer, colorectal cancer, 
acute leukemia 

CYP2D6 Lung cancer, head cancer, neck cancer, liver cancer, melanoma, breast 
cancer, acute leukemia, prostate cancer, bladder cancer, brain cancer, renal 
cancer, colorectal cancer, ovarian cancer, anal cancer, vulvar cancer, 
pancreatic cancer, cervix cancer, pituitary cancer, lymphomas 

CYP2E1 Lung cancer, digestive tract cancer  

CYP3A4 Prostate cancer, breast cancer, ovarian cancer, myeloid leukemia 

CYP3A5 Acute myeloid leukemia, myelodysplastic syndrome, acute lymphoblastic 
leukemia  

Source: [60]. 

 

2.4.1 CYP and hepatocellular carcinoma 

Liver cancer is the sixth most common malignancy and fourth leading cause 

of cancer-associated mortality [66, 67], including hepatocellular carcinoma that 

comprises 75 85% of cases. In most high risk HCC areas (e.g., China and Eastern 
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Africa), the key determinants are chronic HBV infection and aflatoxin exposure. In 

other countries (e.g., Japan and Egypt), HCV infection is likely the predominant 

cause [67]. HCC is accompanied by liver dysfunction. The activity of CYP isoforms is 

differentially affected in HCC patients, and personalized treatments are 

recommended [68, 69]. CYP genes are involved in the pathogenesis of HCC [70]. A 

study of liver tissues from HCC patients reported an increase in the intrinsic 

clearance of CYP2C9, CYP2D6, and CYP2E1 and a decrease in the intrinsic 

clearance of CYP1A2, CYP2C8, and CYP2C19 compared with non-tumor liver 

tissues (controls) that were obtained from patients with liver hemangioma, metastatic 

carcinoma, choletithiasis, and gallbladder cancer. CYP2D6 exhibited an increase in 

activity (Km parameter) in HCC patients with comorbid cirrhosis. Genetic 

polymorphisms, such as CYP2D6*10, CYP2C9*3, and CYP3A5*3, can affect 

enzymatic function and predict HCC risk [69]. 

Gao et al. [68] evaluated 102 HCC patients and identified different clearance 

rates. Based on the clearance of CYP isoform-specific substrates at the microsomal 

level, CYP2C9, CYP2D6, and CYP2E1 were significantly increased in HCC patients, 

whereas the values for CYP1A2, CYP2C8, and CYP2C19 decreased. CYP1A2, 

CYP2A6, CYP2B6, CYP2C8, CYP2C19, CYP3A4, and CYP3A5 levels, indicated by 

microsomal protein per gram of liver, were significantly reduced in HCC patients. The 

authors suggested that such diseases as fibrosis and cirrhosis and polymorphisms of 

CYP genes influence the hepatic clearance of CYP [68]. 

Another important CYP in this context is CYP2J2, an arachidonic acid 

epoxygenase that is related to hyperhomocysteinemia (HHcy). This condition is 

characterized by an increase in homocysteine (Hcy) [71], which can be associated 

with the rapid proliferation of tumor cells, including HCC cells [72, 73]. 

Hyperhomocysteinemia promotes hepatocarcinogenesis via metabolism and CYP2J2 

signaling. Elevations of Hcy can result from liver disease or dysfunction and alter 

intracellular lipid metabolism. CYP2J2 is also expressed in other cancers (e.g., breast 

cancer, melanoma, and leukemia) and promotes metastasis [71]. Zhang et al. [71] 

reported higher levels of 4-epoxyeicosatrienoic (EET) isomers, CYP2J2, and 

intracellular Hcy in 42 HCC cases compared with non-tumor tissue. Increases in Hcy 

levels favor the neoplastic cellular phenotype, which is reversed by the absence of 

CYP2J2. 
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Another concern is when HCC is associated with viral infection. Yan et al. 

[74] evaluated the protein and mRNA levels of CYP1A2, CYP2A6, CYP2C8, 

CYP2C9, CYP2D6, CYP2E1, and CYP3A4 in tumors and pericarcinomatous tissues 

from patients with hepatitis B virus-positive HCC. The authors found 2.5- to 30-fold 

lower maximal metabolic velocity (Vmax) of tumor microsomes enzymes and 

decreases in their protein and mRNA expression levels, demonstrating serious 

impairments in CYP activity [74]. Another study analyzed HCC that arose from 

hepatitis C virus (HCV)-infected livers. The levels of CYP2B6, CYP2C9, CYP2C19, 

CYP3A5, CYP4F3, and CYP27A1 were significantly lower and the levels of CYP2E1 

and CYP4F2 were slightly lower in HCC with venous invasion than in HCC without 

venous invasion [70]. Thus, virus invasion decreases the levels of important CYPs, 

suggesting that CYPs may be therapeutic targets for virus-associated HCC [70, 74]. 

Considering the enormous diversity of CYPs and their high concentrations 

and activity in the liver, the ability to predict the effects of HCC on drug clearance 

may be helpful for designing clinical studies and clinically managing 

pharmacotherapy in HCC patients [68]. The activity of CYPs from families 1, 2, and 3 

is altered in HCC, mainly CYP2 subfamilies (A, B, C, D, E, and J).  

 

2.4.2 CYP and breast cancer 

In breast cancer, CYP metabolizes endogenous substrates (e.g., estradiol) 

and exogenous substrates (e.g., anticancer drugs). These enzymes are responsible 

for generating DNA-damaging pro-carcinogens and the response to antiestrogen 

therapies [75, 76]. 

CYP3A is also involved in the metabolism of tamoxifen, an important 

therapeutic agent in estradiol receptor-positive breast cancer. Variations of CYP3A 

expression in breast cancer tissues among ethnic groups might result in differences 

in therapeutic efficacy. Oyama et al. [77] immunohistochemically detected the 

absence of expression of this enzyme in cancer specimens from 34 Japanese 

patients. The expression of CYP3A may be less frequent in the Japanese population, 

whereas its expression has been reported in 20% of breast cancer cases in 

Caucasians. 

Floriano-Sanchez et al. [78] found a significant increase in CYP3A4 

expression in breast cancer stroma and gland regions compared with healthy tissue. 

Various factors, such as smoking, alcoholism, and hormonal contraceptive use, are 
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significantly associated with CYP3A4 protein expression. The authors suggested that 

CYP3A4 expression promotes breast cancer development and can be used as a 

predictor of the tumor response to different treatments. Vaclavikova et al. [79] found 

negligible levels of CYP3A4 and CYP2C9 expression, whereas CYP1B1 expression 

was 50-fold higher than CYP2E1 expression, and this overexpression was detected 

in one-third of tumors. Higher CYP2E1 expression was associated with an invasive 

lobular type of tumor, locally advanced disease as well as with non-tumor tissue of 

progesterone receptor-negative patients, indicating that CYP2E1 may be a 

prognostic marker in breast cancer [79]. A positive association was also found 

between CYP1B1 expression in peripheral blood lymphocytes and non-tumor 

tissues. The correlation between CYP1B1 expression in breast tumor samples and 

peripheral blood lymphocytes was weaker. The expression of CYP1B1 in tumor cells 

may influence the metabolism or activation of environmental carcinogens or the drug 

response [79]. 

Estrogen receptors (ERs) are expressed in breast cancers. E2 was shown to 

increase the level of CYP1B1, which was reversed by the estrogen receptor 

antagonists ICI 182,780 and 4-hydroxytamoxifen, indicating that expression of the 

CYP1 family in regions downstream from AhRs is regulated by the activation of ERs 

[61]. 

Parada et al. [80] found a correlation between single-nucleotide 

polymorphisms of CYP genes and the incidence of breast cancer, and interactions 

were found with the consumption of smoked/grilled meat, which is an important 

source of polycyclic aromatic hydrocarbons. However, one example of a CYP 

polymorphism that is not responsible for cancer development is CYP1A1, which is 

expressed in extra-hepatic tissues (e.g., the breast) and responsible for polycyclic 

aromatic hydrocarbon metabolism and estrogen metabolism. CYP1A1 can present 

four polymorphisms: 3801T/C, Ile462Val, 3205T/C, and Thr461Asp. Although there 

are ethnic differences in the presence of these polymorphisms, none are related to 

breast cancer [81]. The highly polymorphic enzyme CYP2D6 can influence the 

success of breast cancer therapy (see section 5 below). CYPs are associated with 

both breast tumor development and progression and the efficacy of cancer treatment 

[77]. 
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2.4.3 CYP and lung cancer 

The pathogenesis of lung cancer is strongly associated with environmental 

chemical exposure, particularly tobacco smoke and asbestos. Many compounds 

require enzymatic activation by CYPs to exert their deleterious effects on pulmonary 

cells. Differences in carcinogenesis are mainly attributable to interindividual 

differences in the capacity to activate or inactivate chemical toxicants in cellular 

pathways that are involved in CYP regulation and lung carcinogenesis [82–84]. 

Various CYPs, such as CYP1A1 (in smokers), CYP1B1, CYP2B6, CYP2E1, 

CYP2J2, and CYP3A5, are mostly expressed in bronchial and bronchiolar epithelia, 

Clara cells, type II pneumocytes, and alveolar macrophages in human lung tissues 

[83]. Determining the local expression of CYP enzymes in lung cancer and 

surrounding tissues is an important determinant of anticancer drug efficacy and the 

development of individualized treatment [84]. 

Oyama et al. [4] mentioned the expression of AhRs, CYP1A1, CYP2A6, 

CYP2E1, and CYP3A in lung adenocarcinoma but not in squamous cell cancers. 

This expression in adenocarcinoma was more frequent in females than in males, 

suggesting that the expression of these enzymes and receptors may be associated 

with a higher risk of developing lung adenocarcinoma in women  [4]. CYP19 

(aromatase) converts testosterone to estrogen and was found in more than 80% of 

non-small-cell lung tumors. CYP24A1, which converts 1α,25-dihydroxyvitamin D3 to 

its inactive 24-hydroxylated derivatives, was detected in lung cancer [84]. Moreover, 

the inactivation of 1,25-OH D3 by CYP24A1 in tumor tissues is associated with a 

poor prognosis of some human cancers [4]. 

Song et al. [85] showed that CYP1A1 plays an important role in the activation 

of tobacco carcinogens. Polymorphisms of CYP1A1 are important predictors of the 

susceptibility to lung cancer, which has received particular research interest in recent 

years. Several polymorphisms of the CYP1A1 locus have been identified, the 

frequencies of which in the population depend on ethnicity. In the Chinese 

population, for example, the CYP1A1m1 and CYP1A1m2 polymorphisms are 

associated with smoking-related lung cancer risk [85]. 

Lung cancers have features that make these tumors different from others 

because they are influenced by tobacco, gender, and the metabolism of steroid 

hormones and vitamin D, thus involving both xenobiotic metabolizing CYPs and 

steroidogenic CYPs. The spectrum of CYP expression in lung tumors may be useful 
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markers for tumor classification and diagnosis and the management of lung cancer 

therapy [4]. 
 

2.5 CYP IN CHEMOTHERAPY: FUNCTIONS AND INTERFERENCE 

As previously mentioned, the CYP family is involved in the metabolism of 

various anticancer drugs. Consequently, variations of CYP enzymes (e.g., 

polymorphisms, induction, and inhibition) can interfere with anticancer drug effects 

[86], especially because classic chemotherapy is not necessarily specific to tumor 

cells and also acts on healthy cells [87]. 

Mutations of CYP enzymes can be divided into four phenotypes: poor 

metabolizers (two nonfunctional genes), intermediate metabolizers (one allele 

deficiency), extensive metabolizers (two copies of normal genes), and ultrarapid 

metabolizers (three or more functional active gene copies) [88]. These phenotypes 

can result in therapeutic failure or cause side effects in patients during 

chemotherapy. The main side effects of the doxorubicin and cyclophosphamide (AC) 

protocol is neutropenia. Polymorphisms of CYP2B6 and excision endonuclease and 

repair cross-complementary 1 (ERCC1) were shown to be related to the exacerbation 

of stage 4 neutropenia in patients who received the AC protocol. These 

polymorphisms may be strong independent predictors of stage 4 neutropenia, in 

addition to the  initial total count of white blood cells and body mass index [89].  

Ahmed et al. [90] reported that cisplatin and paclitaxel inhibited CYP2E1 and 

CYP3A1/2 in isolated hepatic microsomes in rats. Paclitaxel dose-dependently 

inhibits CYP3A. One study found that turmeric pretreatment enhanced the inhibitory 

effect of cisplatin and paclitaxel on CYP3A1/2 in isolated rat hepatic microsomes, 

with a reduction of their inhibitory constants (Ki). The inhibitory effects of these 

chemotherapies on CYP2E1 were attenuated by turmeric pretreatment. Kostrubsky 

et al. [91] reported that paclitaxel induced CYP3A4 protein and mRNA expression. 

These authors also found that paclitaxel and rifampicin had similar enzymatic activity, 

but higher concentrations of paclitaxel decreased CYP3A activity and 

immunoreactive protein [92]. 

Importantly, cisplatin dose-dependently induces renal tubular toxicity. This 

effect occurs because cisplatin is a potent inducer of CYP4A11 and exerts toxic 

effects through the induction of CYP4A11 and 20-HETE generation [93]. 

Cyclophosphamide and ifosfamide are activated by CYP2B and CYP3A, 
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respectively, but CYP2A6, CYP2B6, CYP2C8, CYP2C9, and CYP3A4 can also be 

activated by these drugs [94]. Some cancer patients require antidepressant drug 

treatment, such as with the selective serotonin reuptake inhibitors paroxetine and 

fluoxetine. These antidepressants have been shown to inhibit the metabolism of 

tamoxifen by CYP2D6, which may reduce its efficacy [95]. 

The production of EET by CYP in breast cancer is correlated with cancer 

progression. Phuong et al. [96] suggested that the CYP3A4-mediated EET pathway 

may be a therapeutic target for the treatment of tamoxifen-resistant breast cancer 

[96]. Phytoestrogens and dexamethasone can be regulated by CYP1 family 

expression, which can compromise cancer therapy [61]. For example, CYP1B1 

overexpression was shown to lead to resistance to docetaxel [97], and this effect was 

reversed by a CYP1B1 inhibitor [98]. Additionally, CYP1B1 promoted the resistance 

to other chemotherapeutic agents, including tamoxifen [99] and cisplatin [100].  

Tamoxifen is an endocrine treatment that is used in pre- and post-

menopausal women in whom aromatase inhibitors are contraindicated [95]. 

Tamoxifen is a pro-drug that is metabolized by CYP2D6, CYP3A4, CYP2B6, and 

CYP2C19. However, CYP2D6 is a highly polymorphic gene that can lead to null or 

low enzyme activity, resulting in therapeutic failure. For example, the CYP2D6*6 

allele influences survival in breast cancer patients, whereas the CYP2D6*4 allele 

does not. Therefore, some authors have discouraged the genotyping of CYP2D6 

[101]. However, Blancas et al. [102] classified the CYP2D6 genotype as slow 

metabolizers or rapid metabolizers. Patients who were classified as slow CYP2D6 

metabolizers had shorter disease-free survival during tamoxifen treatment, but no 

differences in overall survival (OS) were observed. The authors suggested that no 

difference in OS was observed because tamoxifen treatment was interrupted in most 

cases during disease relapse [102]. In the Chinese Han population, CYP2D6*10 T/T 

genotype patients exhibited less benefit from tamoxifen treatment [103]. Thus, 

genotyping CYP2D6 in breast cancer patients is important for individualized 

tamoxifen therapy [95], but further investigations are necessary to explain how 

tamoxifen treatment is affected by SNPs of CYP2D6. This confirms the clinical 

validity of employing pharmaconegomics for tamoxifen therapy [104]. Other common 

enzyme variants, such as CYP2C19, CYP2C9, and CYP2B6, are also involved in 

tamoxifen metabolism, but do not present a relation between release-free time in 

patients with breast cancer [105]. 
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One study [106] demonstrated a relationship between patients with multiple 

myeloma and the time of administration of cyclophosphamide, interferon, and 

betamethasone. The authors found that a longer half-life and higher maximal plasma 

concentrations were associated with a decrease in the clearance of 

cyclophosphamide when IFN-α was administered previously compared with IFN-

α administration 24 h after cyclophosphamide treatment. A cytotoxic metabolite of 

cyclophosphamide, 4-hydroxy-cyclophosphamide (4-OHCP), is formed through the 

enzymatic activity of CYP3A4 and affected by INF-α pretreatment relative to 

cyclophosphamide administration. When IFN-α was administered after 

cyclophosphamide, a better therapeutic effect was observed [107]. Treatment with 

high-dose IFN-α2b reduced the activity of CYP1A2 and CYP2C19 by 60% and 40%, 

respectively, in 17 patients with melanoma [107]. Thus, the IFN-α administration 

schedule should be considered to achieve better efficacy of alkylating agents that are 

used for the treatment of multiple myeloma and related diseases [106]. 

Vincristine metabolism is significantly higher with CYP3A5 than with 

CYP3A4. In children with precursor B-cell acute lymphoblastic leukemia, CYP3A5 

expressers experienced less vincristine-induced peripheral neuropathy and produced 

more primary metabolites compared with CYP3A5 non-expressers [108]. CYP3A5 

genotype is an important determinant of vincristine clearance and exposure in 

patients. CYP3A5 genotype was suggested to be a strong predictor of vincristine 

toxicity and may provide a starting point for better dosing strategies for a drug that is 

critical for the treatment of multiple curable childhood cancers [108]. Moreover, 

several chemotherapies can interact with CYPs. Table 3 presents enzymes that are 

responsible for the metabolism of different chemotherapeutic drugs. 
 

Table 3 - CYPs involved in the metabolism of some chemotherapeutic agents. 

Drug CYP involved in 
metabolism 

Metabolism pathway 

Cyclophosphamide CYP2A6, CYP2B6, 
CYP2C19, CYP2C9, 
CYP3A4, CYP3A5 [109] 

Cyclophosphamide is converted to 4-
hydroxycyclophosphamide by CYP2B6, 
CYP2C9, CYP2C19, CYP3A4, and CYP3A5 or 
to 2-dechcloroethylcyclophosphamide + 
chloracetaldehyde by CYP3A4/CYP3A5 [109] 

Docetaxel CYP3A4 [110] Docetaxel is hydroxylated to hydroxyldocetaxel 
[111] 
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Etoposide CYP3A4 [112] Etoposide is metabolized to etoposidecatechol  

Flutamide CYP1A2 [113, 114] Flutamide is metabolized by CYP1A2 to 2-
hydroxyflutamide [113, 114] 

Ifosfamide CYP2A6, CYP3A4, 
CYP3A5, CYP2B6, 
CYP2C8, CYP2C9, 
CYP2C19 [114, 115] 

The prodrug ifosfamide is activated to 4-
hydroxyifosfamide by CYP2B6 and 
CYP3A4/CYP3A5, whereas CYP2A6, CYP2C8, 
CYP2C9, and CYP2C19 contribute less to this 
reaction. CYP2B6 and CYP3A4 convert 4-
hydroxyifosfamide to 2-dichloroethyl ifosfamide, 
3-dichloroethylifosfamide, and 
chloroacetaldehyde [114, 115] 

Irinotecan CYP3A4, CYP3A5 [114] Irinotecan is metabolized by CYP3A4 and 
CYP3A5 to 7-ethyl-10-[4-N-(5-aminopentanoic 
acid)-1-piperidino] carbonyloxycamptothecin or 
7-ethyl-10-[4-(1-piperidino)-1-amino] 
carbonyloxycamptothecin [114] 

Imatinib CYP3A4, CYP3A5 [114, 
116] 

Imatinib is demethylated by CYP3A4 and 
CYP3A5 to N-demethyl-imatinib; CYP1A2, 
CYP2C8, CYP2C9, CYP2C19, and CYP2D6 
can hydroxylate this drug [114, 116] 

Paclitaxel  CYP2C8, CYP3A4 [117, 
118] 

Paclitaxel is converted to 6- -hydroxypaclitaxel 
by CYP2C8, which is converted to 
dihydroxypaclitaxel by CYP3A4 and to 3’-p-
hydroxypaclitaxel by CYP3A4, which is 
converted to dihydrodypaclitaxel by CYP2C8 
[114] 

Sorafenib CYP3A4 [119] Sorafenib is metabolized by CYP3A4 to pyridine 
N-oxide (M2) [119] 

Tamoxifen CYP2B6, CYP2C9, 
CYP2C19, CYP2D6, 
CYP3A4, CYP3A5 [101, 
109] 

CYP2D6, CYP2B6, CYP2C19, CYP3A4, 
CYP3A5, and CYP2D9 oxidize tamoxifen to 4-
hydroxytamoxifen; CYP3A4 and CYP3A5 
convert tamoxifen to N-desmethyltamoxifen and 
after to N-didesmethyltamoxifen; N-
desmethyltamoxifen is converted to endoxifen 
by CYP2D6, and 4-hydroxytamoxifen is 
converted to endoxifen by CYP3A4 and 
CYP3A5 [101] 

Tegafur  CYP2A6 [120] Tegafur [R,S-1-1(tetrahydrofuran-2-yl)-5-FU] is a 
prodrug that is converted to 5’-hydroxytegafur by 
CYP2A6 and then to 5-fluorouracil [120] 

Vincristine and vinca 
alkaloids 
(vinblastine, 
vindesine) 

CYP3A4, CYP3A5 [108]  
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Note: Tegafur, also called ftorafur, is a constituent of UFT, an oral fluoropyrimidine, designed in 1978 by adding 

uracil to ftorafur [121] and S-1 that consists of three pharmacological agents (at a molar ratio of 1:0.4:1), namely 

tegafur (FT), 5-chloro-2-4-dihydroxypyridine (CDHP) and oxonic acid (Oxo) [122]. 

 

2.6 CONCLUSIONS 

CYP enzymes are important for the biotransformation of xenobiotics and are 

also related to cancer development and the inflammation. The inflammatory process 

is usually present in the tumor microenvironment and systemically. Cytokines (e.g., 

IL-1, IL-6, and TNF-α) that are released can then decrease the expression of CYP 

genes, especially from the CYP1, CYP2, CYP3, and CYP4 families (Fig. 3). 

Alterations of CYPs in cancer may influence the metabolism of chemotherapeutic 

drugs, in which CYP enzymes may be inhibited in cancer patients, especially in 

polychemotherapy protocols. Polymorphisms of CYP enzymes or their hyperactivity 

can result in gene mutations, cancer development, or the inactivation of 

chemotherapeutic drugs. Studies of CYPs that are influenced by the inflammatory 

process are necessary for predicting drug-drug interactions, including 

chemotherapies and other medications that are prescribed for cancer patients (e.g., 

antidepressants and antiemetics), and establishing efficient therapies with fewer side 

effects. 
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Figure 3 - Relationship between CYP and inflammation in cancer patients.  

(Figure produced by Mind the Graph software) 
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3.1 ABSTRACT 

 

Proinflammatory cytokines present an important role in carcinogenesis and in 

regulation of cytochrome P enzymes (CYPs) in tumor and liver. The soluble fraction 

of polysaccharides from cabernet franc red wine (SFP) has antitumoral effect by 

modulation of the immune system. The hypothesis that SFP can regulate CYPs was 

tested in vitro (HepG2 cells) and in vivo (Walker-256 tumor-bearing rats). Vincristine 

(Vin) was used as a positive control. SFP was used in the protocols of a) solid tumor, 

b) liquid tumor and c) chemopreventive solid tumor. SFP reduced solid tumor 

development in both protocols, but did not inhibit the liquid tumor. SFP reduced total 

CYP levels in a and b protocols, as well as the gene expression of Cyp1a1 and 

Cyp2e1 in rats and CYP1A2 in HepG2 cells. An increase of NAG activity in all treated 

rats, and in TNF-α levels in a protocol in Veh, SFP and Vin group was observed. 

Protocol c did not modify the CYP level in liver and intestine, nor the NAG and MPO 

in liver. Additionally, in vitro digestion and NMR analyses suggest that SFP was 

slighted modified along the gastrointestinal system. In conclusion, SFP inhibits CYPs 

in vivo and in vitro, probably as a result of its immunomodulatory effect. 
 

Keywords: Cytochrome P450; inflammation; Walker-256; cancer; polysaccharides; 

red wine 

 

Abbreviations:  Alanine aminotransferase, ALT; Analysis of variance, ANOVA; 

Aspartate aminotransferase, AST; Cisplatin, Cis; Ciplatin + SFP, CS; Cisplatin + 

Vincristine, CV; Cisplatin + Vincristine + SFP, CVS; Cytochrome P450, CYP; 

Deuterium oxide, D2O; Ethylenediaminetetraacetic acid, EDTA; Enzyme linked 

immunosorbent assay, ELISA; Fetal bovine serum, FBS; Glyceraldehyde 3-

phosphate dehydrogenase, GAPDH; Interleukin-1, IL-1; Interleukin-6, IL-6; 

Inferferons, INFs; Intraperitoneal, i.p.; Myeloperoxidase, MPO; N-

acetylglucosaminidase, NAG; Pathogen-associated molecular patterns, AMPs; 

Phosphate buffer, PBS; Quantitative polymerase chain reaction, qPCR; Standard 

error of the mean, SEM; Soluble fraction of polysaccharides from cabernet franc red 

wine, SFP; Subcutaneously, s.c.; Toll-like receptors, TLRs; Trimethylsilyl propionic 
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acid, TMSP; Tumor necrosis factor-α, TNF-α; Vehicle, Veh; Vincristine, Vin; 

Vincristine + SFP, VS.  

 

3.2 INTRODUCTION  

The enzymatic system cytochrome P450 (CYPs) corresponds to membrane-

bound hemoprotein, responsible for xenobiotics detoxification, cellular metabolism 

and homeostasis. The interindividual variability of CYPs in drug disposition plays a 

pivotal role in therapeutic responses or adverse effects of drug-drug interactions. 

These differences include induction or inhibition mechanisms, stimulated by 

xenobiotics and endogenous substances, which can activate or block the 

transcription of CYPs enzymes; besides epigenetic changes and genetic 

polymorphisms, since the CYPs family presents different alleles in the population (1–

3).   

During inflammation responses or infectious diseases, proinflammatory 

cytokines like interleukin (IL)-1 and IL-6, interferons (IFNs) and tumor necrosis factor-

α (TNF-α) are induced by monocytes, macrophages and stromal cells. These 

cytokines are produced when pathogen-associated molecular patterns (PAMPs) act 

in toll-like receptors (TLRs), which in the liver are present in Kupffer cells and 

hepatocytes. Therefore, inflammatory responses in the liver are associated with 

TLRs, which act on hepatocytes to regulate the expression of genes, such as the 

CYPs genes (4). TNF-α decreases CYP activity and promotes inhibition of the most 

important CYPs related to drug metabolism (5), both CYP3A4 and CYP2D6. 

Consequently, these enzymes respond to the inflammatory process provided by 

diseases, such as cancer. 

Cancer is caused by key genes-mutated cells that confer uncontrollable 

multiplication and cell survival capacity. In these conditions, CYP regulation can be 

altered. CYPs are considered key enzymes in cancer formation and treatment, 

because they mediate the activation of precarcinogens and both inactivation and 

activation of anticancer drugs (3). Several evidences are associated with CYP 

polymorphisms and cancer risk, essentially by the polymorphisms of a single 

nucleotide, gene duplications, and deletions. The gene polymorphisms of CYPs in 

cancer development have been investigated, and the most relevant are CYP1A1, 

CYP1A2, CYP2D6, CYP2E1 and CYP3A4 (6). Then, investigation of drug effects 

upon these enzymes is necessary for pharmacology safety evaluations and 



65 
 

prediction of inter-drug interactions. These points become important for the design of 

more suitable drug administration protocols (7).  

Accordingly, new substances have been studied, for antitumoral effects and 

less side effects to the patients. In this context, polysaccharides are interesting 

candidates, since they promote modulation of biological responses, essentially in 

immune systems. The soluble fraction of polysaccharides extracted from cabernet 

franc red wine (SFP), has demonstrated a relevant antitumor effect (8). The SFP is 

responsible for modulating the immune system, increasing the levels of TNF-α and 

inducing necroptosis in tumor cells (8).  Because of this modulation, it is possible that 

SFP causes inhibition of the CYPs, and therefore impairment of other 

chemotherapeutic agents administered in conjunction with SFP. 

The aim of this study was to evaluate the effects of SFP, alone or in 

combination with other chemotherapeutic agent, on cytochrome P450 enzymes and 

in inflammatory parameters. For this, the Walker-256 tumor, a rat model of 

carcinoma, was used in vivo. This tumor has similarity with several tumors in human 

patients, since it can induce cachexia, inflammation, liberation of cytokines, and 

inhibition of hepatic CYP activity (9). HepG2 cells, the human hepatoma cell line 

most commonly used in drug metabolism and hepatotoxicity studies, was also 

cultured with SFP. Additionally, the in vitro digestion of SFP to simulate the human 

gastrointestinal tract was performed to determine the SFP digestion when used by 

oral via. 

 

3.3 MATERIAL AND METHODS   

3.3.1 Cell culture 

The hepatocellular carcinoma cells HepG2 obtained from ATCC were used in 

in vitro experiments. The HepG2 cells were cultivated in high-glucose DMEM 

supplemented with 10% fetal bovine serum (FBS) and 100 U/mL penicillin, at 37ºC in 

a humidified atmosphere containing 5% CO2. Cells were passaged every 2-3 days at 

confluence of about 70-80% and plated at a density of 106 cells/well. The treatments 

were divided in nine: DMEM (negative control), 5 μmol Cisplatin (Cis), 50 μmol 

Vincristine (Vin), 50 μg Soluble Fraction of Polysaccharide (SFP), 5 μmol Cisplatin + 

50 μmol Vincristine (CV), 5 μmol Cisplatin + 50 μg SFP (CS), 50 μmol Vincristine + 

50 μg SFP (VS), 5 μmol Cisplatin + 50 μmol Vincristine + 50 μg SFP (CVS). These 

experimental protocols were conducted in triplicates.  
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3.3.1.1 MTT assay  
HepG2 cells are plated at 104 cells/well into 96-well culture plates by 24 

hours. After, the cells were treated in triplicates with 200 μL of the treatments cited in 

section 3.3.1 by 24 and 48 hours. The MTT assay was evaluated in 550 nm, to 

express a cell viability according Reilly et al. (1998). Results are expressed in 

percentage of viable cells in comparison to the control.  

 

3.3.2 Walker-256 tumor inoculation and posology regimes  

The male Wistar rats used in the experiments were obtained from the 

vivarium of the Federal University of Paraná (UFPR) (Curitiba, Brazil). The animals 

were housed in a controlled temperature (22 ± 1ºC) with a 12/12h light/dark cycle and 

free access to water and food.  

The maintenance of the Walker-256 cells was through weekly intraperitoneal 

(i.p.) inoculation at 107 cells/rat. The i.p. cells were collected in a solution of 

ethylenediaminetetraacetic acid (EDTA) (0.5 M, pH 8.0) and suspended in 1.0 mL of 

PBS (16.5 mM phosphate, 137 mM NaCl and 2.7 mM KCl), after four or five 

passages, which lasted 3-4 days of the cell growth in ascitic form. The cell viability 

was verified by the trypan blue method in a Neubauer chamber, then tumor cells 

were subcutaneously (s.c.) injected in the right hind paw, at 2 × 107 cells/rat, in a final 

volume of 0.2 mL. Rats were separated into groups (n= 6–8) and treated according to 

protocols descripted in Figure 1. SFP was prepared at Department of Biochemistry of 

UFPR. The composition and characterization of SFP were previously reported by our 

group (8). The experimental protocols in rats were divided in: 

a) Solid tumor protocol: treatment was initiated 1 day after the s.c. tumor cells 

inoculation and was followed for 14 days;  

b) Liquid tumor (ascitic) protocol: treatment was initiated 1 day after i.p. tumor 

cells inoculation and was followed for 5 days; 

c) Chemoprevention solid tumor protocol: treatment with SFP 6 mg/kg or 

distillated water was initiated 14 days before the s.c. tumor cells inoculation (day 0). 

After, rats were divided in different groups, treated for more 14 days. 

In all protocols the SFP was daily dissolved in distilled water (vehicle), just 

prior to the administration. Vincristine was dissolved in 0.9% saline solution and 

administered i.p. every 5 days at solid tumor protocol or in the -1 day (one day before 

inoculation) in liquid tumor protocol. Experimental design and treatment groups are 
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descripted in Figure 1. The Basal group was composed by healthy rats (no tumor) 

treated with SFP 60 mg/kg, and Naive group was composed by healthy rats treated 

with vehicle (distilled water) by oral via. 

In the end of the treatment of solid tumor protocol and chemopreventive 

tumor protocol, the animals were anesthetized with an i.p. injection of ketamine 

hydrochloride (100 mg/kg) and xylazine hydrochloride (10 mg/kg), for biological 

material sampling (blood, tumor and liver). The liver and solid tumor were harvested, 

weighed and frozen (-80oC) for further analyses. Finally, euthanasia was performed 

under anesthesia by puncturing the diaphragm. In the ascitic tumor groups, the 

animals were euthanized by cervical displacement, the liquid tumor was collected, 

the volume was measured and the cell viability analyzed by Tripan blue method (10).  

 

 

Figure 1 - Experimental design of treatment protocols. Lines and numbers represent the duration of 
the experiment in days. 
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3.3.3 Plasmatic biochemistry and hemogram  

Blood samples were collected from the abdominal cava vein in heparinized 

syringes to evaluated hematologic parameters, using a BC2800-Vet (Mindray, 

Shenzhen, China) automated device. After, the blood samples were submitted to 

centrifugation at 3,000 rpm for 10 minutes to obtained the plasma, to determinate 

glucose, alanine aminotransferase (ALT/SGPT) and aspartate aminotransferase 

(AST/SGOT), by means of commercial kits (Kovalent, Reagelabor, São Paulo, Brazil) 

using an automated device (Cobas Mira, Roche Diagnostics, Germany).  

 

3.3.4  Measurement of total CYP in liver and intestine tissues  

The CYP concentration was measured according to Matsubara (11), by the 

method of dithionite difference, from the spectrum of “CO-bubbled samples”. The 

liver and jejunum homogenates were prepared with 10 mg wet tissue/mL in a 50 mM 

Tris-HCl buffer (pH 7.4), containing 150 mM KCl and 10 mM MgCl2. CO was bubbled 

through the suspension for about 1 min. The samples were divided in microplates in 

duplicate and the baseline was recorded. Then 6 μl of sodium dithionite was added to 

the contents in the sample and the spectrum was obtained after 4 min. The 

concentration of CYP was determined from the spectrum using the molar extinction 

(104 mM-1 cm-1) for the absorption difference between the peaks in 450 nm and 490 

nm (11). The results were expressed in nmol CYP/mg tissue. 

 

3.3.5 Inflammatory parameters  

3.3.5.1 Determination of the enzymatic activity of N-acetylglucosaminidase (NAG) 

and myeloperoxidase (MPO) in liver 

The enzyme activity of MPO and NAG indicates neutrophil and macrophage 

(mononuclear cell) migration, respectively (12,13). Samples of liver were weighed 

(0.1 g) and homogenized in 0.1% Triton X-100 saline, followed by centrifugation at 

10,000 rpm at 4oC for 10 min. The supernatants were used to determine MPO and 

NAG activity, according to Bradley et al. (12), at 620 nm, and Sánchez & Moreno 

(13), at 405 nm, respectively.  
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3.3.5.2 Determination of TNF-α levels in liver 

Liver samples were homogenized in phosphate buffer (pH 6.5; 1:10 dilution), 

and the homogenate was centrifuged at 10,000 rpm for 20 min at 4oC. The 

supernatant was used to measure the TNF-α concentrations using an enzyme linked 

immunosorbent assay (ELISA) kit according to the manufacturer’s instructions 

(Boster Biological Technology, Pleasanton, CA, USA; PeproTech Inc., Cranbury, 

USA). 

 

3.3.6 Gene expression  

RNA extraction was performed in liver samples with TRIzol reagent (Life 

Technologies Carlsbac, CA, USA), and in HepG2 cells with RNA extracting Kit. The 

cDNA was prepared from 2 μg RNA in a 20 μL reaction volume according the 

protocol of the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

ThermoFisher Scientific, Waltham, MA, USA). The quantitative polymerase chain 

reaction (qPCR) was performed using a Step One Plus thermocycler with the 1x 

QuantiTect SYBR Green PCR Kit (Qiagen, Germantown, MD, USA). The sequence 

of the primers (Invitrogen, São Paulo, Brazil), is presented in supplementary Table 

S1. The results are expressed by relative expression levels of the housekeeper gene 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

 

3.3.7 SPF digestion in vitro 

The static in vitro digestion model to simulate the human gastrointestinal tract 

was performed according to studies that were previously reported (14), with some 

modifications. All solutions used for the experiment were warmed to 37 ± 0.5ºC, and 

all chemicals were purchased from Sigma-Aldrich (St. Louis, MO). Activities of the 

mouth, stomach and small intestine were simulated. Digestion started with 100 mg of 

SFP in 50 mL polyethylene tubes, which received 0.6 mL of artificial saliva [10 mL of 

KCl (89.6 g/L), 10 mL of KSCN (20 g/L), 10 mL of NaH2-PO4 (88.8 g/L), 10 mL of 

Na2SO4 (57 g/L), 1.7 mL of NaCl (175.3 g/L), 20 mL of NaHCO3 (84.7 g/L), 8 mL of 

urea (25 g /L) and 290 mg of α-amylase, completed to 0.5 L and pH adjusted to 6.8], 

10 mL of deionized water, 500 U of pepsin, and the pH was adjusted to 2.0 ± 0.2 with 

HCl 1 M. The material was incubated in a water bath set at 100 rpm orbital rotation 

(Dubnoff TE-053, TECNAL, Piracicaba, SP, Brazil) and 37ºC for 2 hours, 

corresponding to the mouth and stomach phases. After incubation, 20 mL of 
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deionized water, 0.5 mg of pancreatin 4×USP, and 3.1 mg of bile salts were added, 

and the pH was adjusted to 6.5 ± 0.2 with NaHCO3 1M. Tubes were incubated again 

for 2 h, under the same conditions described above. At the end of the process, 

aliquots were lyophilized to evaluate the SPF bioaccessibility during gastric and 

duodenal simulated digestion by NMR analyses.   

 

3.3.8 NMR spectroscopy of in vitro digested SPF 

1D and 2D NMR spectra were obtained with a 600 MHz Bruker spectrometer 

using 5 mm inverse probehead (Avance III, Bruker, Billerica, Massachusetts, USA). 

1D 1H and 600 MHz were collected after a 90° (p1) pulse calibration. The 1H/13C 

chemical shift correlation mapping was finally determined by HSQCed performed at 

303 K in deuterium oxide (D2O). 2D NMR spectra were integrated according cross 

peak volumes and polysaccharide composition was determined after normalization 

(15,16). The chemical shifts of the polysaccharide were expressed in δ (ppm) relative 

to trimethylsilyl propionic acid (TMSP).  

 

3.3.9 Statistical analysis 

The statistical analysis was performed using GraphPad Prism 5.0 software 

(San Diego, CA, USA). The data were analyzed using one- or two-way analysis of 

variance (ANOVA) followed by Tukey’s or Bonferroni’s post hoc test, respectively. 

The parameters analyzed in two-way ANOVA were treatment (groups) and time 

(days of treatment). The criterion for statistical significance was p < 0.05. The results 

are expressed as mean ± standard error of the mean (SEM). 

 

3.4 RESULTS 

3.4.1 CYPs expression and cytotoxicity on HepG2 cells   

We analyzed the CYPs gene expression in HepG2 cells cultured for 24 

hours, under different treatments. All compounds were able to inhibit the gene 

expression of CYP1A2 (Fig. 2A). However, the association between cisplatin and 

SFP (CS group) reversed this inhibitory effect. It is also noteworthy that the 

association between Vincristine and SFP had an inhibitory effect, but this effect was 

less expressive than that of both isolated drugs. Interestingly, the effect upon cell 

viability was also less relevant in the CS group (Fig. 2C, D). Gene expression of 

CYP2B6 in HepG2 did not change with the treatments (Fig. 2B).  
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Cytotoxicity was tested by MTT method in 24 (Fig. 2C) and 48 h (Fig. 2D) to 

also investigate the effect of SFP alone or in combination with the chemotherapeutics 

Cisplatin and Vincristine. SFP treatment did not affect the HepG2 cells viability in 24 

and 48 h. However, in 24 h Vin, CV, VS and CVS reduced the cells viability, while 

after 48 h all treatments with the chemotherapeutics, alone or in combination, 

presented this effect. Instead, SFP reduced the cytotoxicity of Cisplatin. 
 

 

Figure 2 - Gene expression of (A) CYP1A2 and (B) CYP2B6, and cell viability in 24 h (C) and 48 h (D) 
of HepG2 cells. The cells were treated by 24 or 48 h with DMEM (negative control), 5 μmol Cisplatin 

(Cis), 50 μmol Vincristine (Vin), 50 μg Soluble Fraction of Polysaccharide (SFP), 5 μmol Cisplatin + 50 
μmol Vincristine (CV), 5 μmol Cisplatin + 50 μg SFP (CS), 50 μmol Vincristine + 50 μg SFP (VS), 5 

μmol Cisplatin + 50 μmol Vincristine + 50 μg SFP (CVS).  The results are expressed in percentage of 
control (DMEM) and represent the mean ± SEM of three experiments. One-way ANOVA followed by 

Tukey’s multiple comparisons test was used for statistical analysis. Symbol: * significantly different p< 
0.05 compared with DMEM. 

 

3.4.2  Effects of SFP on Solid tumor and Liquid tumor protocols 

3.4.2.1 Antitumor effects of SFP  
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Walker-256 tumor was visible at day 5 after inoculation, from when the tumor 

volume measurements were initiated. SFP (SFP 60 mg/kg), VS (SFP 60 mg/kg + 

Vincristine 0.5 mg/kg) and Vin (Vincristine 0.5 mg/kg) groups presented a significant 

reduction of tumor volume (Fig. 3A) and tumor weight (Fig. 3B), when compared with 

the vehicle group. The difference between groups of solid tumor volume was 

significant from the 10th day of treatment. However, SFP or Vincristine treatment did 

not reduce the total volume of peritoneal liquid (Fig. 3C) or cell viability in Walker-256 

ascitic tumor (Fig. 3D).  

Glucose, AST, and ALT were evaluated in plasma (Table S2). Glucose levels 

increased in Vin and VS group, and AST activity decreased in SFP, Vin and VS 

group. Additionally, hemogram demonstrated decrease of the lymphocytes count in 

Vin and VS group, when compared to the vehicle group, and increased of platelets 

counts (Table S3). On the other hand, SFP treatment did not induce hematological 

alterations (Table S3). 

 

 

Figure 3 – Antitumor effect of SFP in solid and liquid Walker-256 tumor. Tumor volume (A) and weight 
(B) of Walker-256 tumor bearing-rats treated with Vehicle (Veh), SFP 60 mg/kg (SFP), SFP 60 mg/kg 
+ Vincristine 0.5 mg/kg (VS) and Vincristine 0.5 mg/kg (Vin), for 14 days. Peritoneal fluid volume (C) 
and cell viability by Trypan blue (D) of peritoneal Walker-256 tumor bearing-rats treated with Vehicle 
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(Veh), SFP 60 mg/kg (SFP60) and Vincristine 0.5 mg/kg (Vin), during 5 days. The values are 
expressed as mean ± S.E.M. of 6-8 rats. The one-way ANOVA followed by Tukey’s multiple 

comparisons test was used in B, C, D, and two-way ANOVA followed by Bonferroni’s test were used in 
A. Symbol: * p < 0.05 as compared to the Vehicle group. 

 

3.4.2.2 Total hepatic CYP and inflammatory parameter levels 
 

Animals from both solid (Basal, Veh, Vin, SFP, and VS) and liquid tumor 

(Veh, Vin, and SFP) protocols presented reduction of hepatic total CYP when 

compared to Naive group (Fig. 4A; 4B). Inversely, the Basal, Veh, Vin, SFP e VS 

groups, presented an increase of hepatic NAG in the solid tumor protocol (Fig. 4E), 

accompanied by an increase in TNF-α levels, when compared to the Naive group 

(Fig. 4G). MPO enzyme activity was not altered among groups (Fig. 4C). 

Regarding the liquid tumor protocol, hepatic NAG activity was increased in 

Vin and SFP group when compared to the Naive group (Fig. 4F). In the same way, 

MPO activity was increased in Veh, Vin and SFP groups, when compared to the 

Naive group (Fig. 4D). Vin treatment resulted in higher activity of NAG (44%) and 

MPO (34%) compared to the Veh group, demonstrating that this treatment induced 

inflammatory cell migration into the liver. TNF-α levels were not altered between 

groups in liquid tumor protocol (Fig. 4H). 
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Figure 4 - Measurement of total CYP and inflammatory parameters in liver tissue. Total CYP (A, B), 
Myeloperoxidase (C, D), N-acetylglucosaminidase (E, F) and TNF –alpha (G, H) in solid and liquid 

tumor models. Samples were obtained from rats without tumor, treated with vehicle (Naive) or SFP 60 
mg/kg (Basal); and Walker-256 tumor bearing-rats treated with vehicle (Veh), Vincristine 0.5 mg/kg 

(Vin), SFP 60 mg/kg (SFP) and Vincristine 0.5 mg/kg + SFP 60 mg/kg (VS) during 14 days in the solid 
tumor model; and Walker-256 tumor bearing-rats treated with vehicle (Veh), Vincristine 0.5 mg/kg 

(Vin) or SFP 60 mg/kg (SFP) during 5 days in the liquid tumor model. Values are expressed as mean 
± S.E.M. of 6-8 rats. Statistical comparison was performed using One-way ANOVA followed by 

Tukey’s multiple comparisons test. Symbol: * p < 0.05 as compared to the Naive group; # p < 0.05 as 
compared to the Vehicle group. 

 

3.4.2.3 Hepatic gene expression in rats  
 

Gene expression was performed to indicate which CYP isoforms could be 

inhibited by the treatments in tumor-bearing rats. Considering the main enzymes 

involved in carcinogenesis and drug metabolism, we verified the gene expression of 

Cyp3a9, Cyp2e1, Cyp2d4 and Cyp1a1. CYP3A9 was evaluated because it shared an 

elevated homology with human CYP3A4 (17), while CYP2D4 is an analogue to the 

human CYP2D6. The Basal, Vin and VS groups presented an inhibitory effect on 

Cyp3a9 gene expression (Fig. 5A), when compared to Naive group. Similarly, the 

Cyp2e1 (Fig. 5B) was inhibited in Basal, SFP, Vin and VS groups, when compared to 

naive. However, no changes were detected in Cyp2d4 expression (Fig. 5C).  

Cyp1a1, was induced by the tumor (Veh) when compared to the Naive group. 

Moreover, SFP treatment promoted an inhibition of Cyp1a1 mRNA expression, in 

both groups with (SFP) and without tumor (Basal), when compared to Veh group 

(Fig. 5D). 
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Figure 5 – Hepatic gene expression of (A) Cyp3a9, (B) Cyp2e1, (C) Cyp2d4 and (D) Cyp1a1 of rats 

without tumor treated with vehicle (Naive) or SFP 60 mg/kg (Basal); and Walker-256 solid tumor 
bearing-rats treated with vehicle (Veh), Vincristine 0.5 mg/kg (Vin), SFP 60 mg/kg (SFP) and 

Vincristine 0.5 mg/kg + SFP 60 mg/kg (Vin + SFP) for 14 days. The values are expressed in mean ± 
S.E.M. of 6 rats, demonstrated as the Gapdh relative expression. One-way ANOVA followed by 

Tukey’s multiple comparisons test was used to statistical analyze. Symbol: * p < 0.05 compared to the 
Naive group; # p < 0.05 compared to the Vehicle group. 

 

3.4.3 Effects of SFP on Chemoprevention solid tumor protocol 

3.4.3.1  Effects of chemopreventive treatment in CYP and inflammatory parameters  
 

Considering the inhibitory effects on CYP enzymes observed with the 

antitumor dose of 60 mg/kg SFP, we analyzed the effects of these polysaccharides in 

lower dose and longer treatment on CYP enzymes. For this, the animals were pre-

treated with 6 mg/kg SFP for a period of 14 days before receiving the inoculation of 
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Walker-256 cells, followed for the next 14 days by treatment after tumor inoculation. 

After this period, the previous treatment with lower dose of SFP resulted in an 

antitumor effect in all groups studied (SFP6+Veh; SFP6+SFP6; SFP6+SFP6+Vin; 

SFP6+Vin), as showed in Fig 6A and 6B. However, the pretreatment did not 

decrease the CYP levels (Fig. 6C). Only the Veh+Veh group showed inhibition in 

total CYP levels when compared with the Naive group. The groups that received SFP 

6 mg/kg for a prolonged period lost the inhibitory effect upon the CYP enzymes, 

including the group treated with Vincristine.  In the presence of solid tumor the 

treatment with SFP (SFP+Veh; SFP+SFP) did not change the hepatic NAG activity, 

while the reduction of NAG activity was clearly related with the vincristine treatment 

(Fig. 6D). Instead, SFP in lower dose and prolonged treatment reduced the NAG 

activity only in the group without tumor (Basal). MPO enzyme activity was not altered 

by any treatments (Fig. 6E). 

In addition, those prolonged treatments did not result in leucocyte alterations, 

but an increase in platelets count in all groups was observed, when compared to 

Veh+Veh (Table S3). From the plasmatic parameters, glucose levels increased in all 

groups treated with SFP 6 mg/kg, but no changes in ALT and AST levels in these 

animals were observed (Table S2). 
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Figure 6 - Chemoprevention effects of treatments on Walker-256 tumor. Tumor volume (A) and weight 
(B) in Walker-256 tumor bearing-rats submitted to chemopreventive solid tumor protocol. Total CYP 

(C), N-acetylglucosaminidase (NAG) (D) and Myeloperoxidase (MPO) (E) in liver of rats without tumor 
(Naive), treated with SFP 6 mg/kg + SFP 6 mg/kg (Basal); and Walker-256 tumor bearing-rats treated 

with Vehicle (Veh+Veh), SFP 6 mg/kg + Vehicle (SFP6+Veh), SFP 6 mg/kg + SFP 6 mg/kg 
(SFP6+SFP6), SFP 6 mg/kg + SFP6 mg/kg + Vincristine 0.5 mg/kg (SFP6+SFP6+Vin), and SFP 6 
mg/kg + Vincristine 0.5 mg/kg (SFP6+Vin), during pre-treatment (14 days) + treatment after tumor 

inoculation (14 days) in chemoprevention protocol. The values are expressed as the mean ± S.E.M. of 
6-8 rats. The one-way ANOVA followed by Tukey’s multiple comparisons test was used to statistical 
analysis. Symbol: * p < 0.05 as compared to the Vehicle group; # p < 0.05 as compared to the naive 

group.  

 

3.4.3.2 Total CYP levels in intestine and in vitro SFP digestion  
 

In view of the absence of alteration in hepatic CYP by SFP applied in long 

treatment (chemoprevention solid tumor protocol; Fig. 6C), we verified if the intestine 

CYP enzymes could be altered. The results indicated that total CYP levels in 

intestine were not modified by the treatments or by the Walker-256 tumor presence 

(Fig. 7). We observed that the intestinal CYP activity (0.4-1.8 nmol CYP/mg protein) 

was 10-folder lower than the hepatic CYP (4.8-14.7 nmol CYP/mg protein; Fig. 6C) 

in rats submitted to the same chemopreventive protocol. Interestingly, the SFP 

structure was slightly modified in the in vitro gastrointestinal digestion, resulting in 1.7 

mg of product after ethanol precipitation, with no significant changes in composition 
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(Table 1). This result indicates that SFP was probably not digested in stomach and 

intestine after oral administration to the rats.  

 

Figure 7 –– Total CYP levels in intestine. Total CYP in gut of rats without tumor, treated with SFP 6 
mg/kg + SFP 6 mg/kg (Basal), and Walker-256 tumor bearing-rats treated with Vehicle (Veh+Veh), 
SFP 6 mg/kg + Vehicle (SFP6+Veh), SFP 6 mg/kg + SFP 6 mg/kg (SFP6+SFP6), SFP 6 mg/kg + 
SFP6 mg/kg + Vincristine 0.5 mg/kg (SFP6+SFP6+Vin) and SFP 6 mg/kg + Vincristine 0.5 mg/kg 

(SFP6+Vin), during pre-treatment (14 days) + treatment after tumor inoculation (14 days) in 
chemoprevention protocol. The values are expressed with the mean ± S.E.M. of 6-8 rats. The one-way 

ANOVA followed by Tukey’s multiple comparisons test was used to statistical analyze.  

 

Table 1 – Carbohydrates composition of SFP before and after the in vitro digestion system. 

Polysaccharide 
 

Recovery  

(mg) 

Mannan 

 (δ) 

Dextrin 

(δ) 

RGI  

(δ) 

AGII  

(δ)  

SFP 
 

12 13 22 54 

SFP_digested 1.7 16 12 19 53 

AGII: type II arabinogalactan; RGI type I rhamnogalacturonans. 
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3.5 DISCUSSION 

The soluble polysaccharide fraction extracted from red wine showed 

antitumor effect in solid tumors, corroborating previous data (8), as it relevantly 

reduced Walker-256 solid tumor growth, an effect similar to that of vincristine. 

However, in the liquid tumor protocol none of the treatments showed reduction in 

tumor cell viability and in ascitic fluid volume. It is important to mention that ascitic 

Walker-256 tumor is an aggressive tumor and animals can die within a few days (4-6 

days), making it more difficult for drugs to exert an effective antineoplastic effect (18).  

The absence of antitumor effect on ascitic tumor did not prevent the 

treatments from acting on hepatic CYP and inflammatory parameters. SFP promotes 

an important immune modulation by increasing TNF-α in tumor cells (8). TNF-α has 

been described as an inhibitor of the enzymatic activity of CYP enzymes, along with 

other pro-inflammatory cytokines, such as IL-1 and IL-6 (19,20); environmental and 

genetic factors; diseases; and substances such as herbicides, alcohol, and medicinal 

plants (21). In addition, TNF-α is involved in the intense inflammatory process caused 

by different types of cancer, such as Walker-256 tumor. This tumor model is also 

associated with a reduced activity of CYP enzymes in the liver, and was chosen to 

study the effects of SFP, alone and in combination with chemotherapeutics, on these 

enzymes. Interestingly, SFP reduced the total level of liver CYP enzymes in animals 

with liquid tumor, solid tumor, and no tumor (Basal group). This data indicates that 

hepatic CYP enzymes can be inhibited by SFP under physiological conditions, 

however which mechanisms are responsible for this, directly or indirectly, are not 

known. In the vehicle-treated tumor group, there was a reduction in hepatic levels of 

total CYP in both the solid tumor and liquid tumor protocols (Fig. 4), indicating an 

effect of the tumor itself on the enzymes. These data are consistent with those 

reported in the literature, in which there was decreased metabolic activity of CYP 

enzymes against Walker-256 tumor in rat liver (9,22). Vincristine, herein used as a 

positive control, is an inhibitor of the CYP3A4 enzyme, thus its effects in reducing 

total CYP levels validate our experimental design (23). However, the presence of the 

tumor or the association with the drugs in the VS group did not result in potentiation 

of the effects upon the enzyme activity, since there was no reduction of CYP levels 

beyond the reductions already found in each groups. Because CYP enzymes are 
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abundantly found in liver tissue, inhibition of one or more CYP enzymes can be 

surpassed by the activity of another CYP. 

It is important to emphasize that the observed effects on CYP enzymes did 

not result in liver injury, since plasmatic ALT and AST levels (Table S2) were not 

altered in the tumor-bearing groups. These enzymes are physiologically present 

inside hepatocytes, but are important markers of cellular injury when found elevated 

in plasma. AST can also be altered in cases of extrahepatic injury, such as in skeletal 

and cardiac muscle, for example. For this reason, this enzyme is usually increased in 

animals with Walker-256 tumor (8,24), regardless of the treatments, as demonstrated 

in our results. 

Additionally, SFP (Basal and SFP groups), Walker-256 tumor (Veh group), 

and vincristine modulated the immune-inflammatory system by increasing NAG 

enzyme activity and TNF-α levels in the liver of rats from the solid tumor protocol, in 

which total CYP was reduced. Macrophages probably increased TNF-α secretion, 

and this cytokine may be responsible for decreasing the levels of CYP enzymes in 

those groups. These results corroborate with Morgan et al. (25) and Anderson et al. 

(26), who evidenced that pro-inflammatory cytokines, such as TNF-α, are the main 

mediators of multiple CYPs regulation in the presence of inflammatory process, 

decreasing the activity of these enzymes. However, there was no increase in TNF-α 

for the liquid tumor protocol groups, despite an increase in NAG activity for the Vin 

and SFP groups, and MPO for the Vin group, when compared to Veh and Naive. This 

indicates that other cytokines may act at early stages of Walker-256 ascitic tumor, 

while TNF-α should be involved with later stages of solid tumor development, in 

which the tumor microenvironment is structured. Additionally, in liquid protocol the 

animals show accumulation of hemorrhagic ascitic fluid in the peritoneal cavity, 

probably resulting in intense recruitment of pro-inflammatory cells and release of 

other cytokines. 

From these results, we sought to identify the specificity of CYP enzymes 

affected by the treatments, through mRNA expression analysis of CYP3A9, CYP2E1, 

CYP2D4 and CYP1A1 enzymes. CYP3A4 is the most important CYP in adult liver 

and CYP3A9 is its analog in rats (17,27). This enzyme was inhibited by SFP 

treatment in healthy rats, which did not occur in tumor-bearing animals that received 

SFP. Additionally, the inhibitory effect observed in Vin and VS groups was expected, 

since vincristine is an inhibitor of CYP3A4 (23). However, the association in VS group 



82 
 

did not result in drug interactions, since there was no increase in the inhibitory effect 

of vincristine, nor the blockade of this effect with respect to Cyp3a9. Importantly, the 

combined role of drugs and/or herbal substances could promote adverse effects, 

increase the efficacy of drugs, or even decrease their toxicity (28). Thus, the 

association between SFP and vincristine could be considered safe regarding the 

interactions on CYP3A4/ CYP3A9. 

Considering that SFP is a compound present in the cabernet franc red wine, another 

enzyme evaluated was CYP2E1, involved in the metabolism of ethanol (29), which is 

considered an inducer of this enzyme (30). Speculatively, the inhibitory effect 

observed in Fig. 4B for the Basal and SFP group could modify the effects of ethanol 

on CYP2E1, resulting in decreased expression of this enzyme and impaired ethanol 

metabolism, increasing its toxic effects. However, it is not known the effect of the 

association of SFP and ethanol on CYPs, because the SFP preparation used in this 

work is completely ethanol-free. In addition, the mRNA and protein levels of CYP2E1 

are increased in many cancer subtypes, such as liver hepatocellular carcinoma (31–

33), breast cancer (34) and lung cancer (35), indicating a poor prognosis to these 

patients. Consequently, the CYP2E1 inhibition could be an additional anticancer 

effect to these patients. SFP, Vin and VS groups demonstrate inhibitory effect on 

Cyp2e1 gene, however no synergism was observed between the association of SFP 

and vincristine. 

CYP2D4 is a rat analog of the human CYP2D6 (36). These enzymes are 

responsible for the metabolism of several drugs of clinical interest and used by 

cancer patients, such as antidepressants (37), beta-blockers (38), codeine (39), 

tramadol (40) and tamoxifen (41). The importance of the expression of CYP2D6 in 

breast tumors is still controversial. High expression of CYP2D6 has previously been 

associated with increased mortality in patients with different types of breast cancer 

and in peri-menopausal patients, while low expression would be linked to increased 

mortality in postmenopausal patients. It is likely that high expression is not directly 

linked to enzyme functionality, because even patients with slow metabolism 

genotypes are treated with tamoxifen, an antiestrogen drug used for hormone 

receptor positive breast cancer, which is metabolized by CYP2D6. On the other 

hand, Hertz et al. (42) demonstrated that genotypes of CYP2D6 are not associated 

with mortality in breast cancer patients, specifically, those treated with tamoxifen. In 
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the present study the homolog CYP2D4 was evaluated and showed no differences 

among the treatments. 

Another essential enzyme for our study is CYP1A1, as this enzyme is related 

to the detoxification of compounds with carcinogenic properties and contributes to 

cancer progression (43). The expression of CYP1A1, CYP2A6, CYP2E1 and several 

CYP3A is increased in lung adenocarcinoma, and this expression is more frequent in 

women, suggesting a higher risk of women developing this type of adenocarcinoma 

(44). Furthermore, CYP1A1 polymorphisms are predictors of susceptibility to lung 

cancer (45), while increased expression of the CYP1 family indicates carcinogenesis 

from xenobiotic exposure in cancers of endometrium and ovary (46). Consequently, 

the inductive effect of CYP1A1 observed in the Veh group in Walker-256-bearing rats 

and in the DMEM group in HepG2 cells is consistent with the literature. Thus, 

considering the effect of CYP1A on cancer development, it is important to note that 

both SFP in tumor-bearing animals and SFP, vincristine, and cisplatin in HepG2 cells 

promoted inhibition of CYP1A1 and CYP1A2 expression, respectively, resulting in 

basal expression levels. However, CYP1A inhibition is unrelated to the antitumor 

effect of SFP, as no cytotoxic effect of SFP in HepG2 cultures was observed. 

CYP1A2 inhibition may be a mechanism that alters the cell sensitivity to 

chemotherapy, but this hypothesis still needs investigation. In contrast, in absence of 

an in vitro immune system, the enzymatic inhibition found in HepG2 cells may be 

triggered directly by the substances used, or by stimulating the synthesis of 

proinflammatory cytokines by HepG2 cells (47). 

The effects of SFP in the chemoprevention protocol against Walker-256 solid 

tumor were also evaluated. A low dose of SFP (6 mg/kg) in prolonged therapy 

induced a significant antitumor effect. However, the low dose of SFP did not promote 

modulation in the immune system, and perhaps this effect was the cause of no 

reduction in hepatic CYP levels. These data indicate that high doses of SFP are 

necessary to induce the immune system and the production of pro-inflammatory 

cytokines, which are responsible for the inhibitory effects on CYPs. Thus, the 

antitumor effect of SFP is not only dependent of immune regulation, but of other 

mechanisms that deserve future investigation. Additionally, the intestine of animals 

submitted to the chemopreventive protocol was analyzed to identify a possible 

modulation of treatment on intestinal CYPs. Although chronic treatment with different 

polysaccharides may result in modulation in the intestinal microbiome (48) and in the 



84 
 

gene expression of cellular transporters (49) and metabolism enzymes (50), SFP did 

not promote alteration in the levels of total intestinal CYP, at least during the 28-day 

treatment.  

It is very likely that SFP also did not change its composition when passing 

through the digestive system of rats, based on the slight change in its chemical 

structure after the in vitro digestion assay and NMR evaluation. A similar effect has 

already been observed in studies with the polysaccharide rhamnogalacturonan 

(RGal), for which pH changes caused by the simulated digestive fluids probably 

caused de-esterification of RGal. Despite this, the other 13C/1H correlations did not 

change after the treatment, indicating that RGal still remained as a polysaccharide 

(14). Although it is not known whether SFP structure can directly inhibit CYP activity, 

the permanence of SFP structure in the cell-free digestion system and unchanged 

intestinal CYP activity reinforce the hypothesis that SFP modulates CYPs mediated 

by cytokines and immune-inflammatory system, rather than by direct action. 

In conclusion, SPF administered by oral via reaches intactly the intestine, 

prevents tumor growth, and promotes modulation of the immune system and CYP 

levels in the liver. These effects, however, were observed with different dosages. The 

antineoplastic effect of SFP against the solid Walker-256 tumor occurs over a wide 

dose range (6 and 60 mg/kg), while a higher dose is required to induce 

immunomodulation and inhibition of hepatic CYPs. SFP treatment decreased the 

gene expression of some CYPs, especially from the CYP1A family, both in the liver of 

tumor-bearing rats and in cultured HepG2 cells. This is a relevant effect of SFP, since 

CYPs from the family 1A are related with carcinogenesis, which reinforces the 

potential of SFP as an antineoplastic compound.  
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3.8 SUPPLEMENTARY MATERIAL 

 

Supplementary Table S1 – Sequences of rat and human primers used in qPCR assays. 

Gene Primer Sequence (5’-3’) 
CYP3A9-rat (F) TTGCCTTTCTTGGGGACGAT 

CYP3A9-rat (R) ACTGGACCAAAGTTCCGTCG 

CYP2E1-rat (F) TTCACCAAGTTGGCAAAGCG 

CYP2E1-rat (R) AGGCTGGCCTTTGGTCTTTT 

CYP2D4-rat (F) CTCCAGACTTCTCGACTTGGTT 

CYP2D4-rat (R) GGGTTTCTTTGGAAACACCTC 

CYP1A1-rat (F) TGAGACAGTATTGTGTAGTCCAAGT 

CYP1A1-rat (R) CACTTGGTAGGGTGGTAAAAGC 

GAPDH-rat (F) AAGGACCCCTTCATTGAC 

GAPDH-rat (R) TCCACGACATACTCAC 

CYP1A2-human (F) GACATCTTTGGAGCAGGATTTGA 

CYP1A2-human (R) CTTCCTCTGTATCTCAGGCTTGGT 

CYP2B6-human (F) ACATCGCCCTCCAGAGCTT 

CYP2B6-human (R) GTCGGAAAATCTCTGAATTCTCATAGA 

GAPDH-human (F) CATGAGAAGTATGACAACAGCC 

GAPDH-human (R) AGTCCTTCCACGATACCAAAG 

 

Supplementary Table S2 - Plasmatic parameters of Walker-256 bearing-rats treated according to the 
a) Solid tumor and c) Chemopreventive solid tumor protocols. 

 Solid Tumor Protocol Chemopreventive Solid Tumor Protocol 

Veh SFP Vin VS Basal Veh 
+ 

Veh 

SFP6 
+ 

Veh 

SFP6 
+ 

SFP6 

SFP6 
+ 

SFP6 
+ 

Vin 

SFP6 
+ 

Vin 

Glucose 62.9 62.0 78.2* 74.0* 166.6# 88.1 113.9# 118.8# 134.0# 121.5# 

ALT 57.7 41.7 65.6 63.1 51.5 51.8 45.9 42.0 51.5 51.7 

AST 221.4 158.8* 176.7* 158.3* 83.4# 180.5 140.8 165.3 169.4 204.5 

Solid tumor protocol was composed by animals with tumor, treated with vehicle (Veh), SFP 60 mg/kg 
(SFP), Vincristine 0.5 mg/kg (Vin) and SFP 60 mg/kg + Vincristine 0.5 mg/kg (VS), during 14 days. 
Chemoprevention solid tumor protocol was composed by animals without tumor, treated with SFP 6 + 
6 mg/kg (Basal), and Walker-256 tumor bearing-rats treated with Vehicle (Veh+Veh), SFP 6 mg/kg + 
Vehicle (SFP6+Veh), SFP 6 mg/kg + SFP 6 mg/kg (SFP6+SFP6), SFP 6 mg/kg + SFP6 mg/kg + 
Vincristine 0.5 mg/kg (SFP6+SFP6+Vin), and SFP 6 mg/kg + Vincristine 0.5 mg/kg (SFP6+Vin), during 
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pre-treatment (14 days) + treatment after tumor inoculation (14 days) in chemoprevention protocol.  
The values are expressed with the mean ± S.E.M. of 6-8 rats. The one-way ANOVA followed by 
Tukey’s multiple comparisons test was used to statistical analyze. Symbols: p < 0.05, # when 
compared to Veh+Veh group; *p < 0.05 when compared to Veh group. 

 

 

Supplementary Table S3 - Hematological parameters evaluated in Walker-256 bearing-rats treated 
according to the a) Solid tumor and b) Chemopreventive solid tumor protocols. 

 Solid Tumor Protocol Chemopreventive Solid Tumor Protocol 

 
 

Veh SFP Vin VS Basal Veh 
+ 

Veh 

SFP6 
+ 

Veh 

SFP6 
+ 

SFP6 

SFP6 
+ 

SFP6 
+ 

Vin 

SFP6 
+ 

Vin 

Erythrocytes (x106/μl) 7.7 8.9 6.6 6.5 8.2 8.0 8.0 7.8 7.4 7.0 

Hematocrit (%) 49.3 -- 42.3 42.3 51.9 51.2 52.6 50.7 46.9 46.0 

Hemoglobin (g/dL) 15.5 14.3 13.5 13.0 16.6 16.2 16.3 15.9 14.8 14.5 

VCM (fL) 64.3 50 63.8 65.5 63.2 64.0 65.5 65.5 63.3 65.0 

HCM (pg) 20.1 15.9 20.4 20.1 20.3 20.4 20.2 20.4 20.0 20.4 

CHCM (%) 31.2 32.0 31.9 30.8 32.1 31.8 30.9 31.2 31.7 31.3 

Platelets (x103/μl) 481 366 

 

882* 917* 993# 647 980# 670# 1.087# 
 

1.148# 

Leukocytes (/μl) 17057.1 13000 15614.3 17566.

7 

13057.

1 

171

35.7 

15971.

4 

18728.

6 

13714.

3 

15557.

1 

Segmented 
Neutrophils (/μl) 

6575.7 3800 7623.3 9545.0 2414.0

# 

731

9.4 

5014.7 8459.1 6429.0 7907.4 

Bastonetes (/μl) 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Lymphocytes (/μl) 10062.6 8850 7709.9* 7763.3

* 

10449.

3 

940

1.4 

10538.

6 

9739.6 7013.1 7279.9 

Monocytes (/μl) 390.3 366 281.1 258.3 177.3 390.

0 

319.6 501.6 272.1 350.6 

Eosinophils (/μl) 48.6 0.0 0.0 0.0 16.0 35.0 47.4 28.3 0.0 0.0 

Solid tumor protocol was composed by animals with tumor, treated with vehicle (Veh), SFP 60 mg/kg 
(SFP), Vincristine 0.5 mg/kg (Vin) and SFP 60 mg/kg + Vincristine 0.5 mg/kg (VS), during 14 days. 
Chemoprevention solid tumor protocol was composed by animals without tumor, treated with SFP 6 + 
6 mg/kg (Basal), and Walker-256 tumor bearing-rats treated with Vehicle (Veh+Veh), SFP 6 mg/kg + 
Vehicle (SFP6+Veh), SFP 6 mg/kg + SFP 6 mg/kg (SFP6+SFP6), SFP 6 mg/kg + SFP6 mg/kg + 
Vincristine 0.5 mg/kg (SFP6+SFP6+Vin), and SFP 6 mg/kg + Vincristine 0.5 mg/kg (SFP6+Vin), during 
pre-treatment (14 days) + treatment after tumor inoculation (14 days) in chemoprevention protocol.  
The values are expressed with the mean ± S.E.M. of 6-8 rats. The one-way ANOVA followed by 
Tukey’s multiple comparisons test was used to statistical analyze. Symbols: p < 0.05, # when 
compared to Veh+Veh group; *p < 0.05 when compared to Veh group. 
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4 CONSIDERAÇÕES FINAIS 
 

Os efeitos da fração solúvel do polissacarídeo extraído do vinho tinto sobre a 

tríade citocromo P450-inflamação-câncer são evidenciados neste trabalho. Isso 

ocorre por meio do aumento de NAG e TNF-α no tecido hepático tanto de animais 

portadores de tumor sólido, quanto de animais saudáveis, tratados com a dose de 

SFP 60 mg/kg por 14 dias, associada ou não ao quimioterápico vincristina, um 

inibidor da CYP3A4. Este efeito aparentemente é dose-dependente e tempo-

dependente, visto que os resultados encontrados com a dose de 60 mg/kg em 5 e 

14 dias, ou com a dose de 6 mg/kg por 28 dias são diferentes quanto à modulação 

imunológica. De modo específico, a menor dose (6 mg/kg, via oral) por um período 

prolongado (28 dias) não causa modulação imunológica sanguínea e hepática. No 

entanto, a dose de 60 mg/kg por via oral resulta em efeitos imunomoduladores, que 

promovem a inibição das CYPs, o que não ocorre com a dose de 6 mg/kg. 

 Associado a esses achados, apesar da ausência de efeito imunomodulador, 

observou-se que a dose de 6 mg/kg possui um relevante efeito antitumoral, que 

possivelmente está associado a mecanismos de ação independentes da via 

inflamatória, que ainda não foram investigados.   

A diminuição nos níveis totais de CYP, e especificamente, da expressão das 

enzimas CYP1A1, CYP2E1 e CYP3A9 demonstram a necessidade de cautela na 

prescrição de fármacos, caso fossem associados à SFP, a fim de evitar interações 

medicamentosas. Mas é importante ressaltar que o efeito antitumoral da dose de 60 

mg/kg da SFP é extremamente promissor, pois além dos efeitos descritos 

anteriormente, também houve inibição das Cyp1a1 e Cyp2e1 in vivo e CYP1A2 in 

vitro em células hepáticas. Esses dados são relevantes, uma vez que indicam que a 

SFP pode estimular a produção de citocinas pró-inflamatórias pelas células HepG2, 

ou ainda, atuar diretamente sobre as células hepáticas, levando à inibição da 

CYP1A2. Essas enzimas estão diretamente ligadas à carcinogênese, e o aumento 

da sua expressão tem sido relacionada com o pior prognóstico de pacientes 

portadores de diferentes tipos de câncer. Desta forma, a sua inibição pode ser 

benéfica no tratamento desses pacientes, o que evidencia o potencial terapêutico 

dos polissacarídeos aqui investigados. 

Consequentemente, apesar da diversidade do papel das diferentes doses da 

SFP sobre a tríade citocromo P450-inflamação-câncer, fica clara a importância 
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dessa substância como futuro antineoplásico. Adicionalmente, é fundamental 

evidenciar o uso da SFP em pacientes portadores de cânceres com superexpressão 

da sub-família CYP1A e da CYP2E1, pois além dos efeitos antitumorais já 

esclarecidos da dose de 60 mg/kg, encontramos um efeito adicional, através da 

inibição dessas enzimas, o que por sua vez, pode ser benéfico a esse grupo de 

pacientes. 

 

4.1 RECOMENDAÇÕES PARA TRABALHOS FUTUROS 

 

Recomenda-se investigar se há o envolvimento de outras citocinas pró-

inflamatórias na inibição encontrada sobre as enzimas CYP nos protocolos de 

tratamentos aqui estudados, assim como buscar pela possível via intracelular que 

leva a essa inibição. Outro ponto a ser desvendado são os efeitos da SFP na 

expressão proteica dessas enzimas, visto que este trabalho focou na análise de 

expressão do mRNA. Por fim, seria interessante investigar os mecanismos que 

levam à ausência de inibição de CYPs frente ao tratamento prolongado com uma 

dose baixa da SFP.  
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