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“SO existem dois dias no ano que
nada pode ser feito. Um se chama
ontem e 0 outro se chama amanha,
portanto hoje é o dia certo para amar,
acreditar, fazer e principalmente
viver.”

Dalai Lama



RESUMO

7

O carcinoma hepatocelular é o tipo de tumor mais prevalente entre os
tumores primarios que atingem o figado. Seu desenvolvimento estd geralmente
relacionado a uma doenca hepatica crénica, a qual pode ser originada por uma
infeccéo viral (hepatite B e C), alcoolismo, cirrose criptogénica, doencas biliares e
hemocromatose priméria. A rapamicina, um agente imunossupressor, é atualmente
utilizada como base na quimioterapia no tratamento de diversos tipos de cancer,
inclusive nos hepaticos. Por apresentar diversos efeitos adversos graves nos
pacientes em tratamento, inclusive nefrotoxicidade, € evidente a importancia de
minimizar estes efeitos sem comprometimento da eficacia, neste sentido outras
drogas podem ser utilizadas concomitantemente. Uma destas drogas é a frutose-
1,6-bisfosfato (FBP) que tem demonstrado efeito terapéutico em varias situacfes
patolégicas. Também foram documentados efeitos benéficos da FBP em
deficiéncias orgéanicas, renais e hepéticas. O objetivo deste trabalho foi avaliar a
atividade da rapamicina em conjunto com a FBP na proliferacdo celular, estresse
oxidativo e processo inflamatorio de células HepG2, analisando os efeitos
citotoxicos, na tentativa de minimizar os efeitos adversos e aumentar a eficacia e
seguranca para 0s pacientes em tratamento. Os resultados demonstraram que a
combinacdo de rapamicina e FBP é mais eficiente do que no uso isolado das
mesmas, pois doses subterapéuticas de rapamicina, quando associadas a FBP,
tornaram-se eficazes, ndo sendo esta inibicdo da proliferacéo celular ocasionada por
necrose. Em 72h de tratamento, ndo foram observadas alteragbes na rota
inflamatéria ou na autofagia das células, porém a combinagcdo rapamicina e FBP
aumentou significativamente a producdo das substancias reativas ao acido
tiobarbitlrico (TBARS) e a apoptose celular, processo que pode inibir a proliferacédo
do tumor. Estes resultados demonstram que esta associa¢ao pode ser uma escolha

promissora para o tratamento de hepatocarcinoma.

Palavras-chave: Rapamicina. Frutose-1,6-bisfosfato. Células HepG2. Carcinoma

Hepatocelular. Radicais livres. Apoptose.



ABSTRACT

Hepatocellular carcinoma is the most prevalent type of tumor among primary
tumors affecting the liver. Its development is usually related to a chronic liver
disease, which can be caused by a viral infection (hepatitis B and C), alcoholism,
cryptogenic cirrhosis, biliary disease and primary hemochromatosis. Rapamycin, an
Immunosuppressant agent, is currently used as the basis of chemotherapy in the
treatment of various cancers, including the liver. By presenting several serious
adverse effects in patients undergoing treatment, including nephrotoxicity, it is clear
the importance of minimizing these effects without compromising efficacy. In this
sense, other drugs may be used concomitantly. One of these drugs is fructose-1,6-
bisphosphate (FBP), which has shown therapeutic effect in various pathological
situations. Beneficial effects of FBP in organic, liver and kidney deficiencies were
also documented. The objective of this study was to evaluate the activity of
rapamycin in combination with the FBP in cell proliferation, oxidative stress and
inflammation of hepatocellular carcinoma HepG2 cells, analyzing the cytotoxic effects
in an attempt to minimize adverse effects and increase the efficacy and safety for
patients undergoing treatment. The results demonstrated that the combination of
rapamycin and FBP is more efficient than the single use of them, because
subtherapeutic doses of rapamycin, when associated to FBP become effective, and
this inibition in cell proliferation is not caused by necrosis. In 72 hours of treatment,
there was no change in the inflammatory route or in autophagy of cells, but the
combination of rapamycin and FBP significantly increased the production of
Thiobarbituric acid reactive substances (TBARS) and the cellular apoptosis, a
process that can inhibit tumor proliferation. These results demonstrate that this

association may be a promising choice for hepatocarcinoma treatment.

Keywords: Rapamycin. Fructose-1,6-bisphosphate. HepG2 Cells. Hepatocellular

Carcinoma. Free radicals. Apoptosis.



LISTA DE ABREVIATURAS

FBP — Frutose-1,6-bisfosfato

HCC — Carcinoma Hepatocelular

HCV — Virus da Hepatite C

ATCC - American Type Culture Collection

EROS - Espécies reativas de oxigénio

ERN - Espécies reativas de nitrogénio

COX -2 - Ciclooxigenase 2

IL-4 — Interleucina 4

IL-6 — Interleucina 6

IL-10 — Interleucina 10

TNF-a — Fator de necrose tumoral alfa

PGE-2 — Prostaglandina E2

DANEs - Drogas antiinflamatorias ndo esteroidais
ATP- Adenosina trifosfato

02 - Oxigénio

NADP — Nicotinamida adenina dinucleotideo fosfato

MTOR - alvo da rapamicina em mamiferos
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1 INTRODUCAO

1.1 Hepatocarcinoma

Os tumores malignos do figado podem ser divididos em dois tipos: primarios
(que tem origem no préprio 6rgdo) e secundarios ou metastaticos (originados em
outros oOrgaos). Dentre os tumores originados no figado, o hepatocarcinoma, ou

carcinoma hepatocelular, é o mais frequente™.

O carcinoma hepatocelular (HCC), esta entre as principais doengcas no mundo
atualmente, sendo o quinto tumor maligno mais frequente, representando 85% dos
tumores hepaticos primarios e € responsavel por quase dois tercos da morte entre
os canceres. O progndstico geralmente é ruim, devido ao rapido crescimento tumoral

e a auséncia de sintomas no inicio da doenga® >

O desenvolvimento da maioria dos hepatocarcinomas relaciona-se com
complicagbes decorrentes de quadros de cirrose (caracterizada pela fibrose
progressiva e a reorganizacédo da microarquitetura vascular). A presenca de algumas
doencas de base, como a hepatite B e C, sdo uma das principais causas do tumor®.
Outro fator de risco para o hepatocarcinoma é a ingestdo de grdos ou cereais
contaminados com Aspergillus flavus, que produz a substéncia cancerigena

aflatoxina?.

O HCC esta entre as dez principais neoplasias que afetam a populacéo
mundial. Sua incidéncia tem aumentado nos ultimos anos, principalmente pela
infeccdo do virus da Hepatite C (HCV). O aumento da incidéncia gera aumento de
custos com a saude, demonstrando a necessidade de desenvolvimento de terapias

mais acessiveis®.
1.2 Células de hepatocarcinoma — HEPG2

HepG2, é uma linhagem de células do figado provenientes de um
hepatoblastoma humano, é utilizada como modelo de tumores de células hepéaticas,

visto que mantém fun¢des metabdlicas semelhantes aos hepatdcitos®.



Segundo dados do protocolo da linhagem celular HepG2, comercializada pela
American Type Culture Collection (ATCC), a linhagem é derivada de carcinoma
hepatocelular, apresenta morfologia epitelial, crescimento aderente e nédo é
tumorigénica em camundongos imunossuprimidos. Por tanto, essa linhagem é
utilizada apenas em estudos “in vitro”, ndo sendo recomendado para estudos “in

vivo” com o objetivo de desenvolver tumores em animais’.
1.3Inflamacéo e Céancer

Estudos recentes mostram que h& uma intima relacdo entre inflamacéo e
cancer. Evidéncias epidemioldgicas e experimentais suportam o conceito que o
processo inflamatério crénico promove o desenvolvimento e proliferacdo dos
tumores. HA uma forte associacdo entre inflamacdo créonica de um dérgdo em
particular e um especifico cancer para este érgdo. Esta associacao envolve o fator
tempo, ou seja, quanto mais tempo esta inflamacdo persiste maior sera o risco de

desenvolver uma neoplasia®.

Mediadores inflamatorios, como por exemplo, as citocinas, os radicais livres,
prostaglandinas e fatores de crescimento podem induzir a alteracfes na homeostase
celular, resultando no desenvolvimento e progresséo do cancer. Varios mecanismos
inflamatorios estao envolvidos no cancer. Um dos mais importantes € a instabilidade
gendmica causada pela inflamacdo. A ativacdo de leucdcitos, principalmente
macrofagos e granuldcitos, leva a sintese de espécies reativas de oxigénio (EROS)
e nitrogénio (ERN) que podem provocar dano ao DNA, proteinas e lipideos, podendo
gerar mutacfes nas células. As lesdes por radicais livres podem ser causadas por
uma enzima pro-inflamatéria, a ciclooxigenase 2 (COX-2), que leva a producéo de

altos niveis de peréxidos no interior das células® °.

Além da producdo aumentada dos radicais livres pelo processo inflamatério,

outras situagdes podem alterar o meio celular e promover cancer:

a. O aumento de citocinas inflamatérias pode aumentar o sinal
proliferativo, que por sua vez pode potencialmente aumentar o niumero de células

com risco de sofrerem mutacgao;

b. Produtos da inflamacdo podem alterar eventos celulares e provocar

expressao génica inapropriada;



C. Diminuicdo em substéncias supressoras de tumor e de células T

regulatérias que podem contribuir para o efeito antitumoral da célula.

Além desses fatores, recentemente se descobriu que tumores provocados por
células-tronco mostram estrita relacdo com citocinas inflamatoérias. A interleucina 6
(IL-6) possui um papel preponderante no cancer de mama por sustentar a sobrevida
e a capacidade proliferativa das células-tronco. Além disso, estudos preliminares
mostraram que niveis elevados de IL-6 estdo associados a uma alta taxa de
expressdo de metéstases e mau prognéstico no HCC. Também foi evidenciado o

papel da interleucina 4 (IL-4), no desenvolvimento do cancer de célon® °.

1.4 Terapias Antineoplasicas Convencionais

Dentre os varios tipos de terapias contra o cancer, as terapias tradicionais sao
a resseccao cirdrgica, a radioterapia e a quimioterapia, sendo esta Ultima a
modalidade mais amplamente empregada. As terapias podem ser utilizadas
isoladamente ou em associacdo®. Apesar das distintas opcdes de tratamento, a
terapia do cancer apresenta grande dificuldade de manejo, principalmente devido a
baixa especificidade de alguns farmacos e a estreita janela terapéutica, as quais
estdo intimamente relacionadas a toxicidade. Dessa forma a busca pelo

desenvolvimento de novas terapias mais especificas torna-se necessaria™',

O tratamento do HCC varia de acordo com o0 estagio em que o tumor se
encontra, assim como em outros tipos de cancer. No estagio inicial, no qual o tumor
esté localizado somente no figado e ndo ha metastases, a cirurgia de resseccao do
tumor é geralmente recomendada. Em alguns casos, o transplante de figado pode
ser indicado, sendo essas duas opcdes terapéuticas (resseccao cirdrgica e
transplante) as Unicas consideradas atualmente como curativas. Outras terapias tém
sido utilizadas de forma paliativa, como embolizacdo, ablacdo por radiofrequéncia

(destruicdo das células tumorais por calor ou frio) e injecdo com etanol®.
1.5 Inovacgdes na Terapia Antineoplasica

A Imunoprevencédo e a imunoterapia pertencem a um novo campo de estudos
contra o céancer. Por haver uma correlacdo estrita entre cancer e inflamacéo,
terapias que diminuem a inflamacdo antes da imunizacdo podem aumentar a

eficacia da imunoterapia.
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A ciclooxigenase 2 (COX-2) é uma isoforma de COX que catalisa a etapa
chave do metabolismo do acido araquiddnico e a producdo de prostaglandinas. As
prostaglandinas, notadamente a PGE-2, podem aumentar a producdo de tumores.
Uma elevacdo da COX-2 é frequentemente citada em uma variedade de tumores

localizados em células epiteliais de estroma.

Estudos em humanos e em animais tém mostrado que drogas
antiinflamatdrias ndo esteroidais (DANEs) sdo quimioprotetoras para o cancer de
cllon e adenoma. Drogas que seletivamente inibem a COX-2, incluindo DANEs,
estdo sendo usadas em estudos para tratamento de cancer. Estudos recentes estao
determinando o efeito de inibidores da COX-2 sobre o desenvolvimento de cancer
de mama e cancer colorretal. Também tem sido observado que pessoas que fazem
uso corrente de DANEs tém baixo risco de desenvolverem cancer. Outras drogas
gue tem como base a inibicdo da COX-2 reduziram significativamente a progressao

de melanoma em camundongos®?.

Apesar de nao haver evidéncias em estudos de imunizacdo, antagonistas do
fator de necrose tumoral alfa (TNF-a) representam uma boa opgao para potencializar
vacinas contra o cancer. Antagonistas TNF (etanercept, infliximab, adalimumab) que
foram licenciados para estudos epidemiolégicos para Artrite Reumatéide e Doenca
de Crohn tém demonstrado varias acdes que podem ser Uteis para terapia contra o
cancer, porque eles podem diminuir a producao de citocinas, reduzir a angiogénese,
prevenir a infiltracdo de leucécitos e melhorar as fungcdes da medula éssea.
Atualmente, muitos inibidores da producdo de TNF-a tém sido usados no tratamento
do cancer, incluindo numerosos produtos originados de frutas, vegetais e de plantas
medicinais, que séo testados em modelos de cancer. Entre os produtos naturais que
podem ter impacto na imunizacdo contra o cancer, destaca-se a vitamina E, que
possui dois mecanismos distintos: efeito direto sobre as células e acado indireta,
através de suas propriedades antiinflamatérias, principalmente relacionada com

reducéio da producdo de PGE-2% 14,

Outra inovagdo nas terapias anticancer é inibicdo da via mTOR (alvo da
rapamicina em mamiferos), que tem demonstrado suprimir o crescimento de tumores
hepaticos e a formacdo de metastases™ *°. Apesar desses resultados animadores, o

HCC frequentemente demonstra posterior resisténcia a rapamicina quando utilizada
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isoladamente. Dessa forma, novos estudos tém pesquisado a associacdo da
rapamicina com outras drogas antitumorais para diminuir ou evitar a resisténcia

terapéutica’’ 8.

1.6 Rapamicina:

A rapamicina, uma lactona macrociclica produzida pelo Streptomyces
hygroscopicus, de férmula molecular Cs; Hzg NO;3 € peso molecular de 914,2,
€ um gquimioterapico altamente eficaz, tendo como mecanismo de acéo a inibicdo da
MTORCL1 Desde sua aprovacéo pela US Food and Drug Administration, em 1999, a
rapamicina, foi administrada em varios pacientes que receberam transplante de rim
devido a sua atividade imunossupressora. Na década de 80, cientistas também
descobriram que a droga inibe o crescimento de tumores e, desde 2007, dois
derivados dela: o Temsirolimus da Pfizer e o Everolimus da Novartis foram
aprovados contra varios tipos de cancer, inclusive o de figado, administrado

isoladamente ou em combinacg&o com outras drogas™.

O mecanismo de acdo da rapamicina ocorre intracelularmente, onde esses
inibidores formam um complexo com a proteina 12 ligada a FK506 (FKBP-12) que é
reconhecida pelo alvo da rapamicina em mamiferos (MTOR). A formacdo do
complexo resulta na inibicdo da atividade do mTOR e da expressédo da proteina
S6K, como consequéncia haverd inibicdo da progressao do ciclo celular, sobrevida e

angiogénese (Figura 1)%* 2422,

Evidéncias clinicas e experimentais mostram forte correlacdo entre a
dosagem e eficacia. Os efeitos secundarios induzidos por rapamicina como nausea,
vomito, anemia, hiperlipidemia, toxicidade respiratéria, cardio, e nefrotoxicidade séo
dependentes da dose e Ilimitam a administracdo de dosagens mais altas,
comprometendo assim a eficacia terapéutica. Sendo a nefrotoxicidade uma das
principais limitagdes, o monitoramento da funcéo renal torna-se obrigatério durante o

tratamento®® 2°,

Isto torna as doses inadequadas o obstaculo mais significativo na definicao
exata do papel clinico da rapamicina, e, provavelmente, na expansdo da sua
atividade. Portanto, quando altas doses de rapamicina sdo administradas, é

essencial identificar drogas eficazes de suporte que podem impedir ou contrariar 0s
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efeitos secundérios sérios da rapamicina. Uma delas é a frutose-1,6-bisfosfato

(FBP), um aclcar que possui mecanismos que promovem protecéo renal®.

Figura 1- Mecanismo da rapamicina
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1.7 Frutose-1,6-bisfosfato (FBP)

A frutose-1,6-bisfosfato (FBP) é um dos metabdlitos encontrados na rota
glicolitica, apresentando estruturas estaveis anoméricas: a e 3 furanose. Este agucar
bisfosforilado, além de ser um subproduto da via glicolitica também exerce papel
importante junto a diversas rotas metabolicas do organismo. Entre suas agdes
regulatorias aparece a sua capacidade de alterar o metabolismo de carboidratos

estimulando a glicélise e inibindo a gliconeogénese?

A FBP tem demonstrado efeitos terapéuticos em varias situacdes patoldgicas

como: isquemia, choque e lesdes toxicas. Também foram documentados os efeitos


http://www.bioss.uni-freiburg.de/
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benéficos de FBP em deficiéncias organicas cardiacas, renais, cerebrais, intestinais

e hepaticas** 2.

Os mecanismos pelos quais a FBP protege células e tecidos ainda ndo sao
claros. Um possivel mecanismo de protec&o inclui o metabolismo anaerdbio da FBP
para gerar adenosina trifosfato (ATP)* ou reduzir a sua perda®’, elou pela sua
propriedade quelante de calcio®®. Esta capacidade da FBP em diminuir a quantidade
de célcio extracelular, melhora o rendimento mecanico e respiratério do coragéo
isquémico?®, sendo este mediado pela ativacdo de fosfoquinase-C, que modula a
atividade intracelular do célcio®. Este aclicar também aumenta a captacdo celular
de potassio, que resulta em uma diminuicdo intracelular da concentracdo de sodio,

reduzindo assim, o edema celular citotdxico™.

Além disto, o aumento dos niveis de ATP pela FBP pode reduzir a formacao
de O, tendo em vista de que este pode ser o regulador fisiolégico da atividade
catalitica da enzima nicotinamida adenina dinucleotideo fosfato (NADP) oxidase,
uma das enzimas responsaveis pela producdo destes radicais. A FBP inibe a
formacdo de espécies reativas de oxigénio e a ativacdo de neutrofilos, reduz a
proliferacdo e a viabilidade de linfécitos T e também inibe a apoptose em

hepatdcitos?* 26 3% 32,

A fim de evidenciar um destes mecanismos de protecdo, o estudo de
Azambuja et al, utilizou a FBP em conjunto a cisplatina, um quimioterapico de
estreita janela terapéutica, com nefrotoxicidade similar a rapamicina. Esta
associacdo diminuiu significativamente o0s niveis de creatinina e uréia em
comparacdo com o grupo de cisplatina. Além disso, a necrose tubular aguda
também foi menos severa nos animais que receberam cisplatina com FBP do que
nos animais que receberam apenas cisplatina. Este fato demonstrou que a FBP tem
um efeito protetor sobre a funcdo e parénquima renais em ratos de que tiveram
nefrotoxicidade induzida pela cisplatina. O efeito anti-inflamatério da frutose-1,6-

bisfosfato confirma o seu efeito protetor em casos de lesdo celular®,
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2 JUSTIFICATIVA

O dificil manejo da resisténcia de células neoplésicas, alta toxicidade e
consequentes efeitos adversos tém impulsionado as pesquisas para O
desenvolvimento de novas terapias antineoplasicas. Os tratamentos do
hepatocarcinoma sdo em sua maioria paliativos, exceto a resseccao cirdrgica e 0
transplante (terapias curativas); porém ainda com possibilidade de recidiva. Dessa
maneira, a busca de novas alternativas terapéuticas para a doenga torna-se um
campo de pesquisa em expansdo. Dentre os tratamentos, a rapamicina esta sendo
largamente utilizada, porém as altas doses utilizadas nas quimioterapias atualmente
provocam varios efeitos secundarios, principalmente nefrotoxicidade. Na tentativa de
utilizar subdoses da rapamicina, sem comprometimento da eficacia, a usaremos em
combinacdo com a FBP. Este acucar vem demonstrando propriedades terapéuticas
antioxidantes e antinflamatérias além de um efeito nefroprotetor em diversos estudos
envolvendo modelos animais. Sabendo que o processo de carcinogénese envolve
mediadores inflamatérios como citocinas, quimiocinas, espécies reativas de
oxigénio, acreditamos que a FBP possa ser util na manutencéo do efeito terapéutico

da rapamicina e inibicdo dos eventos de adversos.
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3 OBJETIVOS
3.1 Geral

Avaliar o efeito da rapamicina isolada e em conjunto com a frutose-1,6-
bisfosfato sobre a proliferacdo, parametros inflamatérios e estresse oxidativo em

células de carcinoma hepatico (HepG2).

3.2 Especificos

e Verificar se dose subterapéutica da rapamicina em conjunto com a FBP
mantém o efeito na inibicdo do crescimento celular da linhagem celular
HepG2;

e Avaliar marcadores para apoptose (DAPI) e autofagia (Laranja de
Acridina);

e Verificar se a acdo da combinacdo de rapamicina e frutose-1,6-
bisfosfato pode alterar a sintese de citocinas inflamatérias e anti-

inflamatoérias nas culturas celulares;

e Avaliar a influencia da associacdo da rapamicina e frutose-1,6-

bisfosfato sobre estresse oxidativo em células HepG2.
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4 ARTIGO CIENTIFICO

Os resultados do presente trabalho foram submetidos ao peridédico Cell

Proliferation (fator de impacto: 3.28).
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ABSTRACT

Background: Hepatocellular carcinoma is the most prevalent type of tumor among
primary tumors affecting the liver. Rapamycin is currently used as a basis for
chemotherapy in the treatment of cancers, including the liver. Because it shows
several adverse effects, it is clear the importance of minimizing these effects without
compromising efficacy. In this sense other drugs may be used concomitantly. One of
these drugs is fructose-1,6-bisphosphate (FBP), which has shown therapeutic effect
in various pathological situations, having antioxidants and anti-inflammatory
proprieties. The objective of this study was to evaluate the activity of rapamycin in
combination with the FBP in HepG2 cell proliferation and others mechanisms
involved. Methods: HepG2 cells were analyzed after 72 hours of treatment with both
drugs. Cell proliferation, cytotoxicity, cytokines, apoptosis, senescence, autophagy
and oxidative stress were accessed. Results: Was demonstrated that the
combination is more efficient than the single use of substances, because
subtherapeutic doses of rapamycin, when associated to FBP become effective,
reducing cell proliferation, through a significant increase in the production of
Tiobarbituric Acid Reactive Substances (TBARS), suggesting that this might be the
cause of death by apoptosis. Conclusions: According to these results, we believe that
the association of both drugs may be a promising choice for the treatment of

hepatocarcinoma.

Keywords: Rapamycin. Fructose-1,6-bisphosphate. HepG2 Cells. Hepatocellular

Carcinoma. Free radicals. Apoptosis.
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INTRODUCTION

Hepatocellular carcinoma (HCC), is among the leading diseases in the world
today, being the fifth most common malignant tumor, representing 85% of primary
liver tumors and accounts for nearly two thirds of death among cancers. The
prognosis is generally poor due to rapid tumor growth and the absence of symptoms
at the beginning of disease™ 2.

The chronic inflammatory state appears to be necessary for the initiation and
development of liver cancer and the HCC is an example of inflammation-related
cancer® *. The presence of some underlying disease, such as hepatitis B and C, is a
major cause the tumor®. HCC is among the top ten cancers that affect the world
population. Its incidence has increased in recent years, mainly by infection of
hepatitis C virus®.

Among the various types of cancer therapies, appeared the surgical resection,
radiotherapy and chemotherapy, the latter being the most widely used mode.
Therapies may be used singly or in combination®. Even with different options,
treatment against cancer has difficulty handling, mainly due to the low specificity of
some drugs and the narrow therapeutic window, which are closely related to the
toxicity. Thus, the search for the development of new therapies becomes extremely
necessary’. A recent innovation in the anticancer therapy is inhibition of the mTOR
(mammalian target of rapamycin), which has been shown to suppress the growth of
liver tumors and metastasis® °. These results are encouraging, but the HCC often
shows higher resistance to rapamycin when used alone. Thus, new studies have
investigated the association of rapamycin with other antitumor drugs to reduce or

avoid treatment resistance'® 12,

Rapamycin, a macrocyclic lactone produced by Streptomyces hygroscopicus,
molecular formula C51 H79 NO13 and molecular weight 914.2, is a highly effective
chemotherapy, with the mechanism of action inhibition of mMTORC1. Since its
approval by the US Food and Drug Administration in 1999, rapamycin was
administered in several patients who received kidney transplant due to its
immunosuppressive activity. In the 80s, scientists also found that the drug inhibits the
growth of tumors and, since 2007, two derivatives of it: the Temsirolimus (Pfizer) and
Everolimus (Novartis) were approved against various cancers, including liver,

administered alone or in combination with other drugs®?.
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The mechanism of action of rapamycin occurs intracellularly where these
inhibitors form a complex with the protein bound to FK506 12 (FKBP-12) that is
recognized by mTOR. The formation of the complex results in inhibition of the activity
of MTOR and S6K expression of the protein, will result in inhibition of cell cycle

progression, survival and angiogenesis™ *“.

Clinical and experimental evidences show strong correlation between dosage
and toxicity. The rapamycin induced side effects such as nausea, vomiting, anemia,
hyperlipidemia, respiratory toxicity, cardiovascular, and nephrotoxicity are dose-
dependent and limited administration of higher dosages, thus compromising
therapeutic efficacy. The nephrotoxicity is one of the major limitations, for this reason,
the monitoring of the renal function becomes required during treatment . This
makes inadequate doses the most significant obstacle in the exact definition of the
clinical role of rapamycin, and probably in expanding its activity. Therefore, when
high doses are administered rapamycin is essential to identify effective drug carrier
that can prevent or counteract the side effects of rapamycin®. One of them is the
fructose-1,6-bisphosphate (FBP), a sugar which has mechanisms that promote renal

protection®’.

Previous studies reported the antioxidant and anti-inflammatory therapeutic
properties plus a nephroprotecting effect in animal models of FBP. Knowing that the
process of carcinogenesis involves inflammatory mediators such as cytokines,
chemokines, reactive oxygen species, we believe that the FBP can be helpful in
maintaining the therapeutic effect of rapamycin and inhibition of adverse effects.
Therefore, the aim of this study was to evaluate the effect of rapamycin alone and in
combination with fructose-1,6-bisphosphate on cell death and proliferation,

inflammation and oxidative stress parameters in liver carcinoma cells (HepG2).
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MATERIALS AND METHODS
Cell Culture

Human hepatocarcinoma cell line (HepG2) was obtained from the American
Type Culture Collection (ATCC). The medium used for the culture of cells was
Dulbecco's Modified Eagle Medium (DMEM) supplemented with fetal bovine serum
(FBS 10%) under a humidified atmosphere containing 5% CO2. HepG2 cells after
being cultured and present approximately 70% confluence were detached from

culture bottles and transferred to 96-well culture plates at a uniform cell density.
Treatment with rapamycin and fructose-1,6-bisphosphate

The plates were incubated at 37 ° C in a humidified incubator with 5% CO2 at
72 hours treatment time with rapamycin (Wyeth Pharmaceuticals Co., USA), tested in
different concentrations of 10, 20, 30, 40 and 50 nM®® ' and fructose 1,6
bisphosphate (Sigma Chemical Co., USA) at doses of 5 and 10 mM, and in the
DMEM medium in order to perform a curve correlating doses cell growth and
proliferation. The FBP concentrations were in agreement with experiments performed
in our laboratory on HepG2 cells and rapamycin on impact articles.

Evaluation of cellular proliferation

The assessment of the viability and cellular growth/proliferation was performed
by cell counting in a Neubauer chamber. The experiments were performed in
triplicate and repeated three times. After this evaluation the rapamycin doses of 10
nM and 10 mM FBP were selected.

Measurement of lactate dehydrogenase (LDH)

Cytotoxicity was assessed by the presence of the enzyme lactate
dehydrogenase (LDH) in the supernatant of cell cultures using the UV kinetic method
(Lactate-Pyruvate) using Labtest Diagnostic Kit SA.

The test LDH (lactate dehydrogenase) is a marker of membrane integrity. The
enzyme lactate dehydrogenase is present throughout the cell cytoplasm, and when
the membrane is damaged there is released to the external environment. The LDH

allows to analyze the number of total inviable (dead) cells®.
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Quantification of cytokines

To determine the production of cytokines, the treated HepG2 cells were
incubated for 72 hours, supernatants were collected and stored at -20 ° C for later
analysis. Pro and anti-inflammatory cytokines were simultaneously measured by flow

cytometry using Human Inflammatory Cytokine Kit - BD Biosciences.
Evaluation of Apoptosis, Senescence and Autophagy

HepG2 cells were treated in 24-well plates for a preview of apoptosis,
senescence and autophagy. Apoptosis and senescence were evaluated by DAPI (4,
6-diamidino-2-phenylindole), a fluorescent staining that binds strongly to regions rich
in adenine and thymine in DNA sequences?’. The evaluation of was autophagy by
Acridine Orange (AO), a Vvital acidotropic fluorescent dye?”. The results were
visualized by fluorescent inverted microscope and the apoptotic and senescent nuclei

were quantified using Image-Pro Plus software.
Evaluation of Oxidative Stress

Oxidative stress of liver carcinoma cells was measured by the method of
thiobarbituric acid (TBARS) by fluorimetry.

Statistical Analysis

The results were presented using descriptive statistics (mean and standard
deviation). For the comparison of means between groups analysis of variance
(ANOVA) and post hoc Tukey Test for multiple comparisons were used. In the
presence of asymmetry was used the corresponding nonparametric. The level of
significance will be p <0.05 with a 95% confidence interval and the data were
analyzed by the SPSS (Statistical Package for Social Sciences) for Windows, version
15.0. (SPSS Inc. Ohio, USA).
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RESULTS

The evaluation of cell proliferation of rapamycin (R) at concentrations of 10,
20, 30, 40 and 50 nM, FBP 5 and 10 mM and the association of the two substances
was performed. In figure 1, it is observed that rapamycin (R) causes a significant
decrease in concentrations of 40 and 50 nM and the FBP causes a reduction of cell
growth at concentrations of 5 and 10 mM. In figure 2, it is evident that the association
with FBP 10 mM makes effective the subtherapeutic doses of 10, 20 and 30 nM of
rapamycin (R). Already in combination with 5 nM of FBP, rapamycin (R) did not
decrease cell proliferation in any of the concentrations. For this reason, the doses of

10 mM FBP and 10 nM rapamycin (R) were selected for the following experiments.

The integrity of the membrane of HepG2 cells treated with rapamycin (R) and
FBP, isolated and in combination, was evaluated through the measurement of LDH in
the cell culture supernatant. There was a decrease in the percentage of LDH
released when we join rapamycin (R) and FBP, demonstrating that there is a
significant decrease in cell death associated with necrosis in this group in
comparison to the others. For other parameters differences were not seen in relation

to the control group (Figure 3).

Inflammation and cancer are associated, for this reason we evaluated the pro-
inflammatory and anti-inflammatory cytokines. We selected the Tumor necrosis factor
alpha, TNF-a (Figure 4A) and the Interleukin 10, IL-10 (Figure 4B). The ratio between
the cytokines was also done (Figure 4C). Was not observe changes of cytokines in
relation to the control, and the ratio gave the balance between pro- and anti-

inflammatory.

To see if the decreased of cellular proliferation was by apoptosis or
senescence, DAPI staining was used. The figure 5A presents a picture of normal
nuclei, in 5B, the apoptotic nuclei can by visualized and in figure 5C the senescent
nuclei are represented. In the analyses of normal nuclei, rapamycin (R) and FBP had
a significantly decreased (Figure 5D), while in figure E is demonstrated a significant
increase of apoptotic nuclei percentage in the association of rapamycin (R) and FBP.
In senescent nuclei analyses, rapamycin(R) and FBP isolated increased significantly

in relation to the association group and the control group.
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The autophagy, another cellular death mechanism that involves cell
degradation of unnecessary or dysfunctional components®, was analyzed in HepG2
cells through the use of Acridine Orange dye. No significant differences were funded
between the studies groups (Figure 6A, 6B, 6C and 6D).

The oxidative stress can provoke cellular damage, for this reason, we
analyzed Thiobarbituric acid reactive substances (TBARS)?*. Our results showed an
antioxidant effect of FBP, but in association to rapamycin (R), provoke a significant
increase in the release of free radicals in relation to the other groups (Figure 7).
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DISCUSSION

The HCC is closely linked with chronic inflammation. This association involves
the time factor, the longer the inflammation persists, the greater is risk of developing

cancer .

Rapamycin, a known immunosuppressant used in kidney transplant patients,
also acts by inhibiting the complex of the mammalian target of rapamycin, mTOR.
Also known as FKBP12-rapamycin associated protein (FRAP), mTOR s
a serine/threonine protein kinase that promotes cell proliferation and differentiation®,
therefore, rapamycin is currently being used to treat certain types of cancer?’.
However, its use is limited due to its toxicity and resistance to prolonged use that
cause adverse events, mainly nephrotoxicity?®. For this reason, the association with
other substances in order to avoid adverse events becomes essential. The FBP, a
sugar belonging to glycolytic cellular route that has some therapeutic effects in
inflammatory diseases, such as rheumatoid arthritis and septisemia®®, was chosen

for the combination with rapamycin

Our first results showed that rapamycin and FBP singly decreases the
proliferation of HepG2 cells, however when they were used in combination,
rapamycin was effective at lower doses, suggesting a decrease in therapeutic
dosage. This effect may have been caused by necrosis (cytotoxicity), apoptosis,
autophagy, or senescence. For this, first, with the intention of proving that this
association has no cytotoxicity, we done the measure of LDH that did not
demonstrated correlation between the stop in cell proliferation and death due to
necrosis. Also, we saw a significant increase in the preservation of cell membrane
when we compared control and isolated drugs groups. These results demonstrate

that the combination of substances decreased the cellular toxicity of rapamycin.

Inflammatory mediators, such as cytokines, free radicals, and growth factors
prostalandinas can induce changes in cellular homeostasis, leading to the
development and progression of cancer. Several inflammatory mechanisms are
involved in cancer. One of the most important is the genomic instability caused by
inflammation. The activation of leukocytes, especially macrophages and
granulocytes, leads to the synthesis of reactive oxygen species (ROS) and nitrogen
(RNS) that can cause damage to DNA, proteins and lipids, which may cause


http://en.wikipedia.org/wiki/Serine/threonine_protein_kinase
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mutations in the cells. The free radical damage can be caused by a proinflammatory
enzyme, cyclooxygenase 2 (COX-2), which leads to production of high levels of
peroxides within the cells. Therefore, therapies that reduce inflammation prior to

immunization can increase the efficacy of inmunotherapy>% 3.

In the last two decades, emerged evidence that the molecular level of most
chronic diseases, including cancer, are caused by a dysregulated inflammatory
response. The Tumor necrosis factor a (TNF- a) exerts regulatory role, by stimulating
the biosynthesis of growth factors. It is directly cytotoxic to endothelial cells and can
induce the biosynthesis of collagenases, proteases, reactive oxygen intermediates
and arachidonic acid metabolites. In other hand, interleukins with multifaceted anti-
inflammatory properties, like interleukin-10 (IL-10), including inhibition of the
prototypic inflammatory transcription factor nuclear factor kappa B, leading to
suppressed cytokine production, reduction of tissue factor expression, inhibition of
apoptosis of macrophages and monocytes after infection®.

To check if the decreased of cellular proliferation is occurring by the
inflammatory rote, we analyzed pro-inflammatory cytokines TNF-a and anti-
inflammatory IL-10, besides the ratio there between. None of parameters show
changes in relation to the control and the ratio demonstrated the inflammatory

balance between cytokines.

Apoptosis, a programmed cell death, is decreased in cancer cells. Many
therapies try to increase apoptosis of these in order to reduce their proliferation®®.
Another way of cell death that is also reduced in cancer is senesce. Senescence is
the aging of the cell that occurs when they stop dividing to replace other cells that, for
some reason, failed to metabolize. On the other hand, cancer cells have an enzyme
called telomerase that regenerates telomeres of the cell, allowing it to multiply

indefinitely®3.

It then emerged, through the use of the fluorescent staining DAPI and
guantification of the images generated by fluorescent inverted microscope, which did
increase significantly the apoptosis in the association of rapamycin and FBP doses.
Also, there was a significant increase in senescence of nuclei in the rapamycin and
FBP isolated compared to the control group. By comparing the results of cell

proliferation of the isolated drugs is concluded that, in spite of being a potential
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anticancer factor, senescence did not seem to influence the decrease in cell

proliferation.

The autophagy, a mechanism that may protect against cancer by isolating
damaged organelles, allowing cell differentiation, increasing and promoting cell death
of cancerous cells?®, was analyzed through the use of Acridine Orange staining. No

difference was seen in autophagy between and the control and the treated groups.

The cytoperoxidation is a cell membrane damage caused by free radicals.
This toxic effect can be assessed by the formation of Thiobarbituric acid reactive
substances (TBARS), especially malondialdehyde (MDA)?*. Our results showed that,
while FBP singly decreases the cytoperoxidation, the combination of the two drugs
cause a significant injury provoked by free radicals, suggesting that this phenomenon

might be the cause of cell death by apoptosis.

This study promotes for the first time the combination of these two drugs and
addresses the importance of trying the combination of substances such as FBP, with
other drugs commonly used to treat cancer such as rapamycin to a more effective

result and the promotion of quality of life for patients in treatment.
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CONCLUSION

From this study it is concluded that the concomitant use of rapamycin and FBP
could be a promising treatment for patients with hepatocellular carcinoma, because
the combination of rapamycin with fructose significantly reduces cell proliferation and
most importantly, brings to reality the possibility of achieving the goal of making an
effective subtherapeutic dose, minimizing the serious known reactions to drugs used
in cancer therapy today by the increased of free radicals and apoptosis when the

association is used.
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FIGURE LEGENDS

Fig. 1. The isolated effect of rapamycin (R) and fructose-1,6-bisphosphate (FBP) on
HepG2 cells proliferation. Cells were treated with R (10-50nM) and FBP (5 and
10mM) for 72 h and cell viability assessed by direct cell count. Data represent the
mean * SD. Results were expressed as cell number. (**p<0,05, ***p<0,001 vs

control).

Fig. 2. The association effect of rapamycin (R) and fructose-1,6-bisphosphate (FBP)
on HepG2 cells proliferation. Cells were treated with the combination of R (10-50nM)
and FBP (5 and 10mM) for 72 h and cell viability assessed by direct cell count. Data
represent the mean + SD. Results were expressed as cell number. (***p<0,001 vs

control).

Fig. 3. Percent of release of lactate dehydrogenase of HepG2 cells after treatment
with rapamycin (R) 10nM, fructose-1,6-bisphosphate (FBP) 10mM and rapamycin (R)
+ fructose-1,6-bisphosphate (FBP) 10mM. Results are expressed as mean data
represent the mean = SD. Results of the association were *p<0,05 vs control and

#p<0,05 vs R and FBP.

Fig. 4. Flow cytometric analyses of TNFa (A), IL-10 (B) and TNFa/IL-10- Ratio in cell
supernatant (C) of HepG2 cells after 72h of treatment with rapamycin (R) 10nM,
fructose-1,6-bisphosphate (FBP) 10mM and rapamycin (R) + fructose-1,6-
bisphosphate (FBP) 10mM. Data represented the mean = SD. Cytokines levels were

expressed as picograms per 1000 cells.

Fig. 5. Effects of rapamycin (R) 10nM, fructose-1,6-bisphosphate (FBP) 10mM and
rapamycin (R) + fructose-1,6-bisphosphate (FBP) 10mM in HepG2 cell nuclei were

visualized through images obtained by fluorescent inverted microscope. The figure A
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presents normal nuclei, B apoptotic nuclei and C senescent nuclei. Figure D: Percent
of normal nuclei. Results are expressed as mean data represent the mean = SD.
Results were expressed as cell number. (**p<0,05, **p<0,001 vs control). Figure E:
Percent of apoptotic nuclei. Results are expressed as mean data represent the mean
+ SD. Results were expressed as cell number. (***p<0,001 vs control). Figure F:
Percent of senescent nuclei. Results are expressed as mean data represent the

mean + SD. Results were expressed as cell number. (***p<0,001 vs control).

Fig. 6. Effect of rapamycin (R) 10nM, fructose-1,6-bisphosphate (FBP) 10mM and
rapamycin (R) + fructose-1,6-bisphosphate (FBP) 10mM on the autophagy of HepG2
cells. Images were obtained by fluorescent inverted microscope. Control (A), R (B),

FBP (C) and R+FBP (D).

Fig. 7. Effect of rapamycin (R) 10nM, fructose-1,6-bisphosphate (FBP) 10mM and
rapamycin (R) + fructose-1,6-bisphosphate (FBP) 10mM on oxidative stress
measured by TBARS. Data represent as mean = SD (*p<0.05 and ***p<0,001 vs

control).
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5 CONSIDERACOES FINAIS

Considerando a diminuicdo da proliferacdo em células HepG2 demonstrada
no uso de subdoses da rapamicina em combinacdo com a FBP, sugere-se uma
diminuicdo na dosagem terapéutica. Esta associacdo ndo apresentou citotoxicidade
e a parada na proliferacdo ndo teve correlacdo com a morte celular por necrose.
Além disso, observamos um aumento significativo na preservacdo da membrana
celular quando comparamos o grupo controle aos grupos das drogas isoladas. Estes
resultados demonstram que a combinacdo de rapamicina e FBP diminuiu a

toxicidade celular de rapamicina.

Os mediadores inflamatorios tais como as citocinas, radicais livres, e fatores
de crescimento prostaglandinas podem induzir alteracbes na homeostase celular,

8 9 Por isto também

conduzindo ao desenvolvimento e progressao do cancer
analisamos a rota inflamatoria através da citocina proé-inflamatérias TNF-a e a anti-
inflamatoria IL-10, além da razdo entre as mesmas, verificamos que ndo ha

influencia destas citocinas no decréscimo da proliferacéao celular.

A apoptose, uma morte celular programada, € diminuida em células
cancerosas. Muitas terapias tentar aumentar a apoptose destes, a fim de reduzir a
sua proliferacdo®. Outra forma de morte celular que também é reduzida em cancer é
a senescéncia. A senescéncia é o envelhecimento da célula que ocorre quando elas
param de se dividir para substituir outras células que, por algum motivo, néo
conseguiram metabolizar. Por outro lado, as células cancerigenas tém uma enzima
telomerase que regenera o0s teldbmeros da célula, permitindo-lhe multiplicar

indefinidamente®3.

Verificou-se entdo, por meio da utilizacdo de coloracéo fluorescente DAPI, que a
apoptose aumentou significativamente na associacdo de rapamicina e FBP. Além
disso, houve um aumento significativo da senescéncia dos nucleos em FBP a
rapamicina e isolado em comparagcdo com o grupo de controle. Ao verificar os
resultados da proliferacédo celular das substancias isolados conclui-se que, apesar
de ser um fator potencial anticancerigeno, a senescéncia ndo pareceu influenciar na

diminuicdo da proliferacao de células.
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A autofagia, um mecanismo de morte da célula que pode ser protetor contra o
cancer*, foi analisada através da utilizacdo de coloracdo com Laranja de Acridina.

Na&o foi visualizada diferenca significativa entre os tratamentos e o grupo controle.

A citoperoxidacdo € um dano da membrana celular causada por radicais
livres. Este efeito toxico pode ser avaliado através da formacdo de substancias
reativas ao acido tiobarbittrico (TBARS), especialmente o malondialdeido (MDA) 34,
Os nossos resultados mostraram que, ao passo que a FBP isoladamente diminui a
citoperoxidacdo, a combinacdo das duas drogas causou uma lesao significativa
provocada por radicais livres, o que sugere que este fendmeno pode ser a causa de

morte celular por apoptose.

Este estudo promove pela primeira vez, a combinacdo das duas drogas que
demonstra a importancia da tentativa de combinacdo de substancias, tais como
FBP, com outros medicamentos comumente utilizados no tratamento de cancer, tais
como a rapamicina, para obtencdo de um resultado mais eficaz e de uma melhora

da qualidade de vida para pacientes em tratamento.
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