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GODINHO, Loriane Rodrigues de Lima Costa. Efeitos do exercicio resistido
associado ou ndo a suplementacdo de creatina na hepatotoxicidade induzida
pela doxorrubicina em camundongos. 2022. 48 f. Disssertacdo (Mestrado em
Ciéncias da Saude) — Centro de Ciéncias da Saude, Universidade Estadual de
Londrina, Londrina, 2022.

RESUMO

A Doxorrubicina (DOX) € uma droga amplamente utilizada para o tratamento
guimioterapico devido a sua potente acdo antineoplasica. No entanto, seu efeito
hepatotoxico € amplamente descrito na literatura. Contudo, a busca por intervencdes
gue minimizem esses efeitos ainda € escassa. O objetivo deste estudo foi investigar
os efeitos do exercicio resistido (ER), isoladamente e/ou associado a suplementacdo
de creatina (Cr), na hepatotoxicidade induzida pela DOX em camundongos. Um total
de 38 camundongos Swiss foram alocados aleatoriamente em um dos seguintes
grupos: Controle / C (n = 7), Exercitado / Ex (n = 7), Doxorrubicina/ Dox (n = 8),
Doxorrubicinae exercitado / DoxEx (n = 8) e doxorrubicina, exercitado e suplementado
com creatina / DoXEXCr (n = 8). A DOX foi administrada (i.p.) com uma dose total de
12 mg/kg fracionada semanalmente. A suplementagéao de Cr foi realizada na dieta
(2%) durante todo o periodo experimental. Foram realizadas sessfes semanaisde ER
em escada, sendo duas sessdes com 8 escaladas a 60% de 1RM e uma sessao de
carga progressiva maxima até a falha voluntaria (LRM), totalizando 16 sessfes de
exercicio, os animais foram eutanasiados apds 5 semanas. O tratamento com DOX
causou hepatotoxicidade evidenciada poraumento de marcadores inflamatérios (TNF-
a e IL-6), marcador de func¢éo hepéatica (AST), marcadores de estresse oxidativo (MDA
e AOPP) enquanto o marcador de defesa antioxidante (GSH:GSSG) foi reduzido.
Alémdisso, os animaistratados com DOX apresentaram fibrose hepatica e alteraces
histopatoldgicas caracterizadas por degeneracdo celular, infiltrado de células
inflamatorias intersticiais, zonas necroticas, alteracdo da organizacéao tecidual, em
comparacdo com o grupo controle. O ER protegeu parcialmente o figado da
hepatotoxicidade induzida pela DOX, e quando associado com Cr, foram capazes de
atenuar os danos ao figado. Nossos dados sugerem que a associacdo de ER e Cr
protegeu contra hepatotoxicidade induzida por DOX ao atenuar inflamacéo,
alteracdes histopatologicas, manutencao da funcéo hepéatica, reducédo de marcadores
de estresse oxidativo e fibrose hepatica.

Palavras-chave: quimioterapia; toxicidade hepatica; treinamento de forca;
suplemento alimentar; cancer.



GODINHO, Loriane Rodrigues de Lima Costa. Effects of resistance exercise with
or without creatine supplementation on doxorubicin-induced hepatotoxicity in
mice. 2022. 48 p. Dissertacdo (Mestrado em Ciénciasda Saude)— Centrode Ciéncias
da Saude, Universidade Estadual de Londrina, Londrina, 2022.

ABSTRACT

Doxorubicin (DOX)is a drug widely used for chemotherapy treatment due to its potent
antineoplastic action. However, its hepatotoxic effect is widely described in the
literature. However, the search for interventions that minimize these effects is still
scarce. The aim of this study was to investigate the effects of resistance exercise (RE),
alone and/or associated with creatine (Cr) supplementation, on DOX-induced
hepatotoxicity in mice. A total of 38 Swiss mice were randomly allocated to one of the
following groups: Control / C (n =7), Exercised / Ex (n =7), Doxorubicin / Dox (n = 8),
Doxorubicin and exercised / DoxEx (n = 8) and doxorubicin, exercised and
supplemented with creatine/DoxEXCr (n = 8). DOX was administered (i.p.) with a total
dose of 12 mg/kg divided weekly. Creatine supplementation was performed in the diet
(2%) throughout the experimental period. Weekly sessions of RE on stairs were
performed, with two sessions with 8 climbs at 60% of 1RM and a session of maximum
progressive load until voluntary failure (LRM), totaling 16 exercise sessions, the
animals were euthanized after 5 weeks. Treatment with DOX caused hepatotoxicity
evidenced by increased inflammatory markers (TNF-a and IL-6), liver function marker
(AST), oxidative stress markers (MDA and AOPP) while the antioxidant defense
marker (GSH:GSSG) hasbeen reduced. Furthermore, DOX-treated animals presented
hepatic fibrosis and histopathological alterations characterized by cellular
degeneration, infiltrate of interstitial inflammatory cells, necrotic zones, alteration of
tissue organization, in comparison with the control group. ER partially protected the
liver from DOX-induced hepatotoxicity, and when associated with Cr, they were able
to attenuate liver damage. Our data suggest that the association of ER and Cr
protected against DOX-induced hepatotoxicity by attenuating inflammation,
histopathological changes, maintenance of liver function, reduction of oxidative stress
markers and liver fibrosis.

Key words: chemotherapy; liver toxicity; strength training; food supplement; cancer.
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1 INTRODUCAO

O céancer € a segunda causa de morte em todo o0 mundo, uma doenga com
prevaléncia crescente. De acordo com o Global Cancer Observatory (Globocan) (1) estima-
se que 28,4 milhdes de novos casos de cancer (incluindo cancer de pele ndo melanoma,
exceto carcinoma basocelular) ocorrerdo em 2040, aumento de 47% quando comparado com
2020. No Brasil ndo é diferente, a estimativa do Instituto Nacional do Cancer (INCA) (2) para
cada ano do triénio 2020-2022 é de 625 mil novos casos.

As antraciclinas como a doxorrubicina (DOX), sdo amplamente utilizadas
durante o tratamento do cancer devido ao seu potente efeito antineoplasico, utilizada contra
tumores sélidos, linfomas e leucemias (3). Embora bastante eficaz, esta droga apresenta alta
toxicidade em diversos tecidos saudaveis, conforme demonstrado em varios estudos em que
a DOX apresenta potencial efeito catabdlico (4) cardiotoxicidade (5) aumento do estresse
oxidativo (6) e inflamacé&o (7). Como consequéncia, tais efeitos adversos podem trazer
prejuizos clinicos persistentes, como cardiopatias, hepatotoxicidade, disfungcdo muscular e
outros que podem limitar seu uso clinico, visto que pode gerar complicagdes de dificil controle
podendo conduzir ao ébito do individuo.

Entre os principais efeitos adversos causados pelo uso da DOX esta a
toxicidade hepética, decorrente do estresse oxidativo que € caracterizado pela producéo de
espécies reativas de oxigénio (ERQO’s) (8)(9), reducéo do sistema de defesa antioxidante,
aumento da peroxidacéo lipidica (10) e presenca de processos inflamatorios com liberagdo
excessiva de citocinas pro e anti-inflamatérias (11). Esse desequilibrio entre as citocinas pode
induzir a apoptose e necrose celular (12) o que pode ocasionar em lesdo hepatocelular
irreversivel, e consequentemente interferir no tratamento antineoplasico, além aumentar o
risco de mortalidade.

Considerando os aspectos discutidos acima, nos ultimos anos a creatina
(Cr) tem sido estudada por suas propriedades antioxidantes, demonstradas em diferentes
situacdes, tais como: distrofia muscular, doencas artriticas, leséo medular, doen¢a pulmonar
obstrutiva crénica, esclerose lateral amiotréfica, lesdo aguda, imobilizacdo, insuficiéncia
cardiaca, citopatias mitocondriais, doenga de Charcot-Marie-Tooth (13). De fato, estudos tém
demonstrado que a suplementacéo de Cr protege contra hepatotoxicidade induzida por dieta
rica em lipidios (14) cancer (15) doenca hepatica gordurosa (16) entre outras. Da mesma
forma, a pratica regular de exercicios fisicos estd associada a salude e diminuicdo da
mortalidade geral. Recentemente, posicées e consensos de entidades cientificas e médicas
(17)(18) tém sugerido que o exercicio fisico, incluindo o exercicio de forga, deve ser utilizado

como parte do tratamento oncoldgico, inclusive durante o tratamento adjuvante e/ou
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neoadjuvante. Entretanto, os efeitos e consequéncias da pratica de exercicio durante o
tratamento quimioterapico, bem comoseu possivel papel hepatoprotetor sdo desconhecidos.
Assim, com afalta de tratamentos ou procedimentos eficazes para amenizar
ou diminuir a toxicidade hepatica induzida pelo tratamento com DOX, a suplementacdo com
Cr e o exercicio fisico surgem como alternativas baratas e de facil aplicacao. Isto é relevante
dado que a protecao contra a toxicidade hepética pode aumentar a tolerancia e a eficaciado
tratamento quimioterapico, aumentando a taxa de sucesso e a qualidade de vida da pessoa

com cancer.

1.1 DOXORRUBICINA: ACAO E TOXICIDADE

A DOX foi descoberta a mais de 50 anos, pertencente a classe das
antraciclinas com acgao citotoxica isolada a partir de colénias de bactérias Streptomyces
peucetius (19)(20) desde entdo vem sendo amplamente utilizada e alvo de novas estratégias
de producdo (21). Estudos clinicos sugerem que este € um dos antineoplasicos mais potentes,
apresenta amplo espectro de agdo tanto para tumores sélidos e tumores hematopoiéticos (3).
Em 1974, a DOX foi aprovada pelo Food and Drug Administration (FDA) para utilizagdo em
monoterapia ou combinado com outras drogas para o tratamento de cancer cerebral, mama,
estdbmago, ovario, tireoide, bexiga, rim, leucemia, linfoma e sarcoma (22). A quimioterapia com
agentes antineoplasicos desempenha papel essencial no tratamento e aumento da sobrevida
de pacientes submetidos a essa modalidade de tratamento.

Os dois principais mecanismos (Figura 1) envolvidos na atividade
antineoplasica da DOX estAo relacionados com a intercalag&o em Acido Desoxirribonucleico
(DNA), que leva a inibic&o da sintese de DNA, e interrupgéo do reparo de DNA mediado por
topoisomerase 1l (TOP2A) (23) que gera niveis aumentados de apoptose das células
neoplasicas (24)(25). Outro mecanismo envolvido é a producdo de radicais livres com a
formacdo de peroxido de hidrogénio (H202) e formacdo de ERO’s (26). A terapia
antineoplasica limita-se pelas evidéncias de toxicidade relacionada a doses cumulativas, o
uso clinico da DOX tém demonstrado amplamente sobre a toxicidade cardiaca, hepética,
pulmonar e renal (27)(28)(29).
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Fig. 1 — Mecanismos de acdo da DOX (30)

Embora os mecanismos sobre o desenvolvimento da hepatotoxicidade
induzida pela DOX ainda ndo sdo bem elucidados, sugere-se que 0S mecanismos de
producdo de ERO’s e aumento do estresse oxidativo sdo os principais responsaveis pela
patogénese de danos hepaticos (31). Condicdo que predispbe ao desequilibrio do sistema
Redox devido niveis reduzidos de enzimas antioxidantes, apoptose, inflamacéo e disfuncéo
mitocondrial.

Estudos em animais apontam sobre as principais alteracdes histoldgicas
decorrentes do tratamento com DOX a presenca de congestéo da veia central, hiperplasia de
ducto biliar, dilatacdo dos espacos sinusoidais (32) fibrose hepética decorrente de lesbes
granulomatosas celulares (33), além de alteracdes teciduais indicativas de dano hepatico
evidenciado por aumento na atividade de fosfatase alcalina (ALP), desidrogenase hepética
(LDH), aumento da atividade das aminotransferases hepéaticas (ALT - alanina
aminotransferase) e (AST — aspartato aminotransferase) (34).

Durante o tratamento quimioterapico, a peroxidacao lipidica induzida pelo
estresse oxidativo gera diversos produtos que podem atacar muitos alvos celulares. O
tratamento com DOX promove a producdo de radicais superoxidos (Oz°) e peroxidos durante
seu metabolismo no figado, isso se deve a reacao ndo enzimatica, ha doacdo de um elétron
ao ion férrico (Fe+3) resultando em compostos ferrosos (Fe+2), originando o complexo de
DOX que posteriormente sofre redu¢cdo com oxigénio (Oz) produzindo ERQ’s, especialmente
H202, que promovem peroxidacao lipidica, danos ao DNA e a membrana celular, além de
apoptose de células tumorais e normais (35)(26)(36).
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Outro mecanismo pelo qual esta droga gera toxicidade, é através da reacéo
enzimatica via citocromo (Cyp) p450, através da Nicotinamida adenina dinucleotideo fosfato
hidrogénio (NADPH) redutase que reduz a DOX e d& origem ao radical semiqguinona que leva
a producéo de ERO’s (37).

De fato, estudos clinicos com modelo animal com cancer de mama, tratados
com DOX (2 mg / kg, intraperitoneal - i.p, trés vezes por semana) durante 2 semanas
demonstraram que os radicais livres produzidos pelo agente quimioterdpico aumentam o0s
niveis de peroxidacdo lipidica evidenciados pelos niveis de Malondialdeido (MDA), o qual
também é utilizado como biomarcador de estresse oxidativo (38). Resultado semelhante foi
encontrado em estudo com ratos que receberam dose aguda com aplicacdo Unica da DOX
(15 mg/kg) que além do aumento de MDA, o grupo tratado apresentou mortalidade de 40%
(39).

Além disso, em outro estudo com ratos que receberam dose Unica de DOX
(15 mg/kg) o tratamento reduziu o nivel de antioxidantes, como catalase (CAT), superoxido
dismutase (SOD), e glutationa (GSH) (40) esse efeito estd relacionado a producao

exacerbada de ERO’s, inibindo assim o mecanismo de defesa (41).

1.2 EFEITOS ANTIOXIDANTES DA CR E SEU POSSIVEL PAPEL HEPATOPROTETOR

A Cr trata-se de um composto nitrogenado enddgeno, denominada acido
acético metilguanidina, isolada pela primeira vez pelo cientista Michel Eugene Chevreul em
1832 a partir do extrato de carne. (42). Desde entdo destaca-se na area desportiva,
principalmente por seus efeitos no desempenho fisico de atletas. Contudo novos estudos vém
investigando sua atividade na melhora na recuperacdo muscular, aumento de massa
muscular e melhora na funcéo fisica na populacdo néo atleta (43)(44)(45).

A Cr é encontrada nas formas livres ou fosforilada e pode ser adquirida
através da ingestdo alimentar (aproximadamente 1g, que corresponde a metade da
necessidade diaria), enquanto o restante € obtido através da sintese pelo organismo (42) a
partir dos aminoéacidos glicina, arginina e metionina. Sua produc¢do endogena (Figura 2) inicia
nos rins (46) através da L-arginina que € catalisada pela enzima arginina-glicina
amidinotransferase (AGAT) que transfere um grupo amidino de L-arginina para glicina,
resultando na formacé&o de L-ornitina e guanidinoacetato (GAA), posteriormente o GAA é
transportado para o figado através da corrente sanguinea, o qual seré catalisado pela enzima
guanidinoacetato metiltransferase (GAMT) que leva a transferéncia irreversivel de um grupo
metila da metionina através da S-adenosilmetionina (SAM) para GAA, resultando na formacéo
de Cr. A conversado de Cr em Fosfocreatina (PCr) ocorre através da creatina quinase (CK),
esse mecanismo desempenha papel fundamental no fornecimento de energia celular e

transporte de energia intracelular (47). Tanto Cr quanto PCr sdo metabolizados naturalmente
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em creatinina por meio de uma reacdo espontanea ndo enzimaética, a creatinina se difunde

livremente na circulagé@o para ser transportada para os rins e ser totalmente excretada na

urina (48).
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Fig. 2 - Biossintese da Cr - (48)

Na alimentacdo a Cr é encontrada especialmente em produtos de origem

animal, tais como carnes bovinas e peixes, além de suplementos nutricionais, 0 Quadro 1

descreve sua concentra¢&o nas principais fontes alimentares.

Quadro 1 - Concentragéo de Cr nas principais fontes alimentares

Alimento Concentracéao de Cr (g/kg)
Arengque 6,5-10,0
Carne suina 5,0
Carne Bovina 45
Salméao 45
Atum 40
Bacalhau 4.0

Fonte: (49)
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A primeira evidéncia da acdo protetiva da Cr contra compostos que
desencadeiam leséo oxidativa (malonato, acido nitropropiénico e marcadores bioguimicos que
geram radicais hidroxila) foi levantada por Matthews e colaboradores (50) onde observaram
gue os compostos eram capazes de levar a neurotoxicidade em ratos (modelo animal da
doenca de Huntington que leva a comprometimento energético) e a acdo da Crcomo potencial
acao antioxidante. Em seguida Lawler e colaboradores (51) demonstraram a acdo da Cr como
um antioxidante direto contra ERO’s. Posteriormente diversas pesquisas dedicam-se a
elucidar sua ac¢do antioxidante associada a pratica de exercicio fisico (52) (53) assim como
no tratamento de diversas patologias (54) (55) (56).

Embora o mecanismo de acdo antioxidante da Cr ndo esteja totalmente
elucidado, algumas pesquisas demonstraram que sua ingestdo aumenta a atividade de
enzimas antioxidantes e a capacidade de eliminar ERO’s e espécies reativas de oxigénio e
nitrogénio (ERON’s) (50) (57), visto que 90% da Cr total do corpo é armazenada no musculo
esquelético e as mitocondrias sdo fonte importantes de ERO’s ( H202 - Oz - OH - - ONOO")
(58). Acredita-se que a Cr atua controlando as concentragdes de célcio intracelular, regulando
as concentragOes extracelulares de glutamato e impedindo a abertura do poro de transicdo
de permeabilidade mitocondrial (TPM) (59). Além disso, Deminice e colaboradores (46)
baseados na hipétese de que a hiperhomocisteinemia esteja diretamente ligada com a
formacao de ERO’s pela auto oxidacao da homocisteina (Hcy) e/ou cisteina que pode levar a
danos celulares, discutiram sobre os aspectos da suplementagdo com Cr relacionados aos
niveis de Hcy e o estresse oxidativo. Apesar da sua a¢éo antioxidante, ainda séo limitados os
estudos que investigam sua utilizacdo associada a DOX, entretanto estudo recente
demonstrou que sua suplementacdo em concentracao de 4% (por uma semana) seguida da
suplementagédo de 2% (por 3 semanas) foi capaz de reduzir hepatotoxicidade induzida pelo
agente quimioterapico (dose unica de 15mg/kg), evidenciado pela reducéo da inflamacéo e
fibrose hepatica, além da diminuic&o do tamanho do figado em proporcéo ao peso corporal
dos animais (60).

1.3 EXERCiCIo E SEU PAPEL NO METABOLISMO HEPATICO DURANTE O TRATAMENTO
QUIMIOTERAPICO

O exercicio fisico (EF) vem sendo reconhecido como uma estratégia
terapéutica associada a varios beneficios antes, durante e apds o tratamento do cancer (61)
(61)(62). O exercicio resistido (ER) vem despertando interesse em muitos pesquisadores, a
primeira evidéncia em 1979 jA mostrou seus efeitos terapéuticos neutralizando a toxicidade
da DOX (62). Ainda assim, seu impacto sobre a prevencéo da hepatotoxicidade induzida por
agentes quimioterapicos ndo esta totalmente elucidado. Evidéncias (63)(64) levantam a
possibilidade de que o ER promova melhora na sinalizagcdo de estresse oxidativo, fungéo
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mitocondrial, desregulacdo e sinalizacdo do ferro, e suporte do fator de crescimento
semelhante a insulina.

Em uma revisao sistematica realizada por Fuller e colaboradores (65) com
exercicio aerobico e resistido demonstraram efeito benéfico estatisticamente significativo do
exercicio em 104 (75%) metandlises, com a maioria dos resultados moderados para aptidao
cardiovascular e forca muscular e pequenos para fadiga relacionada ao cancer, qualidade de
vida relacionada a saude e depressdo em pessoas em tratamento de cancer ou sobreviventes.
Em estudo (66) realizado para investigar o estado oxidante e antioxidante do tecido hepético
induzido pela DOX em ratos jovens adultos, associando como intervencdo protocolo de
exercicio aerébio, os autores evidenciaram que o treinamento fisico aumentou a proteina de
choque térmico (HSP70), e Glutationa peroxidase (GPx), substancias com ac¢éo citoprotetora
e antioxidante, respectivamente. Além da diminuicdo de biomarcadores de estresse oxidativo
(MDA e carbonilagéo de proteinas).

No estudo de Deminice e colaboradores (15) demonstraram que o ER evitou
0 dano oxidativo ao figado causado pela inoculagdo de células tumorais Walker-256, e
possivelmente os efeitos modulatérios do ER no metabolismo da Hcy pareciam estar no nivel
da via de transulfurac&o, apesar do estudo néo ter avaliado a acdo do ER na reducéo da
hepatotoxicidade, fica evidente sua acdo em condices em que o estresse oxidativo esteja
aumentado, nesse caso associado a tumorigénese.

Embora o delineamento do estudo ndo correspondesse a utlizacdo do
tratamento com DOX, os resultados do trabalho de Deminice e Jordéo (52) nos motivaram a
associar as duas intervengcbes como terapéutica no tratamento com o quimioterapico, visto
gue evidenciaram que a suplementacdo de Cr foi capaz de inibir marcadores de estresse
oxidativo aumentados no plasma e musculos induzidos por exercicio agudo.
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2 OBJETIVO

2.1 OBJETIVO GERAL

Investigar os efeitos do exercicio resistido isolado ou associado com a
suplementacao de creatina, na hepatotoxicidade induzida pelo quimioterapico Doxorrubicina
em modelo animal.
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3 MATERIAL E METODOS

3.1 ANIMAIS E DELINEAMENTO EXPERIMENTAL

Foram utilizados camundongos Swiss machos pesando 42,3 g (DP+4,6),
com idade entre 6 a 8 semanas, provenientes do Biotério Central da Universidade Estadual
de Londrina (UEL) e mantidos no Biotério do Laboratério de Bioquimica do Exercicio/lUEL. Os
animais foram acomodados em caixas individuais de polietileno, mantidos sob um ciclo claro-
escuro de 12 horas, com temperatura média de 22°C. Ao longo do estudo, a racéo e a agua
foram fornecidas ad libitum. Os animais foram pesados diariamente durante experimento, o
célculo do ganho de peso corporal foi obtido pela subtracdo do peso corporal final pelo inicial.
O indice hepatossomatico (IHS) foi obtido pela relagéo entre o peso do figado (PF) e o peso
corporal final (PCf), sendo IHS=PF/PCf x 100. Todos os procedimentos experimentais
previstos neste estudo foram iniciados apds aprovacdo (Anexo A) pelo Comité de Etica em
Experimentacdo Animal da Universidade Estadual de Londrina (CEUA n° 11131.2019.07) e
seguiram as normas éticas do Colégio Brasileiro de Experimentagcdo Animal, bem como a
Declaracdo de Helsinque e suas posteriores alteragdes.

3.2 PROTOCOLO EXPERIMENTAL

Trata-se de um estudo experimental, no qual foram utilizados 38 animais
divididos aleatoriamente em cinco grupos: Controle/C (N = 7), Exercitados/Ex (n = 7),
Doxorrubicina/Dox (n = 8), Doxorrubicina exercitados/DoxEx (n = 8) e Doxorrubicina,
exercitados e suplementados com creatina/DoxExCr (n = 8).

Grupo 1 (C) — Controle, tratados com racdo padrdo, receberam
semanalmente solugéo salina (NaCl 0,9%) (i.p) no dia da aplicag&o da droga, mantiveram-se
sedentarios;

Grupo 2 (Ex) — Animais tratados com ragdo padrdo, receberam
semanalmente solucdo salina (NaCl 0,9%) (i.p) no dia da aplicacdo da droga e realizaram
protocolo de ER;

Grupo 3 (Dox) — Animais tratados com ragao padréo, receberam DOX (i.p)
semanalmente e mantiveram-se sedentarios;

Grupo 4 (DoxEx) — Animais tratados com ra¢&o padrao, receberam DOX (i.p)
semanalmente e realizaram protocolo de ER,;

Grupo 5 (DoxExCr) - Animais tratados com ragao suplementada com Cr,
receberam DOX (i.p) semanalmente e realizaram protocolo de ER.

O Cloridrato de doxorrubicina (Bérgamo, Brasil) foi injetado (i.p) uma vez por
semana, durante as cinco semanas do protocolo experimental, totalizando a dosagem de 12
mg/kg.
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A elaboracédo da racdo seguiu a recomendacdo da American Institute of
Nutrition (67), que estabelece como base a formulagdo AIN-93G, adequada para a
manutencdo de roedores, composta por proteinas (20%); carboidratos (63%); gorduras (7%),
fibras (5%) e mix multivitaminico (5%), conforme laudo do fornecedor. A AIN-93G foi ofertada
para todos os grupos, exceto para o grupo DoXEXCr que recebeu racdo AIN-93G
suplementada com 2% de Cr, ambas fornecidas pela Rhoster ® (Aragoiaba da Serra, Sao
Paulo, Brasil). A suplementacéo de Cr iniciou umasemana antes da aplicacdo da droga e do
inicio do treinamento e foi mantida durante todo o periodo, totalizando 6 semanas. O peso

corporal foi avaliado diariamente e o consumo da ra¢&o duas vezes por semana.

3.3 PrROTOCOLO DE ER

Uma semana antes de iniciar a rotina de treino de exercicio resistido, 0s
animais foram adaptados por cinco dias consecutivos ao aparelho de escalada e rotina de
treinamento descrito anteriormente por Padilha e colaboradores (68). A rotina dos treinos do
ER foi mantida para os grupos Ex, DoxEx e DoxEXCr até o final do protocolo (Figura 3).

O protocolo de ER consistia em subir uma escada 3 vezes por semana por
um periodo de cinco semanas, onde duas vezes por semana 0S animais realizavam
treinamento de 60% de 1RM (teste de repeticdo méaxima), intercalado com treinamento de
1RM. O dispositivo de escalada foi projetado de forma a facilitar os movimentos dindmicos ao
subir, no topo da escada foi construida uma sala escura coberta para descanso (2 minutos)
entre as sessdes de treinamento. Resumidamente, 1 semana apos a adapta¢éo ao dispositivo
de escalada, todos os animais realizaram o primeiro teste de 1RM 48 horas antes da
administragdo da primeira dose de DOX. Os animais dos grupos Ex; DoxEx e DoxExCr foram
submetidos uma vez por semana ao treinamento de 1RM no qual os animais escalaram com
60% - 75% - 90% e 100% de sua capacidade de carga méaxima alcancada no treinamento
anterior, ap0s escalar com sucesso com a carga inicial, 3g era adicionado a cauda do animal
até que houvesse duas falhas consecutivas na escalada.

Durante o treino a 60% de 1RM (duas vezes por semana) os animais foram
submetidos a 8 escaladas com uma carga fixa (baseado na carga treino de 1RM realizado
anteriormente) amarrada na cauda do animal. O segundo teste de 1RM realizado com todos
0S animais ocorreu 48h antes da eutanasia. Os camundongos dos grupos C e Dox
permaneceram sedentarios durante todo o periodo do protocolo experimental de treinamento
resistido.
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Fig. 3 — Delineamento Experimental

Fonte: Autoria propria (2022)
Legenda: d (dias); 1RM (Teste de repeticdo méxima); DOX (doxorrubicina); sem (semana)

3.4 EUTANASIA E COLETA DE TECIDOS

ApGs 48 horas da Ultima sessdo de TR, os camundongos foram
anestesiados por inalacdo com Isoflurano a 5% (Cristélia, Itapira-Brasil) e eutanasiados por
exsanguinagdo. A eutanasia foi realizada entre 7h e 13h. O sangue foi coletado em tubos
heparinizados e centrifugados a 1000g por 15 min a 4°C e o plasma armazenado a -80 °C
para posterior andlise. O figado foi excisado e pesado, em seguida fragmentos foram
armazenados em eppendorfs para os testes bioquimicos em tecidos, congelados a —80 °C até
a analise. Outra por¢ao do figado foi preparada fixada utilizando paraformaldeido tamponado
e utilizado para posterior analise histolégica.

3.5 HisToLOGIA

Para a andlise histologica, fragmentos de figado do lobo direito foram
incluidos em solucéo de formalina a 4% por 24 horas. Apoés a etapa de fixagdo, as amostras
foram desidratadas em concentracdes crescentes de etanol (70, 95 e 100%) seguidas de duas
trocas de xilol. A inclusao foi feita em parafina e as pecas cortadas em cortes de 5 ym de
espessura e montados em laminas de vidro. Antes da coloracdo foram submetidos a
desparafinizacdo, e posteriormente foram corados com Hematoxilina e Eosina (H&E). Em
seguida a andlise histopatoldgica foi realizada de forma cega por um patologista experiente,
foram analisadas aproximadamente 35 imagens representativas de cada grupo (aumento de
20 vezes) que foram adquiridas digitalmente em microscépio de luz (Biopta®) com camera
acoplada (AmScope®).

O depoésito de colageno foi avaliado através de aproximadamente 30
imagens representativas de cada grupo, coradas com Picrosirius Red (aumento de 40 vezes),
foram adquiridas digitalmente em microscopio de luz (Biopta®) com camera acoplada
(AmScope®) e analisadas cegamente através do software Image J (National Institute of
Health, Bethesda, MD, EUA). A area do tecido hepatico ocupada pelo colageno (tingido de
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vermelho) foi quantificada para cada campo visual e expressado em porcentagem (%) do
campo total, varios campos por figado foram avaliados para garantir que os dados fossem
representativos.

A arquitetura e morfologia do tecido hepético foram avaliadas apés a
coloracdo com H&E. Os cortes de tecido foram analisados de forma cega por um patologista
experiente, para detectar a ocorréncia dos seguintes parametros: degeneracdo celular,
infiltracdo de células inflamatérias intersticiais, zonas necréticas e alteracdo da organizagédo
do tecido (69). Para a gravidade da degeneragdo celular, o numero de células que
demonstraram quaisquer alteracdes (dilatacdo, vacuolizacdo e nucleos picnéticos) foi
determinado visualmente, comograu 0 = sem alteracdo da histologia normal; grau 1 = namero
limitado de células isoladas (até 5% do numero total de células); grau 2 = grupos de células
(5-30% do numero total de células); e grau 3 = dano celular difuso (> 30% do nimero total de
células).

A atividade inflamatéria foi graduada nos seguintes graus: grau 0 = sem
infiltragdo celular; grau 1 = infiltrac&o leucocitéria leve (1 a 3 células por campo visual); grau
2 = infiltragdo moderada (4 a 6 leucdcitos por campo visual); e grau 3 = infiltragdo intensa por
neutrofilos (> 6 leucdcitos por campo visual). O nivel de necrose foi determinado como grau 0
= sem necrose; grau 1 = focos necroticos dispersos; grau 2 = areas necroticas confluentes; e
grau 3 = areas macicas de necrose. A gravidade da desorganizacao do tecido foi classificada
como 0 = estrutura normal; 1 = menos de um ter¢o do tecido; 2 = mais de um ter¢co e menos

de dois ter¢os; 3 = mais de dois ter¢os do tecido.

3.6 ANALISE BloQuimicA

As amostras de figado congeladas foram homogeneizadas em tampéo de
fosfato salino gelado (PBS). Glutationa reduzida (GSH) e oxidada (GSSG) foram
determinadas pelo método de Rahman e colaboradores (70). Para avaliagdo do dano
oxidante, os sobrenadantes foram usados para a determinagdo de Malondialdeido (MDA)
como parametros de peroxidacao lipidica pelo método de Spirlandeli e colaboradores (71).
Produtos de Proteina de Oxidagdo Avancada (AOPP) foram determinados pelo método
descrito por Witko Sarsat e colaboradores (72).

Aliquotas do homogeneizado também foram usados para fator de necrose
tumoral alfa (TNF-a, Ref: 88-7324-88) e interleucina 6 (IL-6, Ref: 88-7064-88), foram
determinados usando o kit ELISA da Thermo Fisher Scientific (Austria).

A determinacgao plasmética dos niveis de AST (Ref. 109-4 / 30) e ALT (Ref.
108-2/100) foi realizada espectrofotometricamente usando um kit comercialmente disponivel
na Labtest Diagnéstica (Lagoa Santa / Brasil), os resultados foram expressos como uma
unidade enzimatica/L de plasma.



25

3.7 ANALISE ESTATISTICA

Os dados foram analisados por meio do pacote estatistico SPSS (versao
20.0) e GraphPad Prism 7. O teste de Shapiro-Wilk foi usado para analisar a normalidade da
distribuicdo dos dados. Os dados que assumiram distribuicdo normal foram apresentados
como valores de média e desvio padrdo. Para comparar os dados paramétricos e identificar
possiveis diferencas entre os grupos, foi utilizada a analise de variancia (ANOVA) one-way,
seguida do Post-Hoc de Tukey. Para dados ndo paramétricos (ALT; TNF-a ganho de peso)
foi realizado o teste de Kruskal-Wallis com Post-Hoc de Dunn. O nivel de significancia foi

estabelecido em p <0,05 em todos 0s casos.
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Abstract

Purpose The aim of this study was to investigate the effects of resistance exercise (RE) alone
or associated with creatine supplementation, on hepatotoxicity-induced by doxorucibicin
(DOX) in mice.

Methods A total of 38 Swiss mice were randomly allocated to one of the following groups:
Control /C (n =7), Exercised/ Ex (n = 7), Doxorubicin / Dox (n = 8), Doxorubicin and exercised
/ DoxEx (n = 8) and doxorubicin, exercised and supplemented with creatine/DoxEXCr (n = 8).
DOX was administered (i.p.) weekly with a total dose of 12 mg/kg. Creatine supplementation
was performed in the diet (2%) throughout the experimental period. RE consisted in climbing
stairs 3 times a week for a total of 5 weeks . At the end of 5 weeks (15 RT sessions ) the
animals were euthanized.

Results Treatment with DOX caused hepatotoxicity evidenced by increased inflammatory
markers (TNF-a and IL-6), liver function marker (AST), oxidative stress markers (MDA and
AOPP) while the antioxidant defense marker GSH:GSSG ratio was reduced. Furthermore,
DOX-treated animals presented hepatic fibrosis and histopathological alterations
characterized by cellular degeneration, infiltrate of interstitial inflammatory cells, necrotic
zones, alteration of tissue organization, in comparison with the control group. ER partially
protected the liver from DOX-induced hepatotoxicity, and when associated with Cr, they were

able to attenuate liver damage.
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Conclusion: Our data suggest that the association of ER and Cr protected against DOX-
induced hepatotoxicity by attenuating hepatic fibrosis, inflammation, oxidative stress markers
and maintenance of liver function and architecture.

Keywords: Chemotherapy; liver toxicity; strength training; food supplement; cancer.

Introduction

Cancer is the second leading cause of death worldwide, a disease with
increasing prevalence. According to the Global Cancer Observatory it is estimated that 28.4
million new cases of cancer (including non-melanoma skin cancer, except basal cell
carcinoma) will occur in 2040, 47% higher than 2020 (1). Same is observed in Brazil, when the
National Cancer Institute estimate for each year of the 2020-2022 triennium is 625,000 new
cases (2).

Antacyclines such as doxorubicin (DOX) are widely used during cancer
treatment due to their potent antineoplastic effect against solid tumors, lymphomas and
leukemias (3). Although effective, this drug has high toxicity level in several healthy tissues, as
demonstrated by several studies in which DOX has a potential catabolic effect (4),cardiotoxicity
(5) increased oxidative stress (6) and inflammation (7). Among the adverse effects, liver toxicity
has a significant impact on cancer treatment, as it can progress to liver dysfunction, which can
lead to the individual's death. In cases where the liver involvement is reversible, antineoplastic
treatment can be suspended, however it contributes to delay in cancer treatment. Although the
mechanisms on the development of hepatotoxicity induced by DOX are still not well elucidated,
it is suggested that the mechanisms of production of ROS and increased oxidative stress are
the main responsible for the pathogenesis of liver damage (31). Condition that predisposes to
system imbalance Redox due to reduced levels of antioxidant enzymes, apoptosis,
inflammation and dysfunction mitochondrial.

The Cr has been studied for its antioxidant properties, demonstrated in
different situations, such as muscular dystrophy, arthritic diseases, spinal cord injury, chronic
obstructive pulmonary disease, amyotrophic lateral sclerosis, acute injury, immobilization,
heart failure, mitochondrial cytopathies, Charcot-Marie-Tooth disease (13). In fact, studies
have shown that Cr supplementation protects against high-fat diet-induced hepatotoxicity (14)
cancer (15) fatty liver disease (16), among others. Likewise, regular physical exercise is
associated with health and a decrease in overall mortality. Recently, positions and
consensuses from scientific and medical entities (17)(18) have suggested that physical
exercise, including strength training, should be used as part of cancer treatment, including
during adjuvant and/or neoadjuvant treatment. However, the effects and consequences of
exercise during chemotherapy, as well as its possible hepatoprotective role, are still unknown.

Thus, due the lack of effective treatments or procedures to alleviate or
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decrease liver toxicity induced by DOX treatment, the aim of this study was to investigate the
effects of Cr supplementation and physical exercise on chemotherapy-induced hepatotoxicity.
The hypothesis that RE and Cr supplementation can attenuate the hepatotoxicity induced by
doxorubicin was raised due to the improvement in oxidative stress signaling from the two
interventions, preventing liver damage. It is important to identify therefore, new therapies that
allow protection against liver toxicity, which increase the tolerance and effectiveness of
chemotherapy treatment, in addition to the success rate and quality of life of people with

cancer.

Material and Methods

Animals and study design

Thirty-eight male Swiss mice who were 6—8 weeks old were obtained from
the facilities of the State University of Londrina Animal Care Unit. Animals were individually
housed and maintained on a 12-h light/dark cycle at a mean temperature of 22 °C, with free
access to food and water for the entirety of the experimental protocol. All procedures were
approved by the Ethics Committee for Animal Use at the same institution and were in
accordance with the ethical standards of Brazilian College of Animal Experimentation as well

as the Declaration of Helsinki and its later amendments.

Animals were randomly assigned to five groups designated as control (C,
n=7), doxorubicin (Dox, n=8), resistance exercised (Ex, n = 7), doxorubicin and resistance
exercised (DoxEx, n=8), and doxorubicin, resistance exercised and supplemented with Cr
(DoxExCr). Doxorubicin hydrochloride (Bergamo, Brazil) was injected (i.p) weekly for a total of
5 weeks and 12 mg/kg total dosage. All groups received AIN-93 formulated diet for
maintenance commercialized by Rhoster®, (Aragoiaba da Serra, Sdo Paulo, Brazil), with
exception of the group DoxExCr that received a diet AIN-93G supplemented with 2% Cr
(Rhoster®, Aragoiaba da Serra, S&o Paulo, Brazil). Supplementation with 2% Crwas chosen
as previous studies demonstrated itincreased plasma creatine and hepatic Cr concentration
(81). The Cr supplementation was started one week before the application of the drug and the
beginning of exercise training, the supplementation occurred during the entire period of the
experiment, totaling 6 weeks. Body weight was assessed daily and diet consumption twice a
week, the experiment lasted for 5 weeks. Body weight gain was obtained by subtracting the
final body weight from the initial one. The hepatosomatic index (HSI) was obtained by the ratio
between liver weight (FP) and final body weight (BW), with HSI=FP/BW x 100.

RE protocol
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One week before starting the RE routine, the animals were adapted for five
consecutive days to the climbing apparatus and training routine. previously described by (68).

The RE regimen consisted of climbing a ladder 3 times a week for a period
of fiveweeks, where twice a week the animals performed training of 60% of 1RM, interspersed
with 1RM training. The climbing device was designed in a way to facilitate dynamic movements
by climbing, at the top of the stairs a covered dark room was built for resting between training
sessions. Briefly, 1 week after adaptation to the climbing device, all animals performed the first
1RM test 48 hours before the administration of the first dose of DOX. The animals of the Ex
groups; DoxEx and DoxExCrwere subjected once a week to 1RM training in which the animals
climbed with 60% - 75% - 90% and 100% of their maximum load capacity reached in the
previous training, after successfully climbing with the initial load, an additional 3g was added
to the animal's tail until there were two consecutive failures in climbing.

Other than that, the animals performed twice a week training at 60% of 1RM,
in which the animals were submitted to 8 climbs with a fixed load tied to the animal's tail. The
second 1RM test performed with all animals took place 48h before euthanasia. The mice in
groups C and Dox remained sedentary during the entire period of the RE experimental

protocol.

Euthanasia and tissue preparation

After 48 hours of the last training session, the mice were anesthetized by
inhalation with Isoflurane (5%) and euthanized by exsanguination. Euthanasia was performed
between 7 am and 1 pm. Blood was collected into heparinized tubes; and centrifuged at 10009
for 15 min at 4°C and the plasma stored at -80°C for further analysis. The liver was excised
and weight and then a portion was stored at =80 °C until analysis. Another portion of the liver

was prepared for histological analysis.

Histological analysis

For the histological analysis, liver fragments from the right lobe were included in a 4%
formalin solution for 24 hours. After the fixation step, the samples were dehydrated in
increasing concentrations of ethanol (70, 95 and 100%) followed by two xylene changes, the
inclusion was made in paraffin and the pieces were cut into 5 um thick cuts and mounted on
slides. of glass. Before staining, they underwent deparaffinization, and later they were stained
with Hematoxylinand Eosin (H&E). Then, the histopathological analysis was performed blindly
by an experienced pathologist, approximately 35 representative images of each group were
analyzed (20x magnification) that were digitally acquired under a light microscope (Biopta®)
with an attached camera (AmScope®).

The accumulation of fibrous tissue was evaluated through approximately 30
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representative images of each group, stained with Picrosirius Red (40x magnification), digitally
acquired under a light microscope (Biopta®) with an attached camera (AmScope®) and
analyzed by a blinded observer using Image J software (National Institute of Health, Bethesda,
MD, USA). The area of liver tissue occupied by collagen (stained red) was quantified for each
visual field and expressed as a percentage (%) of the total field, multiple fields per liver were
evaluated to ensure that the data were representative.

Tissue morphology evaluated after staining with H&E. Tissue sections were analyzed
blindly to assess the occurrence of the following parameters: cellular degeneration, infiltration
of interstitial inflammatory cells, necrotic zones and alteration of tissue organization (69). For
the severity of cell degeneration, the number of cells that demonstrated any changes (dilation,
vacuolization, and pyknotic nuclei) was determined visually, with grade 0 = no change from
normal histology; grade 1 = limited number of isolated cells (up to 5% of the total number of
cells); grade 2 = groups of cells (5-30% of the total number of cells); and grade 3 = diffuse cell
damage (> 30% of the total number of cells). Inflammatory activity was graded in the following
grades: grade 0 = no cell infiltration; grade 1 = mild leukocyte infiltration (1 to 3 cells per visual
field); grade 2 = moderate infiltration (4 to 6 leukocytes per visual field); and grade 3 = intense
infiltration by neutrophils (> 6 leukocytesper visual field). The level of necrosis was determined
as grade 0 = no necrosis; grade 1 = scattered necrotic foci; grade 2 = confluent necrotic areas;
and grade 3 = massive areas of necrosis. The severity of tissue disorganization was rated as
0 = normal structure; 1 = less than one third of the tissue; 2 = more than one third and less
than two thirds; 3 = more than two-thirds of the tissue.

Interleukins, oxidative stress and oxidative damage analysis

Frozen liver samples were homogenized in ice cold phosphate saline buffer
(PBS). Reduced (GSH) and oxidized glutathione (GSSG) was determined by the method of
Rahman and contributors (70). For oxidant evaluation damage, the supernatants were used
for the determination of malondialdehyde (MDA) as lipid peroxidation parameters by the
method of Spirlandeli and contributors (71). Advanced Oxidation Protein products (AOPP)
were determined by the method described by Witko-Sarsat and contributors (72).

The homogenates were also used for Tumor necrosis factor alpha (TNF-q,
Ref: 88-7324-88) and interleukin 6 (IL-6, Ref: 88-7064-88) were determined using the
uncoated ELISA kit by Thermo Fisher Scientific (Austria).

Plasma determination of AST (Ref. 109-4/30) and ALT (Ref. 108-2/) levels
were performed spectrophotometrically using a kit commercially available from Labtest
Diagnostica (Lagoa Santa / Brazil), the results were expressed as an enzymatic unit/L of
plasma.
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Statistical analyses

Data were analyzed using the SPSS statistical package (version 20.0) and
GraphPad Prism 7. The Shapiro-Wilk test was used to analyze the normality of data
distribution. Data that assumed normal distribution were presented as mean and standard
deviation values. To compare the parametric data and identify possible differences between
the groups, one-way analysis of variance (ANOVA) was used, followed by Tukey's Post-Hoc.
For non-parametric data (ALT; TNF-a hepatic and weight gain) the Kruskal-Wallis test with

Dunn's Post-Hoc was performed. The level of significance was set at P <0.05 in all cases.

Results

The data presented in Table 1 demonstrate lower body weight gain in DoxEx and
DoxExCr animals compared to group C (P<0.05). As well, as the hepatosomatic index of the
DoxExCr group showed a significant increase (P<0.05) in relation to the C group. There was
no difference in food intake between the five groups during the experiment.

Table 1- Body weight gain, hepatosomatic index and food intake in mice control (C),
doxorubicin (Dox), resistance exercised (Ex), doxorubicin and resistance exercised (DoxEX),

and doxorubicin with resistance exercised training and supplemented with Cr (DoxEXCr).

C Ex Dox DoxEx DoxExCr

T | | T |
Body Weight 7.1+4.3a 3.3+ 2.72b 2.1+ 1.0eb 21+1.6P 1.4+ 1.8p

gain (9)

Hepatosomatic  4.63 £0.532 4.54 +0.152 5.19 +0.60ab 5.07 £0.34a> 5,39 + 0.58P
index (%)

Food intake 4.04 +0.32 3.7+ 0.30 3.95 +0.26 3.7+025 3.82+0.27
(g/day)

Source: own authorship (2022)
Data are presented as mean * SD. Intergroup differences were assessed by one-way analysis of

variance using the Tukey post hoc test, with P < 0.05 considered significant. Different letters (a, b)

represent statistical difference.

Biochemical data suggest that doxorubicin treatment induces hepatotoxicity
compared to control, evidenced by increased plasma AST activity (Fig. 4B, p<0.05), elevated
hepatic inflammatory biomarkers TNF-a and IL-6 (Fig. 4C - D, p<0.05), in addition to a
significant increase in hepatic oxidative damage markers AOPP and MDA (Fig 5A - B, p<0.05)
and a reduction in the GSH/GSSG ratio (Fig 5D, p<0.05).

The RE partially protects the liver from DOX-induced hepatotoxicity
characterized by significant reduction of AOPP and MDA (Fig. 5A-F=B, p<0.05); as well as
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increased hepatic concentration of GSH (Fig. 5D, p<0.05), contributing to the balance of the
redox system. RE also attenuated the liver injury marker AST (Fig. 4B, p < 0.05). However,
the RE was not able to attenuate the elevated hepatic concentration of TNF-alpha and IL-6
(Fig. 4C-D, p>0.05) and GSH/GSSG ratio (Fig. 5D, p>0.05).

When associated with Cr, resistance training avoided DOX-induced
hepatotoxicity, as liver function markers (ALT and AST) and inflammatory biomarkers (TNF-
alpha and IL-6) showed a significant reduction (Fig. 4 A-B-C and D, p< 0.05). Furthermore,
antioxidant defense was significantly higher in animals that associated RE with Cr (Fig. 5C,
GSH, p<0.05), and lower redox status, which is provided by the GSH:GSSG ratio. Oxidative
stress markers observed through protein peroxidation and hepatic lipid peroxidation, AOPP
and MDA, were also reduced (Fig. 5A-B, p < 0.05) in relation to the Dox group. Importantly,

RE did not cause oxidative stress or inflammation (Ex vs C).
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Fig. 4. Plasma analysis of hepatic transaminases ALT (A) and AST (B) and hepatic inflammatory
biomarkers, TNF-a (C) and IL-6 (D). Data are expressed as mean + standard deviation or median (ALT
and TNF-a). Differences between groups were assessed by one-way analysis of variance using Tukey's
post hoc test or by Kruskal Wallis using Dunn's post hoc test. With P < 0.05 considered significant.

Different letters (a, b, c) represent statistical difference.
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GSH/GSSG Ratio (H). Data are expressed as mean + SD. Differences between groups were surveyed
by one-way analysis of variance using Tukey's post hoc test. With P < 0.05 considered significant.

Different letters (a, b, c) represent statistical difference.

Evaluation of liver fibrosis in Picrosirius stained sections revealed (Fig. 6A) an increase
in collagen deposition in the Dox group, evidencing an increased risk of liver damage
compared to the C group. On the other hand, the animals submitted to RE alone and
associated with Cr, showed reduced marking of the presence of collagen, which did not present
a significant difference (p>0.05) in relation to group C.

Histological data stained with H&E suggest that DOX treatment promoted
hepatotoxicity as evidenced by an elevated histopathological score compared to group C (Fig.
7A). RE alone did not provide significant protection when compared to the Dox group (p >
0.05). In contrast, the combination of Cr with RE was able to reduce the risk of hepatotoxicity
(p<0.05) in relation to the Dox group.
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considered significant.
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Discussion

DOX s an effective drug in the treatment of several types of tumors, but its
clinical use is restricted due to its hepatotoxic effects (73) (74). The present is the first study to
combine RE and Cr supplementation with the aim of minimizing DOX-induced liver damage.
Our main findings were: five weeks of DOX treatment promoted hepatotoxicity, characterized
by reduced antioxidant defense, increased inflammation, presence liver fibrosis and altered
histopathological score, evidenced by presence Cellular degeneration, interstitial inflammatory
cell infiltration, necrotic zones and alteration of tissue organization compared to group C. In
contrast, RE exercise partially protects the liver from DOX-induced hepatotoxicity, by restoring
hepatic redox capacity and decreasing oxidative damage markers, despite RE did not
attenuate histopathological and morphological changes imposed by DOX treatment. Notably,
Crwas able to potentiate the protective effect of RE, reducing plasma markers of liver function
and hepatic oxidative stress, inflammation, increased antioxidant defense, reduced liver
fibrosis and histopathological score.

Despite its effectiveness in anticancer treatment, DOX-induced toxicity is the
main limiting factor for its use in clinical practice, as it has adverse effects, among the main
ones are: cardiotoxicity (73), hepatotoxicity (11) nephrotoxicity (74) and myotoxicity (75) which
can interfere with the prognosis and quality of life of the patient. In the present study, the Dox
group presented an imbalance in the redox system, evidenced by the increase in oxidative
stress and by the presence of inflammation. Other studies have already demonstrated the
action of DOX in increasing the inflammatory process and oxidative stress (76)(40)(9), due to
the production of ROS, including superoxide anions and hydroxyl radicals, leading to lipid
peroxidation and tissue damage.

In view of the studies developed in recent years, Cr has been considered a
promising substance in several pathologies (82) (83) (13) since the first evidence described by
Lawler et al. (31) which showed the direct antioxidant effects of Cr due to its ability to directly
scavenge superoxide and peroxynitrite anions. One of the pioneering revisional works on the
antioxidant action of Cr demonstrated its action to significantly protect mtDNA from oxidative
damage (samples treated with H202); in addition to reducing the RNA damage induced by
H202 and DOX, by increasing the CrP reserve that leads to the efficiency of ATP regeneration;
and the dose-dependent attenuation of the cytotoxic impact of H202 (56).

Unlike other substances with antioxidant properties, the mechanisms
involved in the antioxidant activity of Cr are still complex, and include both direct and indirect
actions. Evidence suggests that Cr activates AMPK, which can promote cellular adaptive
responses that overcome oxidative stress (84) (85) (86). Another indication of its antioxidant

action may be related to the induction of Cr in the thioredoxin and peroxiredoxin system, which
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can increase NADPH resynthesis due to the greater bioavailability of ATP (87) (88). Probably
what differentiates the action of Cr from other antioxidants is its role in the production of cellular
energy, which occursthrough the CrP/ATP ratio, facilitating the transport of intracellular energy
through CrP, in addition to increasing its production (89).

We demonstrated that RE alone or associated with Cr were both able to
protect against chemotherapy-induced liver toxicity. The cytoprotective effect of Cr on skeletal
and cardiac myocytes has been described in recent years (77) (78) (79). A recent study
showed that Cr supplementation prior to DOX treatment reduced the elevated levels of liver
fibrosis, inflammation, oxidative stress, and senescence promoted by chemotherapy (60).
Although Cr was ingested before administering the drug, the results are promising for future
studies that use the substance as an intervention to prevent liver toxicity.

Over the years, several studies have shown that exercise attenuates the
adverse effects of DOX on cardiovascular and muscle function (80) (77). However, its role in
liver function associated with the use of DOX, as assessed in the present study, remains
unknown. Resistance training combined with Cr contributed to better results in the redox
system, reduced inflammatory response and markers of liver damage. Although the training
protocol is different from the present study, the authors (66) corroborated our results,
demonstrating that the inclusion of aerobic exercise training significantly increased enzymatic
levels (glutathione peroxidase) and reduced oxidative stress biomarkers (malondialdehyde
and carbonyl protein).

Despite the beneficial effects of RE alone or associated with Cr
supplementation in attenuating DOX-induced liver toxicity, some limitations of the present
study need to be considered. It is important to investigate the isolated effect of Cr as an
intervention in the group treated with DOX, as well as the analysis of the effects of the two
interventions (RE and Cr) reproducing the chemotherapy cycle (intermittent) in animals with
the presence of the tumor, simulating what occurs in clinical practice with cancer patients. Side
effects, mainly oxidative stress, interfere with several cellular functions, such as cell cycle
progression and apoptosis, which can reduce the ability of the chemotherapeutic agent to treat
cancer. Although the isolated RE did not present the same results as the association with Cr,
it is worth mentioning that its action is important to improve the antioxidant system, it is known
that trained people improve their antioxidant capacity, and it was evidenced that its
performance did not bring harm when associated to DOX treatment, which supports that its
practice can bring direct and indirect benefits during DOX treatment. Finally, our study
addresses the need for more clinical trials to establish physiological mechanisms, prescription
of physical training and Cr supplementation in order to reduce hepatotoxicity and,
consequently, provide a better therapeutic response and quality of life to the patient.
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CONCLUSIONS

The benefits of physical exercise on cardiotoxicity and myotoxicity mediated by

anthracyclines have shown important therapeutic and preventive relevance. However, this is
the first study that relates RE to Cr supplementation in order to ameliorate the side effects
resulting from chemotherapeutic agent-induced hepatotoxicity. In conclusion, our data
demonstrated the presence of hepatic inflammation induced by DOX administration, oxidative
stress, hepatic fibrosis and increased markers of liver damage in the liver. In contrast, RE-
associated Cr supplementation decreased DOX-induced toxicity, just as RE alone partially
protected the liver from chemotherapeutic-induced hepatotoxicity. We suggest further
investigations to explore the mechanisms involved in the reduction of hepatotoxicity promoted
by ER alone and by Cr supplementation.
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