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"Down to their innate molecular core, cancer cells are hyperactive, survival-endowed, 

scrappy, fecund, inventive copies of ourselves."  

— Siddhartha Mukherjee (The Emperor of All Maladies: A Biography of Cancer) 



 

 

 

 

RESUMO 

 

 Os ácidos graxos poli-insaturados ômega-3 possuem propriedades anti-

inflamatórias e pró-resolutivas, sendo extensivamente empregados no manejo de doenças 

crônicas, como o câncer. Nesse caso, podem apresentar efeitos benéficos sobre a 

progressão das neoplasias, além de prevenirem os efeitos adversos associados ao 

tratamento quimioterápico. A primeira parte da Tese apresenta uma revisão crítica da 

literatura sobre os efeitos protetores dos ácidos graxos ômega-3 nas complicações 

associadas ao câncer, incluindo dor, depressão, síndrome da anorexia-caquexia e 

síndromes paraneoplásicas. De uma maneira geral, o uso desses ácidos graxos na 

suplementação de pacientes oncológicos parece muito promissor; todavia, ainda há 

poucos estudos que investigaram os efeitos clínicos desses nutrientes. Na segunda parte 

da Tese, foi realizado um trabalho experimental, que investigou a participação dos 

receptores de ácidos graxos livres, FFA1 e FFA4, em um modelo experimental de 

caquexia associada ao câncer de pulmão, em camundongos. Como estratégias 

farmacológicas, foram testados os efeitos do tratamento parenteral com os ácidos graxos 

de origem natural, ácido -linolênico (ALA) e ácido docosaexaenoico (DHA). Além 

disso, foram avaliados os efeitos da administração repetida dos agonistas sintéticos duais 

dos receptores FFA1/FFA4, GW9508 e TUG891, bem como, dos antagonistas seletivos 

FFA1 e FFA4, GW1100 e AH7614, respectivamente. A indução de caquexia foi 

associada com um aumento da expressão dos receptores FFA1 no tecido adiposo e 

muscular. Foi possível observar que a modulação de ambos os receptores pode representar 

uma estratégia farmacológica promissora no tratamento da caquexia associada ao câncer, 

uma vez que o agonista dual FFA1/FFA4, o GW9508, promoveu efeitos benéficos em 

relação à perda de tecido adiposo, à inflamação, aos déficits comportamentais e às 



 

 

 

 

alterações centrais desses animais, além de reduzir o tamanho tumoral. Cabe ressaltar que 

o GW9508 apresenta maior afinidade pelos receptores FFA1, em relação ao FFA4, 

explicando as diferenças em comparação ao TUG891. Ademais, parte dos efeitos 

favoráveis observados para o ALA e o DHA, sobre diferentes parâmetros relacionados 

com a caquexia, parecem depender da ativação dos receptores FFA1 e FFA4. Os 

receptores de membrana FFA1 e FFA4 surgem como alvos farmacológicos interessantes 

para o manejo da caquexia associada ao câncer, explicando parte dos efeitos benéficos da 

suplementação com ácidos graxos poli-insaturados ômega-3 em pacientes oncológicos. 

 

Palavras-chave: câncer, caquexia, ômega-3, FFA1, FFA4, GPR40, GPR120 

 

  



 

 

 

 

ABSTRACT 

 

 Omega-3 fatty acids display anti-inflammatory and pro-resolution properties, 

being important allies to the treatment of chronic diseases, such as cancer and its 

complications. Omega-3 can be employed either for preventing the tumour progression 

or to manage the chemotherapy side effects. The first part brings a critical review about 

the protective effects of omega-3 fatty acids in cancer-associated complications, such as 

pain, depression, anorexia-cachexia syndrome, and paraneoplastic syndrome. Overall, the 

use of these fatty acids in cancer patients that develop complications seems a very 

interesting approach; however, there is a lack of clinical evidence regarding the use of 

omega-3 in these patients. The second part presents data from an in vivo study that 

investigated the role of free fatty acid receptors, FFA1 and FFA4, in a mouse model of 

lung cancer cachexia. As pharmacological strategies, the naturally occurring ligands α-

linolenic acid (ALA) and docosahexaenoic acid (DHA), the synthetic dual FFA1/FFA4 

agonists GW9508 and TUG891, or the selective FFA1 GW1100 or FFA4 AH7614 

antagonists, were administered parenterally to LLC-bearing mice, from seven to 21 days 

after tumour implantation. The induction of cachexia led to an upregulation of FFA1 

receptors in skeletal muscle and adipose tissue. The dual FFA1/FFA4 agonist GW9508 

promoted beneficial effects associated to adiposity, inflammation, behavioural deficits, 

and central alterations in these animals, besides reducing the tumour growth. Remarkably, 

GW9508 has a 100-fold higher affinity for FFA1 receptors, partly explaining the superior 

effects in comparison with TUG891. Moreover, part of ALA and DHA effects are 

mediated by the activation of FFA1 and FFA4 receptors, although additional mechanisms 

cannot be overlooked. It is possible to conclude that the use of omega-3 fatty acids 



 

 

 

 

remains an important tool in cancer treatment and that FFA1/FFA4 receptors emerge as 

attractive pharmacological targets for cancer cachexia management.  

 

Keywords: cancer, cachexia, omega-3, FFA1, FFA4, GPR40, GPR120 
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Capítulo 1 

 

1 Fundamentação Teórica 

 

1.1 Ácidos graxos poli-insaturados ômega-3 

 Os ácidos graxos ômega-3 despertaram interesse científico em decorrência de 

estudos conduzidos na década de 70, por dois pesquisadores Dinamarqueses, Bang e 

Dyerberg. Ambos investigaram tanto a dieta, rica em gordura animal proveniente de 

peixes e baleias, como o perfil lipídico de esquimós da Groenlândia, em virtude da 

baixa incidência de doenças inflamatórias nessa população (1,2).  

 Os ácidos graxos ômega-3 são classificados como ácidos graxos de cadeia longa, 

possuindo de 18 a 22 carbonos e contendo a primeira liga dupla no 3º carbono, a partir do 

grupamento metil. Dentre os ácidos graxos ômega-3, existem três que se destacam: ácido 

α-linolênico (ALA), ácido eicosapentaenoico (EPA) e ácido docosaexaenoico (DHA). O 

ALA, de origem vegetal, pode ser encontrado em sementes e em óleos vegetais, como a 

linhaça; todavia, no organismo, é convertido em EPA e, posteriormente, em DHA, por 

reações de elongação e dessaturação (Figura 1 e 2). Já, estes dois últimos, são encontrados 

em peixes de água fria, como salmão ou sardinha (3).  

 

Figura 1 Estrutura química dos ácidos graxos ômega-3.  Adaptado de Sokola-Wysoczanska 

et al (4) 

 



 

 

 

 

 

Figura 2 Biossíntese do ácidos graxos poli-insaturados. Retirado de Simopoulos & 

DiNicolantonio (5)  

 

 O alto consumo de óleos ricos em ômega-3 está relacionado à um perfil anti-

inflamatório e pró-resolutivo (6). Em contrapartida, os ácidos graxos poli-insaturados 

ômega-6, principalmente o ácido linoleico (LA), são caracterizados por serem pró-

inflamatórios, principalmente por serem precursores do ácido araquidônico (AA), 

importante componente da membrana plasmática e precursor de mediadores pró-

inflamatórios como prostaglandinas e leucotrienos. É importante salientar que o LA é um 

ácido graxo poli-insaturado essencial que é comumente encontrado em cereais, 

importante componente da dieta ocidental (5) . 

  De acordo com Simopoulos (7), um fator importante para altos índices de doenças 

de origem inflamatória foi o aumento do consumo de alimentos ricos em ômega-6, 

associado ao desenvolvimento econômico humano, levando à um alto consumo da dieta 



 

 

 

 

ocidental, rica em cereais e óleos vegetais. Após a revolução industrial, ocorreu um 

decréscimo do consumo de ácidos graxos ômega-3, bem como de vitamina C e E. Por 

outro lado, o consumo de gordura, principalmente saturada e trans, aumentou de forma 

notável (Figura 3). Adicionalmente, o consumo de ácidos graxos ômega-6 também sofreu 

este aumento, gerando um aumento na razão ômega-6/ômega-3 de 20:1(5,7).  

 

 

Figura 3 Esquema hipotético do consumo de gordura total e ácidos graxos em percentual 

de calorias advindas da gordura. Retirado de Simopoulos (7) 

. 

  

 A membrana plasmática contém ALA em pequena quantidade, porém EPA e 

DHA em quantidades moderadas. De maneira interessante, as membranas celulares 

cerebrais e oculares apresentam uma alta quantidade de DHA (8).  Os ácidos graxos 

ômega-3 possuem papel importante nas respostas intracelulares por modularem a 

composição lipídica da membrana plasmática, principalmente, por competir pelas 

mesmas enzimas que clivam o AA e o LA no processo inflamatório (9). Neste caso, 

inicialmente, os fosfolipídios de membrana sofrem clivagem pela fosfolipase A2 a fim de 



 

 

 

 

liberar o AA para o citoplasma da célula e, assim, sofrer a ação de cicloxigenases e 

lipoxigenases, produzindo mediadores inflamatórios, como os eicosanoides. O aumento 

de moléculas de ômega-3 na composição da membrana plasmática leva à geração de 

mediadores fracos, como o tromboxano A2 e a prostaciclina I3, a partir da ação das 

mesmas enzimas (10). Além disso, a quantidade de ômega-3 na membrana celular é de 

extrema importância para a geração de mediadores pró-resolução da inflamação (11). 

Corroborando com esse mecanismo, observou-se uma modulação da membrana 

plasmática e da produção de mediadores pró-inflamatórios em idosos após 1 ano de dieta 

mediterrânea, cuja principal característica é ser rica em ácidos graxos ômega-3 (12).  

 Em relação ao processo de resolução da inflamação, os ácidos graxos ômega-3 

possuem um papel crucial neste processo. O processo inflamatório se dá, inicialmente, 

pelo recrutamento de neutrófilos e, posteriormente, das demais células do sistema imune 

como macrófagos e linfócitos. No processo de inflamação crônica, o excesso de 

neutrófilos recrutados para o sítio inflamatório podem danificar o local, ocasionalmente 

entrando em morte celular e liberando ao sítio inflamatório o que havia, anteriormente, 

sido fagocitado. Em situações em que o processo inflamatório se resolve, que seria na 

inflação aguda, a resolução da inflamação se dá pela produção de mediadores pró-

resolução, como as resolvinas, protectinas/neuroprotectinas e maresinas, que são 

produzidas a partir dos ácidos graxos ômega-3 (Figura 4).   



 

 

 

 

 

Figura 4 Resposta inflamatória auto limitante e mediadores pró-resolução derivados dos 

ácidos graxos ômega-3.  Retirado de Serhan (13). Licença para uso: 4610990053960 

 

 As resolvinas da série E são produzidas a partir do EPA, e as 

protectinas/neuroprotectinas, resolvinas da série D e maresinas são produzidas a partir do 

DHA (13,14) Estes mediadores têm sido amplamente investigados como manejo de 

diferentes patologias. Por exemplo, um estudo do nosso laboratório demonstrou que a 

resolvina D1 exerce efeitos benéfico sobre a fibromialgia (15).  Além disso, já foi 

previamente demonstrado que tanto a resolvina D1, como a D2 e a E1, podem auxiliar 

nas terapias antitumorais por estimularem a fagocitose de células tumorais mortas (16).  

 Tanto os ácidos graxos ômega-3, como seus derivados, apresentam benefícios em 

diferentes patologias. Atualmente, a suplementação de ômega-3 tem sido amplamente 

investigada para o manejo de pacientes oncológicos, portadores de doenças 

cardiovasculares, doenças psiquiátricas, doenças neurológicas e do esporte (17–19).  



 

 

 

 

 De maneira interessante, no início do novo milênio, dois receptores acoplados à 

proteína G foram identificados como alvos farmacológicos dos ácidos graxos livres 

ômega-3, demonstrando um novo mecanismo de ação para essas moléculas.  

 

1.2 Receptores de ácidos graxos livres  

 Os receptores de ácidos graxos livres pertencem à família de receptores acoplados 

à proteína G, com sete domínios transmembrana, sendo ativados de maneira endógena 

por cadeias de ácidos graxos livres. Sua especificidade depende da quantidade de 

carbonos do ácido graxo como, por exemplo, o free fatty acid receptor 1 (FFA1) e o free 

fatty acid receptor 4 (FFA4) apresentam maior afinidade por ácidos graxos de cadeia 

longa (>12 carbonos) (20,21). Já o free fatty acid receptor 2 (FFA2) e o free fatty acid 

receptor 3 (FFA3) demonstram preferência pelos ácidos graxos de cadeia curta (<5 

carbonos), sendo esses obtidos através da fermentação das bactérias da microbiota 

intestinal. Tais receptores representam possíveis alvos farmacológicos para o tratamento 

de doenças crônicas como diabetes, obesidade, doenças cardiovasculares e doenças 

inflamatórias intestinais (22,23). É importante salientar que conforme The Concise Guide 

to Pharmacology 2017/2018, a família de receptores de receptores de ácidos graxos ainda 

é denominada apenas como FFA; porém, a nomenclatura é recente e se pode encontrar 

variações na literatura com as denominações: GPR40, FFAR1 ou GPR40/FFAR1 (22). 

 Na Tabela 1, encontram-se os ácidos graxos livres e seus respectivos receptores.  

 



 

 

 

 

Tabela 1 Afinidade dos ácidos graxos livres pelos receptores FFA1, FFA2, FFA3 e FFA4.  

Extraída de Miyamoto et al (24).   

 

Medida pela indução de [Ca2+]i (a) and GTPγs (b) em células HEK293 transfectadas com 

receptores para FFAs ou cAMP (c) e [Ca2+]i (d) em cada CHO células transfectadas com 

receptores para FFAs. 

 

 

1.2.1 Receptor de ácidos graxos livres 1 (FFA1) 

O FFA1, anteriormente conhecido como GPR40, foi o primeiro receptor dessa 

família a ser deorfanizado, após a identificação de agonistas (20). Este receptor é uma 



 

 

 

 

proteína de membrana de 31.45 kDa e possui 300 aminoácidos na sua composição (Figura 

5) (20). 

 

Figura 5 Estrutura do FFA1. Retirada de Mancini & Poitout (25). Licença para uso: 

4610981316462 

 

 

 Como descrito na Tabela 1, este receptor pode ser ativado pelos diferentes ácidos 

graxos, como DHA, ALA, ácido oleico e ácido mirístico  (20,22,24). Sua expressão varia 

de acordo com o tecido, porém sabe-se que os locais de maior expressão do FFA1 são as 

células β-pancreáticas e o sistema nervoso central (SNC) (25,26). De acordo com 

Yamashima (2015), esse padrão de expressão do receptor não ocorre ao acaso: neurônios 

positivos para FFA1 no hipotálamo podem responder diretamente a nutrientes e 

hormônios como ácidos graxos, glicose e leptina e, podem regular a produção de glicose 

hepática, a secreção de insulina/glucagon e, também, a entrada de glicose para a 

musculatura esquelética (27).  



 

 

 

 

 

Figura 6 Sinalização intracelular após ativação do FFA1, levando à secreção de insulina.  

Retirado de Mancini & Poitout (25). Licença para uso: 4610981175204. 
 

 

No pâncreas, a liberação de insulina dependente de FFA1 ocorre por ativação 

desse receptor nas células β-pancreáticas, via proteína quinase C(PKC)/inositol trifosfato 

(IP3), levando à elevação de Ca++ e 
, por consequência, à liberação de insulina (Figura 6) 

(28,29). Porém, sabe-se que a falta desse receptor não protege os animais de 

desenvolverem diabetes e/ou síndrome metabólica (30,31). Em relação ao papel desse 

receptor na secreção de insulina independente de glicose, pode-se dizer é uma ação 

contraditória, podendo ser benéfica ou maléfica para o organismo, podendo gerar um 

quadro de hiperinsulinemia (32). 

O FFA1 tem sido amplamente investigado para o tratamento de diabetes mellitus 

2, incluindo testes clínicos de fase II com o agonista sintético seletivo TAK-875 (33). 

Nesse caso, os ensaios foram descontinuados em função do desenvolvimento de 

hepatotoxicidade nos pacientes tratados com o agonista (34).  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Entretanto, utilizando tanto os ácidos graxos poli-insaturados previamente citados, como 

outras moléculas sintéticas, como o GW1100 e o GW9508 (Figura 7), há uma grande 

quantidade de evidências mais recentes demonstrando a relevância desse receptor em 

processos metabólicos e ao nível do SNC (28,35–39). Vale ressaltar que, embora o 

GW9508 seja considerado um agonista não seletivo para o FFA1, ele possui 100x mais 

afinidade por esse receptor do que para o FFA4 (29). Na Tabela 2, encontra-se os ligantes 

sintéticos do FFA1. 

Tabela 2 Ligantes sintéticos do FFA1 e suas especificidades.  

Adaptada de Alquier & Poitout (32) 
 

Ligante Sintético Tipo de ligante Especificidade 

GW9508 Agonista Agonista não seletivo* 

NCG21 Agonista Agonista não seletivo* 

TUG-891 Agonista Agonista não seletivo# 

TAK-875 Agonista Agonista seletivo 

P11187 Agonista Agonista seletivo 

 

Figura 7 Estruturas químicas do agonista dual FFA1/FFA4, GW9508, e do antagonista 

seletivo para FFA1, GW1100.  Retirado de Briscoe et al (30). Licença para uso: 

4650320296741 

 



 

 

 

 

LY292470 Agonista Agonista seletivo$ 

SHR0534 Agonista Agonista seletivo 

GW1100 Antagonistas Antagonista seletivo 

*Também atua sobre o FFA4; #Seletivo para o FFA4 em humanos, mas se liga em ambos os 

receptores em camundongos; $Possui afinidade pelos PPARs. 

 

De maneira interessante, no SNC, a ativação do FFA1 parece ser relevante para o 

controle da dor, uma vez que sua estimulação, tanto na medula espinhal como no cérebro, 

leva à liberação de β-endorfina e IL-10 (36,40–42). Além disso, o FFA1 está expresso em 

diferentes regiões cerebrais como: córtex, ponte, medula oblongata, subtância nigra, 

amígdala, giro dentado do hipotálamo, locus cereleus e na hipófise (43,44). Mais 

recentemente, em um modelo de estresse combinado com dor pós-cirúrgica, o receptor 

FFA1 participa de forma ativa na dor, mas não nos efeitos emocionais da dor relacionada 

ao estresse (45).  De maneira interessante, o FFA1 não está apenas envolvido no controle 

da dor, quando se pensa em SNC (46). Observou-se que em animais knockout para o 

receptor FFA1, houve um aumento do comportamento depressivo e ansioso, além dos 

níveis de noradrenalina no hipocampo, hipotálamo, mesencéfalo e bulbo(47). Essa 

mesma deleção gerou alterações emocionais em relação à prole em camundongos fêmeas, 

como negligência (48).  Além disso, a ativação do FFA1 se mostrou um promissor alvo 

terapêutico para desordens neurológicas como epilepsia e esclerose múltipla (46,49).  

De maneira notável, observou-se que em animais eutróficos, o FFA1 está 

localizado em neurônios hipotalâmicos que expressam tanto neuropeptídeo Y (NPY) 

como propriomelanocortina (POMC), indicando sua participação na regulação da 

homeostase energética. Ainda, o tratamento i.c.v. com o agonista GW9508 reduziu a 

inflamação hipotalâmica de animais obesos (50). Também, a ativação do FFA1 por 

AgoPAMs (agonistas que agem como moduladores alostéricos) estimulou a secreção do 



 

 

 

 

peptídeo semelhante ao glucagon-1 (GLP-1) em animais obesos, levando à um 

decréscimo de peso corporal (51). Além disso, em um modelo de diabetes e obesidade 

associado a déficits de memória e aprendizado, há uma diminuição na sinalização do 

FFA1 no hipotálamo e córtex, e esse aspecto foi revertido pelo tratamento com DHA e 

com o agonista sintético GW9508 (52). De forma interessante, em pacientes com 

síndrome metabólica e periodontite, a expressão de FFA1 se mostrou exacerbada nos 

tecidos periodontais desses pacientes, demonstrando que este receptor é um alvo 

terapêutico em potencial (53).  

Mais recentemente, a expressão do FFA1 tem sido avaliada em células 

cancerígenas, como um potencial alvo farmacológico. Observou-se que, em pacientes 

com câncer colorretal, a alta expressão deste receptor no tumor, juntamente com altos 

níveis de triglicerídeos, está associada a uma menor sobrevida global (54). Em um estudo 

pré-clínico, uma dieta rica em ômega-3 diminuiu a incidência de tumores na região 

colorretal. Além disso, em células de câncer colorretal, o tratamento com EPA e DHA 

aumentou a morte celular por apoptose. Os efeitos in vitro e in vivo se devem à ativação 

do receptor FFA1 (55). Por outro lado, a expressão de FFA1 está aumentada em tecidos 

de câncer de próstata, o qual foi estimulado pelo tratamento com ácido oleico, 

demonstrando que o FFA1 é um potencial biomarcador e um alvo terapêutico para esse 

tipo de câncer (56).  

 

 

 

 

 



 

 

 

 

 

1.2.2 Receptor de ácidos graxos livre 4 (FFA4) 

 

Em 2005, o FFA4, conhecido anteriormente como GPR120, foi deorfanizado; foi 

observado que quando ativado, estimulava a secreção de GLP-1 in vitro e in vivo (21). 

Esse receptor, em humanos, existe em duas isoformas: longa e curta. A longa contém um 

segmento residual de 16 aminoácidos inserido na terceira alça intracelular, que desassocio 

receptor da proteína G. Já a curta, na sua totalidade, contém 361 aminoácidos e possui 

um peso molecular de 42 kDa (Figura 8) (57).   

 

O FFA4, como o FFA1, também é estimulado por diferentes ácidos graxos de 

cadeia longa, como o ALA, ácido mirístico e o ácido oleico (22). Demais ligantes estão 

descritos na Tabela 1(24).  Para que o estudo desse receptor fosse mais preciso, uma vez 

que os ácidos graxos livres são farmacologicamente promíscuos, uma série de moléculas 

Figura 8 Estrutura do FFA4 (longa e curta). Retirado de Ulven & Christiansen (59).  

Licença para uso: 610990466424 



 

 

 

 

sintéticas foram criadas. Abaixo, pode-se observar a Tabela 3 que descreve os principais 

ligantes e sua especificidade. 

 

Tabela 3 Ligantes sintéticos do FFA4 e suas especificidades. 

Adaptado de Alquier & Poitout (32) 

  

  

É possível afirmar que esse receptor tem um papel importante para a regulação do 

metabolismo energético, uma vez que é altamente expresso em locais como o tecido 

adiposo, intestino, pâncreas, fígado, papilas gustativas, hipotálamo e nos macrófagos 

(58). Porém, ambas as isoformas ativam -arrestina-2, levando à internalização do 

receptor. A isoforma curta parece ser a responsável pela secreção hormonal e a 

translocação do transportador de glicose tipo 4 (GLUT4) via proteína Gq/11 e pela 

mobilização de cálcio (59). Em função dessa regulação hormonal, esse receptor tem sido 

amplamente investigado como um alvo terapêutico para diabetes tipo 2, resistência à 

insulina e obesidade (58–60). Animais knockout para o receptor FFA4 desenvolvem uma 

obesidade mais grave do que animais wild-type, quando ambos ingerem a mesma dieta 

rica em gordura. Em humanos, além da expressão do receptor ser menor em indivíduos 

obesos, quando comparados com indivíduos eutróficos, há uma mutação no gene do 

receptor, levando a uma ineficiência da sinalização do FFA4 nesses indivíduos (61,62).   

Ligante Sintético Tipo de ligante Especificidade 

GW9508 Agonista Agonista não seletivo* 

16:4 (n-3) Agonista Agonista não seletivo* 

NCG21 Agonista Agonista seletivo 

TUG-891 Agonista Agonista seletivo# 

KDT501 Agonista Agonista seletivo$$ 

AH7614 Antagonistas Antagonista seletivo 

*Também atua sobre o FFA4; #Seletivo para o FFA4 em humanos, mas se liga em ambos os 

receptores em camundongos; $$Agonista para o FFA4 com atividade em outros GPCRs e PPAR-γ 



 

 

 

 

 

Figura 9 Estruturas químicas do agonista para FFA4, TUG891 (esquerda), e o antagonista 

seletivo para o FFA4, AH7614 (direita). Retirado de Alexander et al (22). Produzido por 

International Union of Basic and Clinical Pharmacology (IUPHAR) – Acesso livre. 

 

Em relação à inflamação, o recrutamento de -arrestina-2 parece ser o principal 

mecanismo nos macrófagos, uma vez que a internalização do receptor leva à inibição de 

quinase ativada pelo fator transformador de crescimento-1 (Tak-1), uma proteína quinase 

ativada por mitógenos (MAPK) que permite a translocação do fator nuclear B (NF-B) 

para o interior do núcleo destas células, gerando uma resposta pró-inflamatória (Figura 

8) (59,63).   



 

 

 

 

Figura 10 Sinalização intracelular das duas isoformas do FFA1 humano. Retirado de Ulven 

& Christiansen (59). Licença para uso: 4610990874650. 

 

 

 De maneira interessante, o papel do FFA4 no sistema nervoso central é menos 

investigado do que o papel do FFA1 nesse tecido. Porém, já existem evidências que esse 

receptor também está expresso no cérebro, como no hipotálamo e na hipófise. Em 

camundongos, foi demonstrado que a ativação central do FFA4 levou à diminuição da 

ingesta alimentar, do comportamento de recompensa e do comportamento ansioso (64). 

Por outro lado, Dragano et al., demonstrou que o FFA4 está expresso, principalmente, na 

microglia do hipotálamo (50). Além, disso, o FFA4 exerce um papel importante sobre os 

efeitos de transformação do tecido adiposo branco em tecido adiposo marrom, o qual se 

viu sua participação em camundongos wild-type sem indução de obesidade e em animais 

expostos ao frio (65,66).  

  Já, em relação ao câncer, esse receptor se mostra presente em diferentes linhagens 

celulares como câncer de pulmão, câncer de mama, melanoma e câncer ósseo (67).  Além 

disso, a ativação de FFA1 em células de câncer de mama promove metástase, via 

PI3K/proteína quinase B(Akt)/NF-B (68). Por outro lado, em células de carcinoma de 

pulmão de Lewis (LLC), a ativação do FFA4  regulou negativamente a motilidade celular  

demonstrando que, possivelmente, a ativação deste receptor nesta linhagem está 

associada à diminuição do surgimento de metástases (69).   

  

1.3 Síndrome da anorexia-caquexia 

 A caquexia é uma síndrome multifatorial definida pela perda de massa muscular 

(com ou sem perda de gordura), que não é revertida plenamente por um suporte 

nutricional convencional, levando a uma perda funcional progressiva (70). Porém, ainda 



 

 

 

 

é muito controversa a definição desta síndrome, uma vez que pacientes caquéticos 

diferem em composição corporal e perda de peso (71). Além disso, pacientes que 

apresentam alto grau de caquexia sofrem mais com os efeitos tóxicos da quimioterapia, 

quando comparados aos pacientes oncológicos sem a síndrome. Porém, os mecanismos 

dessa condição ainda não foram elucidados (72,73). Ademais, presença da massa tumoral 

gera uma gama de fatores que podem influenciar diretamente o estado nutricional do 

paciente oncológico, como mostra a Figura 9. 

 

Figura 11 Fatores que contribuem para o desenvolvimento do quadro caquético.  Retirado 

de Argilés et al. (75). Licença para uso:  4611000252771 

 

Geralmente, a caquexia afeta aproximadamente 50 % dos pacientes oncológicos, 

sendo que desses, em torno de 20 % vão a óbito devido à síndrome (74,75). A severidade 

do quadro caquético se deve, principalmente, ao tipo de tumor: 80 % dos pacientes com 

câncer gástrico ou pancreático desenvolvem caquexia, 50 % dos pacientes com câncer de 

pulmão, próstata ou cólon e, 40 % dos pacientes leucêmicos ou com câncer de mama 

também apresentam essa síndrome (75).   

Além de afetar pacientes oncológicos, a caquexia também pode se desenvolver 

em outras patologias, como doenças renais crônicas, doenças cardiovasculares, doença 



 

 

 

 

pulmonar obstrutiva crônica, infecções, trauma, doenças neurológicas, hepatopatias, entre 

outras (76).  

 O CASCO (cachexia score) surgiu como uma forma de detectar e classificar estes 

pacientes por meio de uma equação. Essa equação é composta por: perda/composição de 

peso corporal (BWC) + inflamação/desordens metabólicas/imunossupressão (IMD) + 

performance física (PHP) + anorexia (ANO) + qualidade de vida (QOL) (77).  Entretanto, 

como os próprios autores desse escore concluem, essa é uma ferramenta completa, porém, 

de difícil aplicação na rotina hospitalar. De qualquer maneira, a Sociedade Europeia de 

Nutrição Enteral e Parenteral (ESPEN) recomenda que todos os pacientes oncológicos 

devem ser classificados como risco nutricional, independente do peso corporal e do 

percentual de peso perdido, além de aconselhar que outros fatores sejam triados pelo 

nutricionista como presença de anorexia, composição corporal, marcadores inflamatórios, 

gasto energético basal e funcionalidade. Também, as duas diretrizes da ESPEN voltados 

para o manejo nutricional em pacientes oncológicos incentivam o uso intervenções 

nutricionais que sejam voltadas para a diminuição do quadro inflamatório e 

hipermetabólico (78,79).  

Os principais parâmetros que devem ser considerados para detecção da síndrome 

da anorexia-caquexia são: perda grave de peso (>10% nos últimos 6 meses ou >5% no 

último mês), índice de massa corporal baixo (IMC < 18 kg/m²), Avaliação Subjetiva 

Global < C e albumina sérica menor que 30 g/L (80–82). Vale ressaltar que, embora o 

IMC ainda seja utilizado como uma forma de detecção para baixo peso é uma medida que 

pode não se mostrar relevante, uma vez que pacientes oncológicos caquéticos podem ser 

obesos conforme peso corporal e IMC (83). O Escore de Prognóstico de Glasgow 

modificado, que é uma combinação entre a proteína C-reativa e a albumina sérica, é uma 

importante ferramenta para correlacionar risco nutricional, perda de peso com a 



 

 

 

 

diminuição da resposta ao tratamento (84). Também, uma alta razão neutrófilo-linfócito 

também é considerada um interessante marcador para perda de peso e diminuição da 

sobrevida do paciente (85).  Além de tudo, o percentual de perda de peso, juntamente com 

o IMC, pode ser utilizado como um preditor para sobrevida do paciente (86) 

Além dessas avaliações, o teste de força da preensão palmar também é empregado: 

a perda de força do paciente está diretamente relacionada à perda muscular e à desnutrição 

(87). Para uma análise mais precisa de todos os compartimentos teciduais, podem ser 

utilizados exames de imagem, como PET/CT e ressonância magnética (88). Outra forma 

de quantificar os diferentes tecidos é através do teste de bioimpedância, incluindo a 

análise do ângulo de fase (89).  O método mais utilizado, atualmente, nos estudos clínicos, 

é a densitometria por dupla emissão de raios-X (DEXA). Porém, a tomografia 

computadorizada ainda é a primeira escolha em função de limitações, como aumento dos 

custos do estudo (71).  

Fearon et al. (2011), além de conceituarem esta síndrome, definiram os estágios 

de progressão da caquexia (Figura 10) (70). A primeira denomina-se pré-caquexia, onde 

o paciente apresenta alterações metabólicas (anorexia e intolerância à glicose), além de 

perda de peso maior ou igual a 5 % do peso inicial. O risco de piora do quadro varia de 

acordo com a resposta do paciente ao tratamento antitumoral, com o tipo de tumor e com 

a baixa ingestão alimentar. Os pacientes que alcançam a fase dois, considerada fase de 

caquexia, devem apresentar perda de peso maior do que 5 % durante os últimos 6 meses, 

ou IMC menor que 20 kg/m2 ou 2 % de perda de peso corporal associada à sarcopenia. A 

última fase é chamada de caquexia refratária, onde o paciente apresenta grave perda de 

peso, em consequência de um câncer pré-terminal ou não responsivo ao tratamento. 

Também é caracterizada por um status de desempenho baixo e uma expectativa de vida 

menor de três meses, sendo mais facilmente detectável (70). O reconhecimento da 



 

 

 

 

existência de três fases em que a síndrome obrigatoriamente se desenvolve pode levar à 

confirmação da caquexia, em conjunto com o diagnóstico da doença primária como forma 

de prevenção (90). 

 

Figura 12 Estágios de desenvolvimento da caquexia relacionada ao câncer. Retirada de 

Fearon et al (71). Licença para uso: 4611000159842 

 

 

 Parte dos diagnósticos de câncer são realizados em indivíduos obesos (91). Como 

estes pacientes não apresentam o decréscimo de IMC, nem a perda de peso corpóreo 

necessária para serem classificados como caquéticos, o quadro pode passar despercebido 

e deixar de ser tratado. Nestes pacientes, a caquexia pode ser detectada por imagem – 

quando é possível observar uma diminuição da massa muscular e aumento do tecido 

adiposo (86,91).  

 

1.3.1 Anorexia 

 Pacientes que desenvolvem síndrome de anorexia-caquexia, normalmente, 

apresentam decréscimo do apetite e alterações no paladar, ocasionados principalmente 

pela inflamação hipotalâmica, o que potencializa a perda de gordura corporal e atrofia 

muscular (92). Mecanismos centrais e periféricos podem levar ao desenvolvimento da 

anorexia relacionada ao câncer. As causas periféricas podem ser o local do tumor 



 

 

 

 

(tumores gastrointestinais, por exemplo), substâncias produzidas pelo tumor que podem 

alterar a ingestão alimentar, bem como, substâncias que podem alterar os nutrientes e o 

paladar. Além disso, o tratamento oncológico pode contribuir para a anorexia, pois é 

capaz de alterar o paladar, causar náuseas, vômitos, mucosite e dores abdominais.  Por 

outro lado, os mecanismos centrais da anorexia associada ao câncer estão relacionados à 

inflamação hipotalâmica, consequentemente, ao desbalanço do sistema melanocortina, e  

às alterações de neurotransmissores (93–95). 

O sistema melanocortina (Figura 11) está localizado no núcleo arqueado do 

hipotálamo, adjacente ao 3º ventrículo. A barreira hematoencefálica desta região é 

relativamente permeável, o que possibilita a passagem de citocinas pró-inflamatórias, 

entre outras substâncias. O sistema melanocortina possui dois tipos de neurônios, os quais 

funcionam de maneiras opostas em relação à regulação do apetite (96,97). A primeira 

classe de neurônios é de origem anorexígena e expressa POMC e o transcrito regulado 

pela cocaína e anfetamina (CART). O POMC, quando clivado, se transforma em 

hormônio estimulante de α-melanócitos (α-MSH). Neurônios que expressam 

POMC/CART realizam sinapse com neurônios de segunda ordem em diversas áreas do 

cérebro e do tronco cerebral. Uma vez que o α-MSH é liberado na fenda sináptica desses 

neurônios, ele se liga aos receptores de melanocortina 3 e 4 (MC3R e MC4R), que 

provocam diminuição de apetite, redução de massa muscular e aumento da taxa 

metabólica basal. Os neurônios da segunda classe são classificados como orexígenos e 

expressam o NPY e a proteína relacionada à Agouti (AgRP). A AgRP é um agonista 

inverso de MC4R; logo, quando se liga a esse receptor, produz um aumento de apetite e 

diminuição da taxa metabólica basal (96,98,99).  

A leptina é um hormônio anorexígeno produzido pelo tecido adiposo branco e 

pelo sistema digestório (100). Sua principal função é inibir a fome; o desenvolvimento de 



 

 

 

 

resistência à leptina representa uma das principais causas de obesidade mórbida (101). A 

leptina é capaz de ultrapassar a barreira hematoencefálica e ativar seu receptor (Ob-Rb) 

no SNC nos neurônios POMC, estimulando a liberação de α-MSH (99).  A relação entre 

a leptina e a caquexia induzida pelo câncer ainda é controversa, pois há um decréscimo 

de leptina circulante em pacientes caquéticos e que mesmo assim apresentam falta de 

apetite (102). Essa diminuição de leptina está relacionada à resistência à insulina e ao 

aumento de fator de necrose tumoral (TNF) (103). Por outro lado, uma metanálise 

verificou que altos níveis séricos e teciduais de leptina estão relacionados à progressão 

do câncer de pulmão, em uma população chinesa; porém, não haveria relação entre altos 

níveis de leptina e desenvolvimento de caquexia (104).  

A grelina é um hormônio orexígeno produzido pelas células endoteliais do 

estômago quando este se encontra vazio (105).  As ações da grelina são mediadas pelo 

receptor secretagogo do hormônio do crescimento (GSH-R), que apresenta alta expressão 

no hipotálamo, principalmente nos neurônios NPY/AgRP (106). Quando a grelina 

ultrapassa a barreira hematoencefálica, se liga ao seu receptor, estimulando a liberação 

de AgRP na fenda sináptica, fazendo com que haja o estímulo da fome (98,107).  Além 

de estimular o apetite, a grelina possui diferentes funções no organismo: em outras regiões 

do cérebro, participa do processo de aprendizado, memória e no sistema de recompensa; 

em outros órgãos pode diminuir a pressão arterial, promover vasodilatação e motilidade 

gástrica e intestinal (108). Nos pacientes caquéticos, pode ser observada uma 

hipergrelinemia, um mecanismo compensatório, porém falho, havendo um decréscimo da 

sinalização de grelina no hipotálamo (109).  Todavia, pacientes oncológicos anoréticos 

mostraram aumento da ingestão alimentar após infusões de grelina, demonstrando um 

efeito benéfico deste peptídeo para essa população em questão (110). 



 

 

 

 

Embora o sistema melanocortina seja regulado, principalmente, por leptina e por 

grelina, os níveis de serotonina no hipotálamo também são de extrema importância para 

a homeostase da região (111). A inflamação hipotalâmica induz aumento nos níveis de 

serotonina no hipotálamo, estimulando a via anorexígena da POMC e inibindo a secreção 

de NPY, indicando que a serotonina tem um papel importante no desenvolvimento da 

anorexia associada ao câncer (112,113). Já foi demonstrado que animais que 

desenvolveram anorexia associada ao câncer apresentam um aumento de expressão de 

receptor 5-HT1B no hipotálamo, enquanto os receptores para NPY tiveram sua expressão 

reduzida (114). Além disso, o mesmo grupo de pesquisadores demonstrou que a ressecção 

tumoral reverteu os parâmetros associados à serotonina, no que se refere à anorexia 

induzida pelo câncer (115). Ademais, o triptofano, precursor da serotonina, participa de 

forma ativa no desenvolvimento da anorexia associada ao câncer, gerando um acúmulo 

de serotonina no hipotálamo (116).  

 

 

Figura 13 Sistema melanocortina na caquexia associada ao câncer. Retirado de DeBoer 

(98). Licença de uso: 4610991193302 

 



 

 

 

 

A inflamação hipotalâmica (Figura 12) é um importante mecanismo da síndrome 

da anorexia-caquexia (112). Um fator crucial para o desenvolvimento da inflamação 

hipotalâmica é a neuroinflamação ocasionada pelo estresse crônico originário do tumor, 

levando a um aumento da ativação microglial (111).  Notavelmente, observou-se que 

pacientes oncológicos anoréticos apresentam uma menor atividade do hipotálamo, tanto 

quando se alimentam, como quando apenas visualizam um alimento, demonstrando que 

a região do hipotálamo é afetada pela doença (95,117).   

 

Figure 14 Inflamação hipotalâmica na caquexia associada ao câncer. Retirado de Norren et 

al (94). Licença para uso: 4610991485368 

 

 

Além disso, experimentos em animais demonstraram que a administração i.c.v de 

TNF gerou um redução de peptídeos secretados pelo sistema melanocortina, levando a 

um aumento do metabolismo e diminuição da ingestão alimentar em ratos (118). 

Também, a interleucina (IL)-1β, quando administrada pela mesma via, altera a 



 

 

 

 

homeostase metabólica em animais (119).  Já, em pacientes com câncer avançado, TNF, 

IL-1, proteína quimioatrativa de monócitos (MCP)-1, fator de crescimento 

transformador (TGF)-β, entre outros mediadores, estão associadas à inapetência 

relacionada ao câncer (120).  De maneira interessante, tanto TNF como IL-1β possuem 

papéis importantes na modulação neuroendócrina na caquexia, uma vez que ambas são 

permeáveis à barreira hematoencefálica e alcançam o núcleo arqueado do hipotálamo 

(121). No que se refere à IL-1 β, esta citocina pode tanto ativar os neurônios POMC, 

como inibir os neurônios NPY/AgRP, levando à uma inibição do apetite, aumento do 

gasto energético basal e maior gasto muscular esquelético (96,122). Por outro lado, a 

administração i.c.v. de TNF leva ao quadro anoréxico e ao hipermetabolismo pela via 

JAK/STAT, semelhante ao efeito da leptina no hipotálamo (123).   

 

1.3.2 Atrofia muscular 

 A atrofia muscular parece ser a manifestação clínica da caquexia mais relevante 

e, está diretamente associada a um prognóstico ruim (124). A reversão dessa condição 

está relacionada à melhora do quadro geral do paciente, sendo que a prevenção da perda 

de massa muscular é benéfica para a sobrevida (125).  

 O principal mecanismo de atrofia muscular na caquexia é a ativação do sistema 

ubiquitina-proteassoma. A ubiquitinação envolve uma série de reações mediadas por três 

classes de proteínas: as enzimas ativadoras de ubiquitina (E1s), as enzimas conjugadoras 

de ubiquitina (E2s) e as ligases proteína-ubiquitina (E3s). Esse processo inicia com a 

ativação da ubiquitina, dependente de adenosina trifosfato (ATP), por uma E1. Essa 

ubiquitina ativada é transferida para uma E2 e, então, transferida para a E3, via um 

substrato para uma E3 ligase. Posteriormente, a proteína ligada à ubiquitina é transferida 

para o proteassoma 26S, onde é degradada. As enzimas E3 ligases Murf1 e Atrogina-



 

 

 

 

1/MAFbx estão super-expressas em quadros de caquexia e sua importância na atrofia 

muscular se deve ao fato de que essas enzimas se ligam ao filamento mais espesso do 

sarcômero (126,127).  

 Uma das vias de extrema importância para o desenvolvimento da atrofia muscular 

é a do fator de crescimento semelhante à insulina -1 (IGF-1)/insulina-PI3K-AKT.  Em 

situações normais, onde há produção de IGF-1 e insulina, esta via é ativada e induz a 

hipertrofia e o aumento de força muscular.  A produção muscular, por essa via, se deve à 

ligação do IGF-1/insulina ao seu receptor, que ativa a PI3K/AKT/mTOR, que por sua vez 

inibe o fator de transcrição FoxO, aumentando a síntese proteica e inibindo a degradação.  

Em quadros patológicos, em que há ausência de insulina ou resistência à mesma, há uma 

inversão dessa via, onde ocorre inibição da via da PI3K/AKT, ativação do fator de 

transcrição FoxO, cuja expressão leva à produção de atrogina-1(126,128,129). Vale 

ressaltar a importância da resistência à insulina nos pacientes oncológicos, já que esta é 

uma das principais alterações metabólicas presentes na caquexia induzida pelo câncer, 

observada em diversos tipos de tumores, representando um dos principais mecanismos de 

atrofia muscular (130,131).   

 Há outras vias que também levam à ativação do sistema ubiquitina-proteassoma, 

sendo estimuladas por um mesmo grupo de moléculas. Tanto a via do fator nuclear-B 

(NF-B), como a via da MAPK p38, são estimuladas por citocinas pró-inflamatórias 

produzidas pelo tumor ou, por células normais, na tentativa de combater o tumor 

(126,128,132). Deve-se ressaltar que a IL-6 e o TNF agem em conjunto para que a atrofia 

muscular aconteça (133). Altas quantidades de TNF parecem estar relacionadas 

diretamente à resistência à insulina, uma das principais características da caquexia. O 

TNF, quando se liga ao seu receptor, por estímulos intracelulares, impede a sinalização 

da insulina, provocando uma ineficiência dos receptores de insulina quando ativados pelo 



 

 

 

 

seu ligante (134). Já, a interleucina-1 (IL-1), também exerce papel similar de ativação 

das mesmas vias, mas com menor importância (97,128).   

 Além das citocinas citadas acima, o TNF-like Weak Inducer of Apoptosis 

(TWEAK) é um importante alvo para o tratamento da caquexia pois, em situações 

patológicas, sua expressão está aumentada (135,136). O TWEAK faz parte da família do 

TNF e possui diferentes mecanismos: em baixas concentrações, o TWEAK possui efeito 

anabólico, levando à miogênese, e em altas concentrações, possui efeito catabólico, 

gerando atrofia muscular. A atrofia muscular desencadeada por TWEAK se deve à 

ativação do segundo mensageiro TRAF6 que, por sua vez, ativa NF-B e MURF-1 (137). 

Os principais mecanismos de atrofia estão ilustrados na Figura 13. 

.  

Figura 15 Mecanismos de atrofia muscular. Retirado de Cohen et al (128). Licença para uso: 

4610991280834 



 

 

 

 

 

 A miostatina é um fator de crescimento produzido pelos miócitos com objetivo de 

inibir a miogênese, numa forma de regulação autócrina. A miostatina faz parte da 

superfamília TGF-, juntamente com a activina (138). Ambas as proteínas estão super-

expressas no câncer, que, se ligando ao receptor B Activina II (ActIIb) estimula a 

produção dos fatores de transcrição SMAD2 e SMAD3 (139). O aumento de miostatina 

está relacionado com a resistência à insulina; porém, esse mecanismo ainda é 

desconhecido. O que se sabe é que a inibição da miostatina e de outras proteínas da super-

família TGF-β pode estar relacionada à ativação da via PI3K/AKT/mTOR, estimulando 

a hipertrofia muscular, auxiliando na reversão do quadro caquético (126,128,140) 

 

1.3.3 Perda de gordura e aumento do metabolismo energético 

 A perda de gordura corporal na caquexia associada ao câncer está relacionada ao 

decréscimo na ingestão alimentar (141). Porém, a anorexia per se não é capaz de provocar 

uma diminuição tão expressiva de gordura, como é observado na caquexia. Logo, pode-

se propor que esteja associada também ao aumento do metabolismo energético (141,142). 

O tumor necessita de nutrientes para o seu desenvolvimento e progressão; 

portanto, ambos: atrofia muscular e gasto de gordura corporal são importantes para a 

manutenção e o desenvolvimento do tumor (143). A principal fonte de energia para os 

tumores sólidos é a glicose, que é transformada em lactato, ao invés de gás carbônico. 

Isso ocorre porque não há oxigênio suficiente para que ocorra o ciclo de Krebs e o restante 

do metabolismo aeróbio. O lactato é transferido para o fígado, que utiliza a cadeia 

carbônica para a gliconeogênese. Outros substratos também contribuem para a 

gliconeogênese aumentada nessa situação (142–144). 



 

 

 

 

Alguns fatores liberados pelo tumor, como a IL-6, o TNF, a proteína relacionada 

ao hormônio da paratireoide (PTHrP), o fator mobilizante de lipídeos (LMF) e a zinco 

2-glicoproteína (ZAG; liberada pelo tecido adiposo), e o fator inibidor de leucemia 

(LIF) que estimulam a ativação do sistema β-adrenérgico, que induz o processo de 

lipólise, que consiste em uma cascata de reações mediadas por três enzimas (141,145–

149). Primeiramente, a lipase do triglicerídeo do tecido adiposo (ATGL) quebra o 

triaciglicerol (TAG) em diacilglicerol (DAG). Depois, a lipase sensível ao hormônio 

(HSL) transforma o DAG em monoacilglicerol (MG) e, finalmente, a MG lipase o 

transforma o MG, separando o glicerol da cadeia de ácido graxo (150). 

 O tecido adiposo branco é constituído, em sua maioria, por adipócitos brancos, os 

quais são compostos por uma grande gotícula de gordura e um pequeno núcleo deslocado, 

com pouca quantidade de mitocôndrias. Em contrapartida, o tecido adiposo marrom é 

composto por adipócitos marrons, que são formados por pequenas gotículas de gordura, 

uma grande quantidade de mitocôndrias e um núcleo. O número elevado de mitocôndrias 

faz com que o gasto energético desse tecido seja alto, pois a energia dispendida por essas 

células é liberada na forma de calor (151,152). Esse tecido, originalmente, tem função 

protetora; ao longo da vida, sua quantidade no organismo diminui significativamente. Os 

adipócitos beges são similares morfologicamente e funcionalmente aos adipócitos 

marrons originais; porém, com origens embrionárias diferentes - por isso a denominação 

distinta. (153). Foi observado, tanto em um modelo experimental como em pacientes 

caquéticos um aumento do tecido adiposo marrom (147). Mediadores como o PTHrP, 

induzem a expressão do coativador PRDM16, que interage com o fator de transcrição 

PGC1, estimulando o aumento das proteínas desacopladoras UCP-1 nas mitocôndrias, 

levando à transformação dos adipócitos brancos em adipócitos beges (153). O aumento 

desse tecido se deve ao processo de modificação do tecido adiposo branco para o tecido 



 

 

 

 

adiposo marrom, denominado de “browning” (28–30). Os principais mecanismos de 

lipólise associados ao câncer estão ilustrados na Figura 14. 

 

 

Figure 16 Alterações lipídicas induzidas pela caquexia.  Retirado de Tsoli et al (156). 

Licença para uso: 4610991193302. 

 

 

1.3.4 Tratamento  

 Atualmente, o único fármaco aprovado pela Food and Drug Administration (FDA) 

para o tratamento da caquexia é o acetato de megestrol (derivado sintético da 

progesterona), lançado em 1993; até o momento, seu mecanismo de ação na caquexia 

permanece desconhecido (154).   Seus principais efeitos são aumento do apetite, um leve 

aumento de peso corporal, redução de citocinas pró-inflamatórias e aumento de NPY no 

hipotálamo (155).  



 

 

 

 

 O uso da grelina na caquexia parece bastante promissor. A anamorelina, um 

análogo da grelina, tem sido testada em estudos clínicos de fase III, demonstrado efeitos 

positivos sobre a caquexia (156–158). Porém, em pacientes com câncer de pulmão de 

células não pequenas, altos níveis de grelina são associados apenas a pacientes que 

apresentaram anorexia e não caquexia, demonstrando que o tratamento com grelina e seus 

análogos pode ser benéfico apenas para uma parte da população oncológica (159). Do 

mesmo modo, a grelina tem sido testada em diferentes modelos pré-clínicos. Por 

exemplo, em um modelo experimental de caquexia, o tratamento com grelina e com 

agonistas do receptor de grelina inibiu a caquexia induzida, tanto pelo câncer, como pelo 

quimioterápico, cisplatina (160,161). 

 A caquexia induzida pelo câncer promove resistência à insulina, um dos principais 

mecanismos de atrofia muscular (131). A metformina, um medicamento utilizado no 

tratamento do diabetes mellitus tipo 2 (DM2), aumentou o consumo alimentar e 

prolongou a sobrevida de ratos caquéticos (162). Outro medicamento utilizado 

anteriormente para DM2, a rosiglitazona, preveniu perda de peso corporal e inibiu a 

atrofia muscular em um modelo experimental de câncer de cólon (131). Os 

sensibilizadores de insulina parecem promissores para o tratamento da caquexia; porém, 

mais estudos são necessários. 

 Em relação aos tratamentos não farmacológicos, há evidências demonstrando 

efeitos benéficos do exercício físico na caquexia e também de algumas estratégias 

nutricionais (163,164). Contudo, o quadro caquético difere da fome e, não somente uma 

dieta hipercalórica seria a solução (90,165). O uso da suplementação com óleo de peixe 

rico em ômega-3 é uma das estratégias mais comuns na nutrição oncológica. Todavia, 

apenas o EPA parece ter algum efeito anticaquético, quando administrado em combinação 

com outro suplemento ou medicação (166–168).  Porém, o uso do ômega-3 como 



 

 

 

 

tratamento coadjuvante na caquexia induzida pelo câncer ainda necessita de mais estudos 

(169). 

 De maneira notável, Baracos et al. (91) demonstraram (Figura 15) que, embora 

existam diferentes drogas sendo testadas para o manejo da caquexia associada ao câncer, 

ainda assim, o manejo nutricional ainda é o mais utilizado para o tratamento da caquexia 

associada ao câncer.   

 

Figura 17 Diferentes abordagens terapêuticas utilizadas na caquexia associada ao câncer. 

Retirada de Baracos et al (93). Licença para uso: 4610991012214 

 

 Uma vez que a caracterização dos receptores FFA é recente, ainda há poucos 

dados científicos dos seus possíveis mecanismos e alvos terapêuticos. Como descrito 

anteriormente, ambos receptores têm um efeito marcante sobre a resistência à insulina; 

porém, em um quadro de obesidade e DM2. Sabendo que a resistência à insulina é um 

dos principais mecanismos de atrofia muscular e que a inflamação crônica também é um 

mecanismo do desenvolvimento da caquexia, seria possível sugerir que esses receptores 

representam alvos terapêuticos para a caquexia induzida pelo câncer.   

  



 

 

 

 

3 Objetivos 

 

3.1 Objetivo geral 

 Revisar os efeitos dos ácidos graxos ômega-3 sobre as complicações relacionadas 

ao câncer e avaliar o papel dos receptores de ácidos graxos livres, FFA1 e FFA4, em um 

modelo experimental de caquexia associada ao câncer. 

 

3.2 Objetivos específicos 

▪ Realizar uma revisão crítica dos efeitos dos ácidos graxos ômega-3 sobre as 

complicações relacionadas ao câncer. 

▪ Avaliar os efeitos dos ligantes naturais - ALA e DHA - dos receptores FFA1 e 

FFA4, dos agonistas sintéticos duais, GW9508 e TUG891, e dos antagonistas 

seletivos do FFA1 e FFA4, GW1100 e AH7614, respectivamente, sobre o peso 

corporal, esplenomegalia, anemia e linfócitos circulantes de camundongos 

caquéticos induzidos pela linhagem LLC. 

▪ Analisar os efeitos da ativação dos receptores FFA1/FFA4, pelo agonista dual 

GW9508, sobre os níveis de citocinas, no modelo de caquexia induzida por LLC 

em camundongos. 

▪ Avaliar os efeitos dos ligantes naturais - ALA e DHA - dos receptores FFA1 e 

FFA4, dos agonistas sintéticos duais, GW9508 e TUG891, e dos antagonistas 

seletivos do FFA1 e FFA4, GW1100 e AH7614, respectivamente, sobre a 

musculatura esquelética e sobre o tecido adiposo visceral e subcutâneo de 

camundongos caquéticos induzidos pela linhagem LLC.  

▪ Avaliar os efeitos dos ligantes naturais - ALA e DHA - dos receptores FFA1 e 

FFA4, dos agonistas sintéticos duais, GW9508 e TUG891, e dos antagonistas 



 

 

 

 

seletivos do FFA1 e FFA4, GW1100 e AH7614, respectivamente, sobre 

alterações histológicas da musculatura esquelética e do tecido adiposo do modelo 

de caquexia induzida por LLC em camundongos. 

▪ Avaliar a expressão de UCP-1 no tecido adiposo no modelo de caquexia induzida 

por LLC em camundongos, após o tratamento com o agonista dual do 

FFA1/FFA4, GW9508. 

▪ Avaliar os efeitos dos ligantes naturais - ALA e DHA - dos receptores FFA1 e 

FFA4, dos agonistas sintéticos duais, GW9508 e TUG891, e dos antagonistas 

seletivos do FFA1 e FFA4, GW1100 e AH7614, respectivamente, sobre a 

atividade locomotora no modelo experimental de caquexia induzida por LLC em 

camundongos. 

▪ Avaliar os efeitos dos ligantes naturais - ALA e DHA - dos receptores FFA1 e 

FFA4, dos agonistas sintéticos duais, GW9508 e TUG891, e dos antagonistas 

seletivos do FFA1 e FFA4, GW1100 e AH7614, respectivamente, sobre a força e 

coordenação motora no modelo experimental de caquexia induzida por LLC em 

camundongos. 

▪ Caracterizar e analisar possíveis alterações cerebrais no modelo de caquexia 

induzida por LLC em camundongos, utilizando imagens geradas por 

microPET/CT, após o tratamento com os ligantes naturais – ALA e DHA – e com 

o agonista sintético dual dos receptores FFA1/FFA4, GW9508. 

▪ Analisar a expressão de FFA1 e FFA4 no tecido adiposo subcutâneo e visceral 

dos camundongos após a indução de caquexia pelas células LLC. 

▪ Analisar a expressão de FFA1 na musculatura esquelética e no pâncreas de 

camundongos submetidos à indução de caquexia pela implantação de células 

LLC, após o tratamento com o agonista dual para FFA1 e FFA4, GW9508.  
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Abstract: Omega-3 polyunsaturated fatty acids (PUFAs) are considered immunonutrients and are 

commonly used in the nutritional therapy of cancer patients due to their ample biological effects. Omega-

3 PUFAs play essential roles in cell signaling and in the cell structure and fluidity of membranes. They 

participate in the resolution of inflammation and have anti-inflammatory and antinociceptive effects. 

Additionally, they can act as agonists of G protein-coupled receptors, namely, GPR40/FFA1 and 

GPR120/FFA4. Cancer patients undergo complications, such as anorexia-cachexia syndrome, pain, 

depression, and paraneoplastic syndromes. Interestingly, the 2017 European Society for Clinical Nutrition 

and Metabolism (ESPEN) guidelines for cancer patients only discuss the use of omega-3 PUFAs for 

cancer-cachexia treatment, leaving aside other cancer-related complications that could potentially be 

managed by omega-3 PUFA supplementation. This critical review aimed to discuss the effects and the 

possible underlying mechanisms of omega-3 PUFA supplementation in cancer-related complications. 

Data compilation in this critical review indicates that further investigation is still required to assess the 

factual benefits of omega-3 PUFA supplementation in cancer-associated illnesses. Nevertheless, 

preclinical evidence reveals that omega-3 PUFAs and their metabolites might modulate pivotal pathways 

underlying complications secondary to cancer, indicating that this is a promising field of knowledge to be 

explored. 

Keywords: omega-3; cancer; nutrition; anorexia-cachexia syndrome; pain; depression; paraneoplastic 

syndromes 



 

 

 

 

 

1. Introduction 

Bang and Dyerberg investigated the Greenland Eskimo diet in the 1970s in order to determine the 

reason for why this population had a low prevalence of cardiovascular diseases. The Eskimo diet was 

composed of seal and whale blubber, containing high protein and low carbohydrate levels, as well as the 

same amount of fat, when compared to the regular Danish diet [1,2]. The leading cause of the low 

prevalence of cardiovascular diseases had been attributed to the high dietary contents of omega-3 

polyunsaturated fatty acids PUFAs) [3].  

Omega-3 PUFAs are classified as essential because they cannot be synthesized by the organism; 

hence, the consumption of food rich in omega-3, such as fish from cold waters, nuts, and seed oils, is 

mandatory [4]. The beneficial effects of omega-3 PUFA consumption are likely related to its anti-

inflammatory and pro-resolution effects, mainly due to the inhibition of nuclear factor kappa B (NF-B) 

and the production of pro-resolution mediators, such as resolvins, protectins, and maresins [5,6]. More 

recently, two G protein-coupled receptors, called Free Fatty Acid Receptor 1 (FFA1) and Free Fatty Acid 

Receptor 4 (FFA4), were identified as molecular targets for omega-3 PUFAs [7,8]. When activated, these 

receptors can promote a number of effects, such as improving the insulin sensibility, inducing adipose tissue 

browning, promoting analgesia by the release of -endorphin, controlling energy homeostasis, and 

diminishing food intake [9–12]. 

According to GLOBOCAN 2018, a project of the International Agency for Research on Cancer, 18.1 

million new cases of cancer and 9.6 million cancer-related deaths worldwide were estimated for the year 

2018. For 2020, 17 million new cases are estimated; 66% will live for nearly five years, and at least 40% 

will live for more than 10 years after diagnosis. Every year, 8.5 million people die from cancer [13]. Lung 

cancer is the most diagnosed type of cancer for both sexes and the leading cause of death. In males, lung 

cancer is also the most common and the first cause of death, followed by prostate and colorectal cancers. 

Among women, breast cancer is the leading type of cancer and the main cause of death, followed by 

colorectal and lung cancers [13].  

As stated by the International Association for the Study of Pain, pain is an “unpleasant sensory and 

emotional experience, associated with actual or potential tissue damage or described in terms of such 

damage”, and neuropathic pain is the principal type of pain in cancer patients [14–16]. Cancer pain is the 



 

 

 

 

most common cancer-related complication, reported by approximately 90% of patients. Unfortunately, up 

to 50% of these patients are poorly treated for this condition. Pain in cancer patients occurs because of the 

tumor growth itself, metastasis development, or treatment-related adverse effects, such as chemotherapy-

induced neurotoxicity. Pain in cancer survivors is also important because any change in this condition can 

indicate a recurrence of the tumor [14,15,17]. 

Another important cancer-associated complication is anorexia-cachexia syndrome, which affects up 

to 85% of cancer patients [18]. This condition is defined as a multifactorial syndrome with muscle atrophy, 

fat loss, and the progressive defeat of function, leading to a low quality of life, which cannot be reversed 

by conventional nutritional therapy [19]. Skeletal muscle atrophy and an increase of energy balance occur 

due to systemic inflammation and a reduced appetite. Particularly, systemic inflammation is the main 

mechanism for the development of proteolysis, lipolysis, insulin resistance, and a high resting energy 

expenditure in this condition [20]. Likewise, tumor-derived factors have similar roles as inflammatory 

cytokines regarding the catabolic effects. Additionally, cancer patients who develop cachexia lose their 

independence regarding daily chores, leading to a low quality of life [21,22].  

The diagnosis of cancer can provoke stress and sadness, leading to major depressive disorder (MDD). 

However, MDD is not only explained by the emotional impact of the diagnosis. Pro-inflammatory cytokines 

related to cancer and/or treatment play a key role in cancer-related depression [23]. The prevalence of 

depression in cancer patients is around four times higher than in the general population, although it does 

not increase with the severity of the disease. On the other hand, depression is associated with a poor 

prognosis in cancer patients, mainly due to the low adherence to treatment, which is caused by a lack of 

family ties and social support, by a history of childhood trauma, and by adverse life experiences [24,25].  

Paraneoplastic syndromes involve a wide variety of symptoms related to tumor presence but are not 

associated with development and malignancy, being a result of the tumor-induced release of hormones or 

peptides. Unlike the conditions cited above, in general, paraneoplastic syndromes only affect 8% of all 

cancer patients [26]. Interestingly, the presence of a paraneoplastic syndrome can lead to a cancer diagnosis. 

Paraneoplastic disorders can have a high mortality rate, but they are manageable and curable after cancer 

treatment. Due to the rarity of these cases, clinical evidence and guidelines to aid treatment are still lacking 

when compared to other cancer-related complications [26–28].  

Considering that approximately 20% to 80% of cancer patients use dietary supplements after diagnosis 

[29], the severity of cancer-associated complications, and the beneficial effects of omega-3 PUFAs, the 



 

 

 

 

purpose of this critical review article is to discuss the possible mechanisms and effects of omega-3 PUFA 

supplementation in principal cancer-related disorders. 

 

2. Omega-3 PUFAs and the Possible Mechanisms of Action in Cancer Complications 

Omega-3 PUFAs are essential fatty acids, containing between 18 and 22 carbons, with the first double 

bond on the third carbon, counting from the omega end. Omega-3 PUFAs comprise three different active 

molecules: (i) α-linolenic acid (ALA; 18:3n-3), (ii) eicosapentaenoic acid (EPA; 20:5n-3), and (iii) 

docosahexaenoic acid (DHA; 22:6n-3). ALA is synthesized in plants and can be found in seeds, nuts, and 

plant oils. EPA and DHA are not synthesized by the organism and can only be found in the flesh of cold-

water fish [30]. Interestingly, ALA can be converted to EPA and DHA by several reactions of elongation 

and desaturation, but these conversions produce small amounts of EPA and DHA in the organism [31]. 

The omega-6 arachidonic acid (AA; 20:4n-6) and linoleic acid (LA; 18:2n-6) are also essential fatty 

acids. Notably, both became major components of the cell membrane due to the increase of Western diets, 

rich in cereals and vegetable oils, containing excessive omega-6 PUFAs and leading to an undesired omega-

6/omega-3 ratio of 20:1 [32]. The metabolic pathways of AA and LA share the same enzymes that convert 

ALA to EPA and DHA, indicating that there is competition between the pathways. In inflammatory 

processes, membrane phospholipids are cleaved by phospholipase A2 (PLA2) to release AA to the 

cytoplasm and initiate the production of highly inflammatory eicosanoids (such as prostaglandin E2 and 

leukotriene B4) by the action of cyclooxygenases and lipoxygenases. The membrane lipid composition 

modification from an omega-6 PUFA to omega-3 PUFA profile is very important because it increases the 

production of omega-3-derived mediators, such as thromboxane A3 and prostacyclin I3, which are weaker 

inducers of inflammation [33]. Supporting this mechanism, a systematic review and meta-analysis 

demonstrated that omega-3 PUFAs were able to reduce thromboxane B2 blood levels in subjects with a 

high risk of cardiovascular diseases, along with a decrease of leukotriene B4 in the neutrophils of unhealthy 

patients [34]. Regarding lymphocyte membranes, an in vitro and pilot clinical study evaluated the fatty acid 

composition of CD4+T cell membranes after EPA and DHA supplementation. The in vitro analysis showed 

that EPA or DHA incubation increased the membrane contents of omega-3 PUFAs. Additionally, the pilot 

clinical study from the same article evaluated the membrane composition of lymphocytes in elderly 

individuals after six weeks of omega-3 PUFA supplementation and observed a similar omega-3 PUFA-rich 



 

 

 

 

membrane [35]. Additionally, a review article demonstrated that EPA and DHA supplementation are often 

employed in the nutritional therapy of cancer patients and promotes beneficial effects during cancer 

treatment due to a membrane modulation [36]. On the other hand, an analysis of the fatty acid composition 

of the red blood cells of cancer patients showed that there was no difference between the omega-3 PUFAs 

contents in the membrane of cancer patients and healthy subjects, irrespective of their diet. Interestingly, 

the same cancer patients showed higher omega-6 PUFA contents and an increased desaturation activity, 

demonstrating a higher inflammatory profile [37]. 

The notion that an omega-3 PUFA-enriched membrane could be favorable for disease management 

was corroborated by the discovery of pro-resolution mediators of inflammation, derived from omega-3 

PUFAs. Over the past decade, the identification of resolvins, protectins/neuroprotectins, and maresins was 

a milestone—currently, it is well-recognized that solving, rather than inhibiting, inflammation is quite an 

interesting approach for the treatment of a series of chronic illnesses such as cancer.  

In acute inflammation, the production of prostaglandins by the action of cyclooxygenases-1 and -2 is 

essential for blood flow regulation and an increase of endothelial permeability. Additionally, the production 

of leukotrienes is required for leukocyte migration [38]. Notably, it was believed that all products of the 

inflammatory process, such as eicosanoids, prostanoids, cytokines, and chemokines, are diluted over time 

and that the inflammation process would be resolved [39]. Nevertheless, studies demonstrated that a group 

of lipid pro-resolution mediators, derived from arachidonic acid (AA), namely lipoxins, were crucial to 

stopping the pro-inflammatory signals, indicating that the resolution of inflammation is an active process 

[40]. Lipoxins can inhibit the entrance of new neutrophils and stimulate macrophages to clear apoptotic 

neutrophils [41]. Remarkably, omega-3 PUFAs are crucial for the generation of potent pro-resolution 

mediators, with similar actions to lipoxins, such as resolvins, protectins, neuroprotectins, and maresins. 

Resolvins are divided into the series E (RvE) and D (RvD), originating from EPA and DHA, respectively. 

As for protectins, neuroprotectins and maresins originate from DHA, but maresins are produced only by 

macrophages [42–44]. These mediators of resolution can decrease the leukocyte infiltration and reduce 

cellular debris, leading to the cessation of the inflammatory process [44]. Notably, they have been widely 

investigated, showing beneficial effects in a series of preclinical inflammation models. Regarding the 

effects of these pro-resolution mediators in cancer, RvD1, RvD2, and RvE1 were capable of reducing the 

debris-stimulated cancer progression by inducing macrophage phagocytosis and diminishing pro-

inflammatory cytokines [45]. Likewise, DHA-derived pro-resolution mediators, such as neuroprotectin D1, 



 

 

 

 

maresin 1, and RvD1 and RvD5, displayed important analgesic effects in a mouse model of postoperative 

pain after bone fracture when administered after surgery. Nevertheless, the same study demonstrated that 

DHA administration before surgery partially reduced postoperative pain due to the conversion of DHA to 

pro-resolution mediators [46]. Concerning the effects of resolution mediators on depression, RvE1 and 

RvE2 intracerebroventricular (i.c.v.) administration significantly decreased lipopolysaccharide (LPS)-

associated depressive behavior via the activation of the resolvin receptor ChemR23 according to the 

assessment of LPS-induced depression in a mouse model [47]. Similarly, a study of our group revealed the 

beneficial effects of RvD2 treatment in the depression-like behavior in a mouse model of fibromyalgia [48]. 

A critical review speculated that the resolution of inflammation is flawed in cancer-cachexia, suggesting 

that the induction of the resolution process would be beneficial for cancer-cachectic patients [49]. 

Surprisingly, there are no experimental or clinical studies investigating the effects of pro-resolution 

mediators in cancer cachexia.  

Omega-3 PUFAs can activate G protein-coupled receptors, generating intracellular effects. Firstly, 

Briscoe et al. (2003) identified the FFA1 receptor, formerly known as the G-protein coupled receptor 40 

(GPR40), as a free fatty acid receptor. It was observed that long-chain fatty acids could cause a 

concentration-dependent increase in intracellular calcium in human embryonic kidney (HEK293) cells 

expressing FFA1 [7]. The expression of the FFA1 receptor indicates that this receptor is an important 

molecular target for metabolism control, as observed in the gastrointestinal tract, pancreatic β-cells, and 

brain [50–52]. Regarding the effects of FFA1 in the metabolism, the activation of this receptor is associated 

with glucagon-like peptide-1 (GLP-1) and cholecystokinin release [53,54]. More recently, it was observed 

that the FFA1 receptor is expressed in the melanocortin system, specifically in the neuropeptide Y/Agouti-

related peptide (NPY/AgRP) and proopiomelanocortin/cocaine- and amphetamine-regulated transcript 

(POMC/CART) neurons [55]. Interestingly, the FFA1 expression is upregulated in other tissues under 

pathological situations, such as periodontitis, which is associated with metabolic syndrome [56]. Regarding 

the antidiabetic effect, FFA1 has been widely investigated as a molecular target for diabetes, mainly due to 

the glucose-stimulated insulin secretion via protein kinase C/inositol triphosphate (PKC/IP3) activation and, 

consequently, intracellular calcium increase, inducing insulin release [57,58]. In virtue of this effect, TAK-

975, a synthetic selective FFA1 agonist, was tested until phase II of clinical trials for diabetes management. 

Unfortunately, the clinical investigation had been interrupted because patients developed hepatoxicity and 

liver failure [59,60]. More recently, the role of the FFA1 receptor in the central nervous system has attracted 



 

 

 

 

interest. The activation of this receptor by DHA demonstrated analgesic effects in different experimental 

pain models [11,12,61,62]. As for FFA1 ligands, long-chain fatty acids are considered endogenous agonists, 

mainly DHA, but the studies demonstrated that oleic acid is also a potent FFA1 agonist [10,61- 63]. 

After the identification of FFA1 as a free fatty acid receptor, FFA4, formerly known as G-protein-

coupled receptor 120 (GPR120), was also identified as part of this new family of G-protein coupled 

receptors. On the subject of FFA4 ligands, EPA, ALA, and DHA are considered endogenous ligands, but 

the latter presents a lesser potency [64]. Similar to FFA1, FFA4 is also activated by long-chain fatty acids 

and also has metabolic functions [8,65]. Notably, the expression of this receptor can be induced by a fish 

oil-enriched diet and by the aerobic exercise of different organs [66,67]. Osteoclasts and osteoblasts also 

express FFA4, and in the presence of high levels of omega-3 fatty acids, it can promote bone formation and 

inhibit bone resorption [68]. The FFA4 receptor can be found in the taste buds, liver, adipose tissue, 

intestines, macrophages, and pancreas [69]. Interestingly, the human FFA4 receptor exists in two isoforms: 

long and short. The long has a 16-residue segment in the third intracellular loop that decouples the receptor 

from the G protein. However, both isoforms can activate β-arrestin-2, recruiting the transforming growth 

factor -activated kinase 1(TAK1)-binding protein 2 (TAB2), which inhibits TAK1, leading to anti-

inflammatory effects [65]. As for the main mechanism of action of FFA4, the activation of this receptor 

leads to Gq/11 protein activation, stimulating IP3 and, consequently, increasing intracellular calcium 

concentration, resulting in hormone secretion. Regarding the effects of FFA4 in obesity, it was observed 

that FFA4 is localized in NPY-positive neurons, indicating that FFA4 activation by omega-3 PUFAs can 

decrease appetite, food reward, and anxiety-like behavior [70,71]. At last, the activation of FFA4 induces 

the browning of the adipose tissue (white adipocytes are transformed into beige adipocytes), indicating 

another mechanism against the development of obesity [9,72]. Thus, it is tempting to suggest that FFA4 

activation by omega-3 PUFAs might interfere with cancer bone metastasis and cachexia, although further 

studies on this hypothesis are still required.  

3. Omega-3 PUFAs as Part of Pharmaconutrition in Cancer Patients 

The areas of immunonutrition and pharmaconutrition have emerged due to the impact of nutrients in 

the organism being greater than the nutrition itself. Nevertheless, pharmaconutrition, which is characterized 

by nutrient supplementation at pharmacological doses, seems to be more promising than immunonutrition, 

defined as a nutrient-enriched diet [73]. Malnourished cancer patients can display a diminished response to 



 

 

 

 

cancer therapy, increase in infections, an extension of the length of hospital stay, an augmentation of the 

risk of postoperative complications, and death [74,75]. Patients may experience mechanical and functional 

alterations, especially when the tumor is located in the gastrointestinal tract. Additionally, they can display 

adverse effects related to cancer treatment, such as nausea, vomiting, mucositis, xerostomia, and/or 

dysphagia [76]. Also, a high inflammatory state in cancer patients might be related to cancer complications, 

such as depression, cachexia, pain, and paraneoplastic syndromes [77,78]. Immunonutrition with omega-3 

PUFAs, glutamine, arginine, and ribonucleotides is often prescribed to cancer patients and is believed to 

maintain immunocompetence during the treatment [79,80]. Conversely, other clinical randomized trials 

observed that immune-enhancing diets, when offered to cancer patients, failed to improve the immune 

response and were no different from standard diets [81–83]. Alternatively, pharmaconutrition is employed 

as a nutrient supplementation during cancer treatment in order to diminish treatment-related complications. 

Currently, omega-3 PUFAs can be considered as pharmaconutrients, acting as receptor agonists, 

modulating molecular pathways, reducing the inflammatory response, increasing the chemotherapy 

efficacy, and consequently improving the overall survival of cancer patients [84–86]. Curiously, low 

contents of omega-3 PUFAs in the mammary region seem to contribute to breast cancer multifocality, 

indicating that omega-3 PUFA supplementation is important for cancer management and prevention [87]. 

Therefore, omega-3 PUFA-based pharmaconutrition is likely useful for handling cancer-related outcomes. 

4. Cancer-Related Pain 

Most cancer patients experience different types of pain associated with the disease. Cancer patients 

often report intense pain, leading to a lower performance status [88]. Pain might be related to tumor 

localization, but it can also arise due to chemotherapy treatment and/or surgery [89]. Notably, cancer pain 

comprises inflammatory and neuropathic mechanisms in virtue of tumor mass development [90]. Signaling 

molecules that are released by the environment are responsible for tissue remodeling and for tumor invasion 

and metastasis. These molecules can be pro-inflammatory cytokines, chemokines, and growth factors, 

which are released by cells in order to modulate tumor growth [91]. Additionally, chemo- and radiotherapy 

induce toxicity and inflammation, evoking painful symptoms, decreasing patients’ quality of life and, 

consequently, diminishing the treatment adherence [92].  

Peculiarly, we were not able to find any clinical or experimental studies on omega-3 supplementation 

for alleviating tumor-related pain. Similarly, clinical evidence of the effects of omega-3 supplementation 



 

 

 

 

in therapy-related pain is still scarce. Preclinical and clinical evidence on the neuroprotective effects of 

omega-3 PUFAs on chemotherapy-associated pain is provided in Table 1. Supporting the favorable 

analgesic actions of omega-3 PUFAs, a systematic review demonstrated that a nutritional supplement 

enriched with fish oil decreased the symptoms of fatigue and pain in patients during chemo- and/or 

radiotherapy, probably due to weight maintenance and reduced inflammatory status [93,94].   

One might dispute the mechanisms underlying the analgesic effects of omega-3 PUFAs in cancer 

patients. A study, conducted by our research group, demonstrated that an omega-3 PUFA-enriched diet 

evoked analgesic effects in a mouse model of cyclophosphamide-induced visceral pain due to the 

overexpression of the FFA1 receptor in the spinal cord [11]. According to studies on other pain models, the 

activation of the FFA1 receptor induces the release of β-endorphin, noradrenaline, and serotonin, 

accounting for the analgesic actions of DHA [12,62]. Recently, it was observed that RvD2 decreased cancer 

pain in an experimental model of oral squamous cell carcinoma, probably via the downregulation of RvD2 

receptors in this cancer cell, indicating that the resolution pathways could be suppressed. Another possible 

mechanism is the inhibition of several members of the transient receptor (TRP) family, such as TRPV1, 

TRPA1, TRPV3, and TRPV4 by RvD2 [95]. In virtue of the conversion of omega-3 PUFAs in specialized 

pro-resolution mediations, such as resolvins, protectins, and maresins, it is tempting to suppose that omega-

3 PUFA supplementation prior to or during cancer treatment could inhibit or delay the appearance of 

treatment complications, such as pain and neuropathy.  

Table 1. A summary of the articles discussed above regarding the effects of omega-3 PUFAs in 

cancer and cancer-treatment complications. 

Authors 

Cancer-related 

Complication 

Species 

Cancer type Treatment 

Scheme 

Major 

Outcome 

Hershmann et 

al., 2015 [96] 

Aromatase-inhibitor 

associated arthralgia 

Human 

Breast 

cancer 

3.3 g 1 FO (560 

mg EPA + 

DHA; 40:20) 

Decreased pain, 

evaluated by the  

2 BPI between 

the baseline and 

week 24 (p < 

0.01) 



 

 

 

 

Shen et al., 

2018 [97] 

Aromatase-inhibitor 

associated arthralgia 

Human 

Breast 

cancer 

(obese) 

3.3 g FO (560 

mg EPA + 

DHA; 40:20) 

Pain reduction 

in  

3 BMI > 30 

kg/m² patients (p 

= 0.02) 

Martínez et al., 

2018 [98] 

Aromatase-inhibitor 

musculoskeletal 

symptoms (AIMSS) 

Human 

Breast 

cancer 

460 mg 

EPA+DHA 

12.5 mg 

hydroxytyrosol 

50 g curcumin 

Decrease of the 

BPI total score 

after 30 days (p 

= 0.011) 

Ghroreishi et 

al., 2012 [99] 

Paclitaxel-induced 

neuropathy 

Human 

Breast 

cancer 

640 mg FO 

(54% DHA + 

10% EPA) 

70% did not 

develop 

neuropathy 

no pain score 

assessed 

Maschio et al., 

2018 [100] 

Bortezomib-related 

neuropathy 

Human 

Multiple 

myeloma 

Neuronorm® 

(400 mg DHA + 

600 mg ALA) 

Pain failed to 

increase 

significantly (p 

= 0.33) 

Freitas et al., 

2016 [11] 

Cyclophosphamide-

induced hemorrhagic 

cystitis 

Mice - 

20% FO-

enriched diet or 

1 µmol/kg i.p. 

Decrease in 

spontaneous 

pain behavior 

and abdominal 

allodynia (p < 

0.01) 

Ye et al., 2018 

[95] 

Oral and paw cancer 

pain 

Mice 

Oral 

squamous 

cell 

carcinoma 

RvD1 (100 ng 

or 200 ng) or 

RvD2 (100 ng 

or 200 ng) i.p. 

RvD2 inhibited 

thermal and 

mechanical pain; 



 

 

 

 

RvD1 inhibited 

thermal pain 

1 FO: Fish oil; 2 BPI: Brief pain inventory; 3 BMI: body mass index. 

5. Anorexia-Cachexia Syndrome 

The use of omega-3 PUFA supplementation to treat anorexia-cachexia syndrome is commonly 

employed in cancer patients. However, the beneficial effects of these molecules for this complication are 

still questionable [101]. Particularly, there are no treatment plans for anorexia-cachexia syndrome in virtue 

of the multifactorial characteristics of this syndrome [102], demonstrating that an open discussion on the 

benefits of low-cost management, such as fish oil supplementation, is extremely important for clinical 

practice.  

Regarding clinical evidence, studies using fish oil supplements, as a source of omega-3 fatty acids, 

demonstrated distinct effects on the development of cancer cachexia. For instance, head and neck cancer 

patients receiving an omega-3-enriched nutritional supplement received no benefits concerning cachexia 

features [103]. However, fish oil supplementation stabilized the weight of gastrointestinal cancer patients 

[104,105]. Interestingly, a recent systematic review evaluated the effects of fish oil for cachexia in advanced 

cancer, concluding that clinical evidence is still uncertain due to a weak methodology and a large variation 

of fish oil dosages. However, fish oil supplementation could benefit postoperative recovery and reduce 

complications, such as impaired wound healing and infections [106].  

Remarkably, the plasmatic contents of omega-6/omega-3 and ALA/EPA were associated with muscle 

atrophy in cachectic cancer patients, indicating that these molecules may participate in the development of 

cancer cachexia [107,108]. A recent review article demonstrated that, during the last 23 years, in 31 clinical 

trials, cancer patients had some benefit from the use of omega-3 supplementation, mainly EPA. Regardless 

of the quantity of clinical and preclinical studies, this review concluded that the mechanisms underlying 

the benefits of omega-3 supplementation for cancer cachexia are still unknown [109]. Notably, EPA 

supplementation improved body weight and lean body mass in cancer patients by modulating circulating 

inflammatory markers, such as tumor necrosis factor (TNF), interleukin-1 β (IL-1β), interleukin-6 (IL-6), 

and interferon- γ (IFN-γ), demonstrating an inhibitory effect on inflammatory parameters related to muscle 

atrophy and lipolysis [110]. Additionally, Pappalardo et al. (2015) reviewed the issue of EPA as an anti-

inflammatory agent, concluding that EPA supplementation has a positive effect in stabilizing lean body 



 

 

 

 

mass when compared to standard supplementation by diminishing the levels of C-reactive protein, IL-6, 

and TNF [111]. Two systematic reviews drew different conclusions regarding omega-3 supplementation. 

Colomer et al. (2007) demonstrated grade-B evidence (reasonable scientific evidence suggesting that the 

clinical benefits overcome the potential risks), suggesting that a dose of at least 1.5 g per day of EPA/DHA 

is related to enhanced clinical, biological, and quality of life parameters [112]. On the other hand, Mazzotta 

and Jeney (2008) showed that EPA and DHA failed to show significant clinical benefits related to body 

weight, lean body mass, survival, and life quality [113]. Concerning DHA alone, there is no clinical 

evidence demonstrating the effects of this molecule in cancer-associated cachexia. 

Preclinical evidence provides further knowledge about the favorable effects of omega-3 

supplementation in cancer-associated cachexia. In an in vivo model of cancer cachexia, EPA 

supplementation decreased the expression of zinc-α2-glycoprotein (ZAG), a lipolytic factor, in white and 

brown adipose tissue [114], demonstrating another mechanism of action related to EPA supplementation in 

cachexia. Regarding the EPA anti-lipolytic effect, Du et al. (2015) observed similar effects in the S180 

ascitic cancer model after treatment with EPA derived from the starfish, Asterias amurensis, which was 

due to a reduction of ZAG, adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL), 

peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α), and mitochondrial 

uncoupling protein 2 (UCP-2) expressions [115]. Notably, EPA supplementation alone reversed some 

aspects of the Lewis lung cancer-cachexia mouse model. However, training exercise, combined with EPA, 

promoted a stronger recovery after the development of lung cancer-associated cachexia in mice, mainly via 

the inhibition of the ubiquitin-proteasome system [116]. Concerning the effects of DHA alone in preclinical 

models of cancer-associated cachexia, the existing evidence is still scarce. In a mouse model of 

chemotherapy-induced body weight loss, a DHA-enriched diet was able to prevent body weight loss and to 

reduce glycerol release, indicating that DHA also had an anti-lipolytic effect [117]. In reference to the use 

of ALA in cancer cachexia, one study evaluated the effect of this molecule in a rat model of cancer cachexia 

using Oro Inca Oil (derived from Sacha inchi oil, a plant from the Andes), which is rich in ALA. Tumor-

bearing rats receiving Oro Inca oil displayed an improvement of body weight, diminished IL-6, and TNF 

circulating levels, as well as decreased triacylglyceride (TAG) levels, demonstrating that ALA-rich oil also 

has anti-cachectic effects [118]. For a better comprehension of the scenery regarding cachexia management, 

Table 2 summarizes the data discussed above regarding the use of omega-3 PUFAs in this syndrome. 



 

 

 

 

In light of the literature data, the use of omega-3 supplementation likely represents an interesting 

treatment option for cancer cachexia management in virtue of its anti-inflammatory, anti-lipolytic, and anti-

catabolic actions. Since there are no studies involving cancer-associated cachexia and pro-resolution 

mediators, it is reasonable to propose that omega-3 conversion to pro-resolution mediators underlie part of 

the beneficial effects of omega 3 PUFAs in cancer. However, the absence of studies analyzing the role of 

free fatty acid receptors in cancer-induced cachexia limits our knowledge of the beneficial mechanisms 

mediating the omega-3 effects on this cancer-associated complication, indicating that novel studies are still 

required.  

Table 2. A brief summary of the selected articles on the use of omega-3 PUFAs as a treatment 

for cancer-related cachexia. 

Authors 

Cancer-related 

complication 

Species Cancer Type 

Treatment 

Scheme 

Major 

Outcome 

Hanai et al., 

2018 [103] 

Cachexia-anorexia 

syndrome 

Human 

Head and neck 

squamous cell 

carcinoma 

Prosure ® 

(1056 mg 

EPA) 

No significant 

difference 

among 

experimental 

groups 

Persson et al., 

2005 [104] 

Cachexia-anorexia 

syndrome 

Human 

Advanced 

gastrointestinal 

cancer 

30 mL/d 1 

FO (4.9g 

EPA + 3.2 g 

DHA) 

FO stabilized 

weight in 27% 

patients 

Shirai et al., 

2017 [105] 

Cachexia-anorexia 

syndrome 

Human 

Advanced 

gastrointestinal 

cancer 

Prosure ® 

(1.1 g EPA 

+ 0.5 g 

DHA) 

Increase of 

body weight 

and lean body 

mass (p = 

0.002/p < 

0.001) 

Werner et al., 

2017 [119] 

Cachexia-anorexia 

syndrome 

Human 

Pancreatic 

cancer 

6.9g 

EPA/13.6 g 

No significant 

differences 



 

 

 

 

DHA in 

100g or 8.5g 

EPA/ 12.3 g 

DHA in 

100g 

between 

omega-3 

PUFA 

treatments 

Solis-

Martínez et 

al., 2018 

[110] 

Cachexia-anorexia 

syndrome 

Human 

Head and neck 

squamous cell 

carcinoma 

2 g EPA 

Weight and 2 

LBM 

maintenance  

Hajjaji et al., 

2012 [117] 

Chemotherapy-

induced cachexia 

Rat 

Chemically-

induced tumor + 

doxorubicin 

treatment 

DHA-

enriched diet 

(80g/kg diet) 

DHA diet 

avoided weight 

loss 

Schissel et 

al., 2015 

[118] 

Cancer-associated 

cachexia 

Rat 

Breast 

carcinoma 

(Walker 256 

cell line) 

53.6% EPA 

+ DHA or 

54.4% ALA 

ALA and EPA 

improved 

weight gain 

(cachectic vs. 

cachectic + 

omega-3 p < 

0.05) 

Du et al., 

2015 [115] 

Cancer-related 

cachexia 

Mice 

Sarcoma (S180 

cell line) 

42% EPA + 

6.8% DHA 

Decreased 

lipolysis and 

increased body 

weight (p < 

0.001) 

Penna et al., 

2011 [116] 

Cancer-related 

cachexia 

Mice 

Lewis lung 

carcinoma 

EPA (0.5 

g/kg) or 

EPA (0.5 

g/kg) + 

exercise 

EPA + exercise 

significantly 

improved 

muscle weight 

(p < 0.05) 



 

 

 

 

Muzio et al., 

2016 [120] 

Cachexia in vitro 

model 

Human 

Lung 

adenocarcinoma 

50 µM EPA 

+ DHA 

Myoblast 

formation  

1 FO: Fish oil; 2 LBM: lean body mass. 

6. Major Depression Disorder (MDD) 

Depression commonly occurs in cancer patients, affecting between 5% and 60% of oncological 

patients [121]. Pro-inflammatory cytokines, such as TNF, IL-1β, and IFN-γ, are released by the tumor–host 

interaction and can reach the hypothalamus, inducing a depression-like behavior. These cytokines can also 

stimulate the expression of serotonin and noradrenaline uptake transporters, leading to a diminished 

quantity of these neurotransmitters in the central nervous system [122]. Additionally, cancer-related 

depression can be evoked by cancer-independent mechanisms due to the impact of cancer diagnosis and 

stress [123]. Another probable mechanism, responsible for the development of cancer-related depression, 

is the upregulation of the leptin receptor, as observed in the gastric tissue of depressive gastric cancer 

patients, demonstrating that leptin may be involved in the pathogenesis of cancer-associated depression 

[124].  

Regarding the participation of omega-3 in cancer-associated depression, it was observed that, in newly 

diagnosed Japanese lung cancer patients, the ALA and total omega-3 consumption was inversely associated 

with the development of depression. Nonetheless, EPA and DHA intake displayed no interaction 

whatsoever [125]. On the contrary, in the same population, a higher serum DHA was correlated with minor 

depression, but the authors indicated that the study had several limitations that could influence this 

conclusion [126]. Surprisingly, no further clinical trial investigated whether omega-3 PUFA 

supplementation could, to some extent, benefit cancer-related depression.  

An overall analysis of the literature regarding the effects of omega-3 PUFAs in depression revealed 

controversial data. For instance, a meta-analysis study suggested that omega-3 supplementation is 

beneficial for depressed individuals [127]. On the other hand, Appleton et al. (2016) claimed that there is 

insufficient evidence to determine that omega-3 supplementation could be useful for depression treatment 

[128]. Nonetheless, Smith et al. (2017) demonstrated that a low-dose of DHA reduced depression and, 

interestingly, decreased insomnia, leading to a much-elevated quality of life [129]. In a cross-sectional 

analysis, a moderate dietary intake of omega-3 PUFAs was associated with a lower prevalence of 

depression [130]. It was noteworthy that patients with schizophrenia and depression displayed a low 



 

 

 

 

erythrocyte omega-3 index [131]. Similarly, Bigornia et al. (2016) demonstrated that the erythrocyte 

omega-3 index was inversely associated with depression in patients with elevated oxidative stress 

biomarkers [127]. Additionally, Müller et al. (2015) stated that a lack of omega-3 PUFAs in the brain could 

lead to a higher probability of developing depression and anxiety disorders [128]. Therefore, these studies 

support the hypothesis that omega-3 PUFAs can at least play a partial role in brain diseases, such as MDD.  

As for the depression-like behavior related to cancer treatment, Orchard et al. (2016) considered that 

omega-3 supplementation could be beneficial for chemotherapy-induced cognitive alterations, such as 

depression [132]. Regarding preclinical evidence, rats submitted to repeated LPS administration displayed 

depressive-like behaviors, associated with decreased levels of monoamines besides an increase of apoptotic 

markers in the hippocampus and prefrontal cortex. It was noteworthy that fish oil supplementation reversed 

all of these effects, displaying an important anti-inflammatory action [133]. Fat-1 is a transgenic mouse 

model that endogenously transforms omega-6 to omega-3 by expressing C. elegans fat-1 gene-encoding 

omega-3 desaturase [134]. Strikingly, these animals displayed benefits regarding neuroinflammation and 

oxidative stress in the depression model induced by LPS. Interestingly, this study showed that LPS 

depression induces a pro-inflammatory M1 phenotype in hyperactive microglia, and endogenous omega-3 

shifted this phenotype to an anti-inflammatory phenotype M2 [135].  

According to Larrieu and Layé (2018), omega-3 PUFAs exhibit neuroprotective effects in the 

development of brain diseases, such as depression and anxiety, particularly by the sensing activity of free 

fatty acid receptors [136]. The effects, modulated by an activation of the free fatty acid receptors, mainly 

FFA1, were only observed in experimental models, but it is possible to surmise that the activation of this 

receptor might be important for depression management. For instance, the repeated administration of 

GW9508, an FFA1 receptor agonist, was able to diminish the immobility time of mice during a forced 

swimming test. Additionally, the same study showed that DHA and AA levels were decreased in the 

hippocampus after the behavioral test, although the FFA1 expression remained unaltered [137]. 

Corroborating these data, Aizawa et al. (2016) demonstrated that FFA1 knockout mice exhibited augmented 

anhedonia and altered levels of serotonin, dopamine, and noradrenaline in the hippocampus [138]. Similar 

effects were observed in FFA1 knockout female mice. In addition to the increased anhedonia, female mice 

presented reduced maternal care, such as negligence and infanticide; reduced locomotor activity; and 

decreased social interaction [139]. Concerning the effects of pro-resolution mediators in depression, 



 

 

 

 

molecules derived from DHA were further investigated rather than EPA-derived molecules, revealing the 

antidepressant effects of resolvins of the D series when given i.c.v. in rodent models [47,140–142].  

Taking into account the effects promoted by omega-3 PUFAs in different animal models of depression 

and depressed individuals, as summarized in Table 3, it is possible to assume that omega-3 and omega-3-

derived mediators can play an important role in MDD, possibly via the activation of FFA1 or resolution 

pathways. Considering the evidence mentioned above, the management of depression in cancer patients 

could very well be another indication supporting omega-3 PUFA supplementation in the treatment of 

cancer. An improvement of the depression symptoms by omega 3 or related fatty acid dosing might 

contribute to a better response to cancer treatment and an overall life quality improvement of the affected 

individuals.  

Table 3. A brief summary of the selected articles using omega-3 PUFAs as treatment for 

depression. 

Authors 

Clinical or 

experimental condition 

Species 

Treatment 

scheme 

Major outcome 

Chhetry et al, 

2016 [143]  

MDD Human 

4 g 1 FO (1.6 g 

EPA + 0.8 g 

DHA) 

Improved MDD-related 

white matter deficiency 

Smith et al., 

2017 [129]  

MDD Human 

260 mg or 520 

mg DHA  

54% of patients showed a 

reduction of depression 

severity  50% 

Wu et al., 

2018 [144] 

Chemotherapy-induced 

depression 

Rat 

1.5 g/kg 

omega-3 

PUFAs (34% 

EPA + 24 % 

DHA) 

PUFAs inhibited 

depressive-like behaviors 

(p < 0.001) 

Dang et al., 

2018 [133] 

LPS-induced depression Rat 

1.5 g/kg 

omega-3 

PUFAs (34% 

Omega-3 PUFAs decreased 

depressive behavior (p < 

0.001) 



 

 

 

 

EPA + 24 % 

DHA) 

Nishinaka et 

al., 2014[137] 

Behavioral despair 

paradigm 

Mice 

GW9508 (1.0, 

10 or 25 

µg/mouse) i.c.v 

 

FFA1 activation decreased 

immobility in a tail 

suspension test (p < 0.05) 

Deyama et al., 

2017 [140] 

LPS-induced depression Mice 

RvD1 (10 ng 

i.c.v.) or RvD2 

(10 ng i.c.v.) 

Both treatments inhibited 

depressive-like behaviors 

(p < 0.005) 

Deyama et al., 

2018 [141] 

LPS-induced depression Mice 

RvE3 (10 and 

100 ng i.c.v.) 

Inhibition of depressive 

behavior (p < 0.005) 

Ishikawa et 

al., 2017 [142] 

Chronic unpredictable 

stress-related depression 

Mice 

RvD1 (10 ng 

i.c.v.) or RvD2 

(10 ng i.c.v.) 

Both treatments inhibited 

depressive behavior for 24 

h (p < 0.05) 

1FO: Fish oil. 

7. Paraneoplastic Syndromes 

Paraneoplastic syndromes are multiple clinical complications that are related to tumor metabolites, 

but they are considered rare. These syndromes are categorized as neurological, endocrinological, 

hematological, dermatological, and rheumatological complications [26]. Interestingly, it is possible to 

suppose that complications, such as anorexia-cachexia syndrome and cancer pain, could also be classified 

as paraneoplastic syndromes due to their pathophysiology mechanism. 

Endocrine paraneoplastic syndromes occur due to the interaction of substances released by the tumor 

cells originating from endocrine or neuroendocrine cells, which are distributed through different parts of 

the human body. Non-endocrine tumor cells can also liberate substances, promoting similar symptoms and 

sharing the same clinical features [27]. The most common endocrine paraneoplastic syndromes are 

hypercalcemia, the syndrome of inappropriate antidiuretic hormone secretion (SIADH), and Cushing’s 

syndrome. On the other hand, other complications, such as non-islet cell tumor hypoglycemia, 

gynecomastia, acromegaly, hypertension, ovarian hyperstimulation syndrome, hyperprolactinemia, 

hyperthyroidism, and secretory diarrhea, are considered rare endocrine paraneoplastic syndromes [145]. As 



 

 

 

 

for hypercalcemia, this syndrome develops due to the protein related to the parathyroid hormone-related 

peptide (PTHrP) released by the tumor, stimulating bone resorption and leading to higher levels of serum 

parathyroid hormone (PTH) and osteoclast hyperactivity. Interestingly, the same PTHrP secretion induces 

the browning of the adipose tissue, leading to an increase of energy expenditure and leading to the cachectic 

state [146]. One might presume that omega-3 supplementation could be beneficial for hypercalcemia-

associated bone resorption because it was observed that, in an animal model of apical periodontitis, omega-

3 supplementation reduced bone resorption by the downregulation of the inflammatory cells influx [147]. 

Moreover, the combination of omega-3 supplementation and exercise in postmenopausal healthy women 

promoted diminished serum PTH levels, leading to an improvement of skeletal health [148]. Nevertheless, 

there is no evidence linking paraneoplastic tumor-induced hypercalcemia and omega-3, as well as in 

relation to other kinds of paraneoplastic endocrine syndromes.  

Neurological paraneoplastic syndromes are a consequence of the production of tumor antibodies, 

known as onconeural antibodies, which react with the nervous system, promoting damage [149]. 

Interestingly, neurological paraneoplastic syndromes are detected before cancer diagnosis and can help 

patient prognosis by a premature treatment initiation. The most common neurological paraneoplastic 

syndromes are encephalopathies, neuropathies, encephalomyelitis, cerebellar degeneration, myelitis, 

myasthenic syndrome, myasthenia gravis, neuromyotonia, dermatomyositis, and stiff person syndrome 

[149,150]. Limbic encephalitis is one of the most common paraneoplastic syndromes and develops by a 

reaction to Anti-Hu (HuD antigen; small cell lung carcinoma), Anti-Ma2 (Ma proteins; germ-cell tumors), 

or Anti-NMDA (N-methyl-D-aspartate; teratomas), which are mainly characterized by neuroinflammation. 

In relation to general encephalitis, omega-3 supplementation demonstrated neuroprotective effects against 

traumatic brain injury by reducing microglial activation and regulating the Toll-like receptor 4 (TLR4)/NF-

kB signaling pathway [151]. Again, there is no evidence linking the use of omega-3 supplementation and 

neurological paraneoplastic syndromes, but it is possible to presume that omega-3 could be beneficial in 

some kinds of neuropathy. This notion is based on the available literature related to omega-3 

supplementation and other types of neuropathy. In a mouse model of diabetic neuropathy, fish oil 

supplementation, and daily systemic administration of RvE1 and RvD1 reversed thermal hypoalgesia, 

mechanical allodynia, reduced motor, and sensory nerve conduction and decreased the innervation of 

cornea and skin [152]. Similar effects were observed by Yorek et al. (2016) in a mouse model of diabetic 

neuropathy, when fish oil and RvD1 promoted benefits related to the development of neuropathy but not to 



 

 

 

 

diabetes itself [153]. Interestingly, this last study demonstrated that the combination with fish oil and 

salsalate promoted similar anti-inflammatory effects when compared to RvD1 or fish oil alone, probably 

due to the acetylation of cyclooxygenases, resulting in an increase of RvD1 and leading to the resolution of 

the inflammatory process.  

Rheumatologic paraneoplastic syndromes develop in a similar way to endocrine paraneoplastic 

syndromes [154]. This kind of paraneoplastic syndrome is also considered rare, and it can appear two years 

before cancer diagnosis. The most common rheumatological paraneoplastic syndromes are hypertrophic 

osteoarthropathy, polyarthritis, tumor-induced osteomalacia, and cancer-associated myositis [155]. As for 

the other paraneoplastic syndromes, there is no evidence concerning the effects of omega-3 

supplementation in these alterations. Therefore, it is only possible to assume that omega-3 could be 

beneficial based on the existing literature of similar alterations. In dogs suffering from osteoarthritis, fish 

oil supplementation attenuated oxidative stress, and inflammatory markers after the dietary intervention, 

but no pain assessment was evaluated [156]. Additionally, DHA supplementation in rheumatoid arthritis 

patients significantly reduced the clinical and biochemical symptoms of inflammation [157]. Regarding 

cancer-associated myositis, an in vitro study evaluated the effects of DHA in LPS-induced inflammation in 

myoblast cells (C2C12 myotubes), and it was observed that 30 mM of DHA prevented lipotoxicity and 

skeletal muscle inflammation [158]. Tumor-induced osteomalacia is caused by tumors that secrete 

fibroblast growth factor 23 (FGF23), inducing hypophosphatemia, leading to a reduced osteoblast 

differentiation and matrix mineralization [159]. Literature related to tumor-induced osteomalacia and 

omega-3 fatty acids is nonexistent. Nevertheless, in renal transplant patients, EPA/DHA intake decreased 

FGF23 circulating levels [160]. Thus, omega-3 supplementation might control tumor-associated 

hypophosphatemia, consequently reducing the development of osteomalacia.  

 Regarding dermatological paraneoplastic syndromes, they can represent 1% of the first diagnostic in 

cancer patients. Skin alterations related to neoplasms are caused by vascular alterations or a high 

differentiation of keratinocytes/fibroblasts. The more rapidly the skin manifestation appears, the higher the 

probability that it will be associated with cancer [161]. Commonly, paraneoplastic dermatological 

syndromes are acanthosis nigricans, dermatomyositis, erythroderma, leukocytoclastic vasculitis, 

paraneoplastic pemphigus, polymyalgia rheumatica, and Sweet’s syndrome. Concerning the skin 

paraneoplastic alterations, there is no evidence regarding the effects of omega-3 supplementation, even 

though the importance of omega-3 dietary supplementation for skin health is well-known [162]. Moreover, 



 

 

 

 

concerning wound-healing effects, omega-3 supplementation promotes beneficial therapeutic effects in 

healthy subjects [163].  

Finally, hematological paraneoplastic syndromes are rarely symptomatic and usually related to the 

presence of a tumor. The most common hematological paraneoplastic syndromes are eosinophilia, 

granulocytosis, pure red cell aplasia, and thrombocytosis. Generally, hematological alterations are often 

induced by an increase of pro-inflammatory cytokine circulation. In dogs suffering from osteoarthritis, fish 

oil reduced circulating basophils and monocytes, but it failed to prevent lymphocyte, neutrophil, and 

eosinophil alterations [156]. Considering the role of omega-3 pro-resolution mediators, resolvins and 

protectins promoted the reduction of circulating eosinophils [164].  

There is limited preclinical or clinical evidence on the effects of omega-3 supplementation in cancer 

patients that develop paraneoplastic syndromes. However, it may be possible to presume that omega-3 

supplementation could be beneficial—or, in any case, harmless—for cancer patients with paraneoplastic 

syndromes and that a higher daily intake of omega-3 fatty acids could prevent the evolution of future 

paraneoplastic alterations. Finally, the lack of evidence regarding omega-3 supplementation effects on 

paraneoplastic syndromes indicates the need for future cancer-associated complications research.  

 

 

8. Literature Trends Regarding Omega-3 PUFAs and Cancer Complications 

With the aim of visualizing the existing evidence discussed in this review, we used the VOSViewer 

software (Leiden University, Netherlands) to build a co-occurrence network of terms, based on publications 

retrieved from PubMed, using the following keywords: “cancer pain”, “cancer depression”, “cancer 

cachexia”, and “paraneoplastic syndrome”, each combined with “omega-3”. From the database, containing 

data of about 297 articles (original and review articles), VOSViewer extracted the most relevant and 

repeated terms in the retrieved publications (considering title, keywords, and abstract). To be considered, a 

term had to appear in at least 10 articles.  

As can be seen in Figure 1, the circles represent terms as they appear in the database, and their size is 

related to the number of articles in which they appear. A line connecting two terms indicates that both terms 

occur in the same article, and the thicker the lines, the larger the number of articles sharing both terms, 

which can be considered a measure of the association strength between the terms. The distribution of the 



 

 

 

 

circles in the network is also related to the co-occurrence so that the circles are positioned close to others, 

depending on the association strength between the terms they represent.  

The network also represents clusters of terms, depicted in different colors. Such clusters allow for an 

understanding of the structure of the publications set because they result from a process that considers the 

similarity of the co-occurrences of the terms. It is possible to observe that the main clusters are green and 

red. The green ones comprise terms related to omega-3 PUFAs and their use in diseases, such as cancer and 

mental disorders. Curiously, the term “systematic review” appears in the same cluster, demonstrating that 

there are more reviews on these subjects. The red cluster comprises terms related to “nutritional therapy” 

in cancer and other complications, such as “chronic pain”. Importantly, the word “inhibitor” appears in red 

but is more distant from the red cluster core, probably due to its co-occurrence with terms in other clusters, 

although it is related to “supplementation” and “nutritional support”. The third major cluster is in blue, and 

it is directly related to pharmacological and molecular terms, such as “tumour growth” and “tumour”. 

Additionally, ALA appears in the same cluster, demonstrating that the use of ALA can be related to the 

"inhibition" of molecular pathways. Near these terms, one can observe that “tumour growth” is in yellow. 

Despite being located near to the blue cluster, due to its close relation to other terms that are also linked to 

the British form of writing “tumour”, it belongs to the yellow cluster, which is positioned in a more central 

area. The location of the yellow cluster results from the co-occurrence of its terms with many others 

belonging to other clusters. The fourth cluster is in purple, and its terms are linked to protein and muscle 

metabolism. Moreover, this type of analysis demonstrates the problem of standardizing some terms 

throughout the scientific literature, as it can be seen in “pufa” and “pufas”, emerging as two different terms. 

The organization of the existing literature data in such a co-occurrence network clearly shows the distance 

between cancer complications, such as “chronic pain” (red cluster), “depressive symptom” (green cluster), 

and “protein degradation” (purple cluster), which demonstrate that there is a lack of publications addressing 

the relationship between omega-3 PUFAs and the cancer-related complications revised in this review 

article. 



 

 

 

 

Figure 1. A co-occurrence network of terms based on publication data retrieved from PubMed 

using keywords that reproduce the search performed for this review article. The circle sizes 

represent the number of articles featuring the corresponding term; the links between the circles 

represent the co-occurrence of terms in the same articles; and the line thickness is dependent on 

the number of articles sharing the terms. Different colors identify clusters composed by closely 

related terms. 

9. Conclusions 

Since the 1970s, omega-3 PUFAs have been a subject of multiple investigations due to their ability to 

suppress inflammatory processes. In recent years, it has become possible to identify some of the 

mechanisms of action of these molecules besides the potential molecular targets. As can be seen throughout 

this critical review, an omega-3 supplementation is widely employed in cancer patients, mainly as an 

adjunctive treatment. The identification of pro-resolution mediators derived from omega-3 fatty acids 

opened up a variety of therapeutic possibilities for different pathologies. More recently, the identification 

of free fatty acid receptors as therapeutic targets for omega-3 PUFAs also revealed a plethora of beneficial 

opportunities. Importantly, it is imperative to emphasize that, in 2018, Omegaven® (Fresenius Kabi, 

Germany) was approved by the Federal Drug Administration (FDA) for parenteral nutrition in cholestasis, 

demonstrating that it is important to consider omega-3 fatty acids as a therapeutic option that is related to 

all regulatory functions, similar to a new pharmaceutical drug [165].  



 

 

 

 

Regarding the beneficial effects of omega-3 fatty acids in cancer-related complications, additional 

studies are still needed, mainly randomized clinical trials with omega-3 supplementation, due to the 

deficiency of clinical literature evidence. There is also a lack of scientific evidence regarding whether 

omega-3 PUFAs are able to significantly prevent or address cancer-related complications, depending on 

the cancer stage, from dysplasia to carcinoma and metastasis. In Figure 2, we attempted to summarize the 

possible pathways by which omega-3 PUFAs might promote favorable effects in cancer-related 

complications, such as pain, paraneoplastic syndrome, depression, and cachexia-anorexia syndrome. The 

definition of these mechanisms might also account for the development of novel strategies based on omega-

3 PUFAs, contributing to an improvement of the life quality of cancer patients in the near future. 

Figure 2. The proposed mechanisms of action for omega-3 polyunsaturated fatty acid (PUFA) 

intake in cancer-related complications, which affect the central and peripheral nervous system, 

besides adipose tissue and skeletal muscle. Hematological changes depict the switched 

production of systemic inflammatory mediators under cancer progression. (1) The balance 

between omega-3 and omega-6 PUFAs is essential for the generation of pro-resolution 

mediators, the sensing of free fatty acid receptors, and membrane modulation. (2) 

Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) can stimulate Free Fatty Acid 



 

 

 

 

Receptor 1 (FFA1) and Free Fatty Acid Receptor 4 (FFA4) receptors in different ways, leading 

to anti-inflammatory effects. FFA1 activation can evoke analgesia and antidepressant effects. 

Additionally, this receptor could have benefits in relation to paraneoplastic syndromes, such as 

neuropathy and cachexia-anorexia syndrome, represented herein by fatigue. (3) E-series 

resolvins (RvE) promotes anti-inflammatory effects via ChemR23 activation, likely contributing 

to the alleviation of painful symptoms. They might also induce beneficial effects in other 

paraneoplastic syndromes. (4) The inhibitory effects of D-series resolvins (RvD) on transient 

receptor (TRP) channels could also produce favorable effects on cancer-related pain. (5) As for 

the omega-3 PUFA membrane enrichment, the production of thromboxane A2 (TBXA2), 

prostaglandins E3 and I3 (PGE3/I3), and leukotriene B5 (LTB5) promotes anti-inflammatory 

effects that prompt cachectic patients’ welfare. (6) Finally, RvD-series, 

protectins/neuroprotectins (PD/NPD), and maresins (MaRs) have beneficial effects on pain and 

depression; thus, they could similarly relieve the signs and symptoms of paraneoplastic and 

cachexia-anorexia syndromes. 
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Abstract 

 

Background: Omega-3 fatty acids are part of adjuvant therapy for cancer cachexia, although their 

mechanisms of action are unclear.  Recently, the free fatty acid (FFA) receptors FFA1 and FFA4 have been 

demonstrated as omega-3 molecular targets in metabolic diseases. So far, their role in cancer cachexia 

remains unravelled. Herein, we assessed the effects of FFA1/FFA4 modulation in a mouse model of cancer 

cachexia.   

Methods: Cancer cachexia was induced by Lewis lung carcinoma (LLC; 5 x 106) cells injection in the 

right flank of male C57BL/6JUnib mice (8-10 weeks old). Tumour-free mice served as negative controls. 

The naturally-occurring ligands α-linolenic acid (ALA) and docosahexaenoic acid (DHA), the synthetic 

dual FFA1/FFA4 agonists GW9508 and TUG891, or the selective FFA1 GW1100 or FFA4 AH7614 

antagonists, were administered parenterally to LLC-bearing mice (7 to 21 days). Clinical, inflammatory, 

morphological, behavioural, and central parameters associated with LLC-cachexia were evaluated.  

Results: LLC injection induced an overall body weight loss, accompanied by splenomegaly, anaemia, and 

an elevated neutrophil-lymphocyte ratio (NLR). ALA and DHA recovered body weight and anaemia, 

whereas GW9508 and AH7614 administration restored splenomegaly. Regarding tumour weight, GW9508 

and TUG891 diminished this parameter. LLC-hosts displayed muscle and fat weight loss, accompanied by 

morphological changes. ALA restored the muscle mass, but it failed to intervene in morphological 

impairments. The administration of ALA, GW9508, GW1100, and AH7614 restored adipose tissue in LLC-

hosts. Of note, GW9508-treated LLC-mice displayed increased serum leptin levels, while leptin epididymal 

fat (epWAT) was unaltered. However, GW9508 failed to rescue the LLC-induced UCP-1 downregulation 

in epWAT. Cachectic mice displayed deficits in locomotor activity, grip strength, and motor coordination. 

GW9508-treated mice displayed improved locomotor activity, while DHA treatment restored grip strength, 

and ALA administration improved the motor coordination. LLC-hosts displayed brain hypometabolism, 

which was recovered by GW9508 treatment. LLC-bearing mice displayed FFA1 upregulation in 

subcutaneous fat and gastrocnemius, while FFA4 was unaltered in fat depots from LLC-mice. Nevertheless, 

pancreatic FFA1 expression was unaltered after cachexia induction.  

Conclusions: Our data shed new lights on the role of omega-3 and FFA1/FFA4 receptors in metabolic 

disorders, showing for the first time their relevance as pharmacological targets in cancer-related cachexia. 
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Introduction 

 According to the World Health Organisation (WHO), cancer is the second leading cause of death 

worldwide, with an estimation of 9.6-million deaths for 2018 (170).  Importantly, up to 80% of these 

patients develop cancer-associated cachexia. At least 22% of these patients die as a result of this 

complication (171). Cancer cachexia is termed as a “multifactorial syndrome defined by an ongoing loss of 

skeletal muscle mass (with or without loss of fat mass) that cannot be fully reversed by conventional 

nutritional support and leads to progressive functional impairment” (70). Noteworthy, cancer-associated 

cachexia is still considered an unmet medical need due to the lack of pharmacological treatments (172).  

 The pathophysiology of cancer cachexia involves an intricate interaction between tumour and host 

cells. As a consequence, the systemic inflammation induced by both parties is the primary mechanism for 

the development of cachexia, leading to high resting energy expenditure, increased muscle atrophy, fat loss, 

and inappetence (75,173). Additionally, tumour-derived factors display actions similar to cytokines and 

contribute to the catabolic state, observed in cachexia (147,174,175). As a result, this plethora of catabolic 

factors leads to malnourishment, which jeopardizes the responsiveness to cancer treatment (171). Finally, 

these patients often display a low quality of life because of the independence loss (91).  

 Omega-3 fatty acids are considered beneficial for health due to its anti-inflammatory and pro-

resolution characteristics (176,177). Omega-3 fatty acids have been widely used for management of cancer 

cachexia; however, this remains a questionable practice (17,78,169). More recently, a class of G protein-

coupled receptors was identified as pharmacological targets for long-chain polyunsaturated fatty acids, such 

as α-linolenic acid (ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (20,21).  The 

modulation of free fatty acid (FFA) receptors, FFA1 and FFA4, previously known as GPR40 and GPR120, 

respectively, demonstrated favourable effects in the management of obesity, diabetes, pain, and other 

diseases associated to the central nervous system, such as depression, Alzheimer’s and epilepsy 

(41,45,49,52,57,59,178–182). Furthermore, these receptors display anti-inflammatory properties, and their 

expression can be induced by high contents of dietary omega-3 fatty acids (41,181–184). The FFA1 and 



 

 

 

 

FFA4 receptors are expressed in pancreas, brain, macrophages and adipose tissue, suggesting that they play 

an essential role in the metabolism regulation (20,21,50,58,185). As for the role of these receptors in cancer, 

the effects of their activation and/or blockage can differ depending on the tumour type (186). To our 

knowledge, there is no previous evidence demonstrating the effects of FFA1 and FFA4 modulation in 

cancer-related cachexia.  

 Taking into account the abovementioned evidence, the present study explored the effects of the 

repeated treatment with naturally-occurring and synthetic ligands of FFA1 and FFA4 receptors in a mouse 

model of cachexia-associated to lung carcinoma. The effects of FFA1 and FFA4 agonists and antagonists 

were tested on clinical, inflammatory, morphological, behavioural and central changes secondary to 

cachexia induction. Attempts have also been made to analyse the differential expression of FFA1 and FFA4 

receptors in target tissues related to cachexia progression.  

 

Methods 

 

Animals  

All of the experimental protocols followed the current Brazilian guidelines for the care and use of animals 

for scientific and didactic procedures, from the National Council for the Control of Animal Experimentation 

(CONCEA, Brazil, 2014), and were approved by the local Animal Ethics Committee (CEUA/PUCRS 

15/7164). The report of animal studies complies with the ARRIVE guidelines (187). 

Male C57BL/6JUnib specific-pathogen-free mice (20-25g; 8-10 weeks old; N=432) were obtained from 

the Centre for Experimental Biological Models (CeMBE/PUCRS). The N per group is indicated within the 

figures. All of the procedures were replicated from two to four times, elucidating the N variation among 

the experimental groups, due to the time elapsed for behavioural evaluations. In addition, an effort had been 

made to maintain the same number of animals for control groups in every assessment, to avoid losses 

induced by tumour implantation that could jeopardize the statistical significance. Animals were allocated 

to each experimental group considering their body weight before the tumour implantation. Behavioural 

tasks were conducted in a blinded manner, and each mouse was assessed in the behavioural tests in the 



 

 

 

 

following order: mouse 1 from cage 1, mouse 1 from cage 2, mouse 1 from cage 3, and mouse 1 from cage 

4, and so on.  

Animals were housed in microisolator cages (3-5 per cage), equipped with inlet/outlet air filters, under 

controlled temperature (22 ± 1°C) and humidity (50%-70%), under a light-dark cycle of 12 hours (light on 

at 7 AM, lights off at 7 PM). The cages were covered with autoclaved wood chip bedding, and mice received 

standard pelleted chow and filtered water ad libitum. During the experimental procedures, the laboratory 

temperature was kept at the same as animal housing. A 30-min habituation period was allowed before the 

behavioural experiments and tumour implantation.  

 

Drugs 

 α-linolenic acid (ALA) was purchased from Sigma-Aldrich Chemical Company (St Louis, MO, 

USA), and docosahexaenoic acid (DHA), GW9508, GW1100, TUG891, and AH7614 were purchased from 

Cayman Chemicals (Michigan, USA). ALA, DHA, GW9508, and TUG891 were diluted in ethanol and 

stored at -20°C. GW110 and AH7614 were diluted in dimethyl sulfoxide (DMSO) and stored at -20°C. All 

compounds were prepared at the desired concentration using phosphate-buffered saline (PBS) as vehicle, 

prior to treatments, maintaining DMSO or ethanol final concentrations under 2%.   

 Despite the dual agonism of GW9508 for FFA1 and FFA4 receptors, the affinity for FFA1 is 100-

fold higher, in comparison to FFA4 (29). Similarly, TUG891 is also considered a dual agonist for both 

receptors in mice; however, its selectivity is 61-fold higher (β-arrestin-2 assay), and 3-fold higher for FFA4, 

in relation to FFA1 (Ca+ mobilization assay) (188). Regarding the antagonists used in this study, GW1100 

and AH7614 are both selective antagonists for FFA1 and FFA4, respectively (29,189).  

  

Lewis lung carcinoma cell line culture and tumour implantation  

 The Lewis lung carcinoma cell line (LLC; BCRJ 0145, Rio de Janeiro, Brazil) was cultured in 

150-mL culture flasks in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% foetal 

bovine serum plus 1% penicillin and streptomycin. After reaching confluence, cells were trypsinized, 

counted using a Neubauer chamber, centrifuged (10 min in 3000 RPM, at 25°C), and resuspended for 

implantation. LLC cells were used for the induction of the cancer cachexia model, after 3 to 4 passages. 



 

 

 

 

For this purpose, LLC cells (5 x 106) were resuspended in 100 µl of PBS and injected subcutaneously (s.c.) 

in the right hind flank of previously anesthetized mice (10 mg/kg xylazine + 100 mg/kg ketamine) (147). 

Tumour-free controls had been also anesthetized and received PBS (s.c.) at the same volume and site of 

injection as the tumour-injected mice. Twenty-one days after tumour cell implantation, mice were 

euthanized by sevoflurane inhalation. Afterwards, total blood was collected from the abdominal aorta. The 

tumour mass was isolated for tumour-free carcass weight assessment, and the following tissues were 

weighed (in g), fixed in formaldehyde and/or frozen in -80°C: gastrocnemius, tibialis anterior and soleus 

muscles, retroperitoneal (rWAT), epididymal (epWAT) and intrascapular (isWAT) adipose tissues, and 

spleen.  

 

Treatment schemes 

  Firstly, to assess the effects of naturally occurring omega-3 fatty acids in the mouse model of 

cancer-induced cachexia, ALA and DHA were administered intraperitoneally (i.p.). ALA (2.5 and 5 mg/kg) 

was administered every other day, whereas DHA (1 µmol/kg) was dosed daily, from day 7 to euthanasia. 

Next, the relevance of FFA1 and FFA4 receptors in cancer cachexia was investigated by treating animals 

with the dual FFA1/FFA4 agonists GW9508 (2 and 8 mg/kg) and TUG891 (2 and 8 mg/kg). Separate 

experimental groups were treated with the selective FFA1 or FFA4 antagonists, GW1100 (4 and 10 mg/kg) 

and AH7614 (4 and 10 mg/kg), respectively. The synthetic ligands were administered s.c., every other day, 

from day 7 to euthanasia.  Tumour-free control animals received PBS i.p. or s.c, at the same time points.  

The doses and protocols of treatment with ALA, DHA and GW9508 were chosen based on previous 

publications (41,190,191), with slight modifications. To select the doses of GW1100, TUG891 and 

AH7614, we used the first dose of GW9508 (2 mg/kg) as a reference for the calculations of the following 

doses (8 mg/kg, 4 mg/kg, and 10 mg/kg, respectively), based on the EC50 of each molecule (20–22,29). 

Figure 1 summarises the general experimental procedures and treatment schemes. All of the compounds 

were tested on clinical, behavioural and haematological changes associated to cachexia. The most effective 

doses and compounds were further evaluated in histochemical, biochemical, molecular biology and 

imaginological assays.   

 



 

 

 

 

Behavioural assessments 

Spontaneous locomotor activity 

 To evaluate the spontaneous locomotor activity of tumour-bearing mice, behavioural assessments 

were carried out, as previously described (192). For this, an automatic open-field system comprised of an 

acrylic box (46 x 46 x 36 cm) with infrared sensors was used. Firstly, mice were adapted in the behavioural 

test room, for at least 30 min. Subsequently, mice were placed in the centre of the open-field apparatus, 

with 1 min for habituation and 5 min for locomotor activity analysis. The activities registered were 

ambulatory movement, rearing, travelled distance (cm) and speed (mm/s). Movements were monitored on 

the x, y, and z-axes, which represent the height, width, and depth, respectively. 

 

Rota-rod activity  

 The motor coordination and balance maintenance were evaluated in the rota-rod apparatus, as 

previously described by Silva et al. (192), 30 min after the spontaneous locomotor activity evaluation. The 

rota-rod apparatus consisted of a rod (3-cm in diameter) with five flanges, allowing the simultaneous 

evaluation of four mice. Mice were placed in the device at a speed of 16 RPM until 60 s. To assess motor 

coordination deficiencies, the latency to fall was recorded in seconds. Mice were previously trained in the 

device, before tumour implantation.      

 

Grasping test 

 With the intent to assess the strength of mice after cachexia induction, the grasping test was 

performed 30 min after the rota-rod evaluation, as formerly described, with slight modifications (193,194). 

After a gentle lifting by the tail, mice were allowed to grasp a grid positioned on an electronic balance. 

Animals were submitted to three trials, each one with a 10-second interval. The number (in grams) showed 

by the balance was instantly recorded, and a mean was calculated after the three trials to calculate the 

individual grasping strength.  

 

Haematological parameters 



 

 

 

 

 Immediately post-euthanasia, the whole blood was collected from the abdominal aorta, and a small 

drop of blood was used for the smear evaluation, using Giemsa staining. Differential cell counting 

(neutrophils, lymphocytes, eosinophils, basophils, monocytes, and immature cells) was performed using an 

x100 objective, by counting 100 cells. Then, the neutrophil-lymphocyte ratio was calculated as an 

indicatory of systemic inflammation. A part of the whole blood was used for the haematocrit analysis. 

Blood samples were placed in heparin tubes, and a small drop was collected using a capillary tube. Next, 

the capillary tubes filled with blood were centrifuged in a cytocentrifuge, for 5 min, 8000-x g. The 

haematocrit value was calculated as the percentage of cellular sedimentation by total blood volume.   

 

Histological analysis 

 Gastrocnemius muscle, and subcutaneous and visceral adipose tissues were removed following 

euthanasia, at the 21st day after tumour implantation. Tissues were fixed in 10-% formaldehyde, during 24 

h. Subsequently, tissues were included in paraffin and sectioned in 5-µm slices, for staining with 

haematoxylin and eosin. Images were captured using a Zeiss AxioImager M2 light microscope, under 200 

x magnification (Carl Zeiss, Gottingen, Germany) and were analysed using NIH ImageJ 1.36b Software. 

The area of each adipocyte was measured manually, using the free-hand function, after adjusting the image 

scale in µm2. The tissues analysed were selected based on the statistical difference of the tissue weight 

between the LLC control group and LLC-treated mice.  

 

Immunohistochemistry for FFA1 and FFA4 receptors 

 With the intent to further evaluating the participation of free fatty acid receptors in adipose tissue 

modulation after cachexia induction, the distribution of FFA1 and FFA4 was evaluated by 

immunohistochemistry, as described previously (41). Adipose tissues (isWAT and epWAT) from LLC-

injected and tumour-free control mice were collected after euthanasia, and fixed in 10-% buffered formalin 

solution, for 24 h. The immunopositivity for FFA1 and FFA4 was assessed in paraffin-embedded tissue 

sections (4-µm thickness), using anti-FFA1 (1:100; item no. 10007205; Cayman Chemicals, Michigan, 

USA) and anti-FFA4 (1:500; Catalog no. A19859, Boster Bio, Pleasanton, USA). Images were captured by 

Zeiss AxioImager M2 light microscope in 200-x magnification. In order to evaluate the FFA1 and FFA4 



 

 

 

 

immunopositivity, images were transferred to a computer and were analysed in NIH ImageJ 1.36 Software. 

For this, a specific macro was created using dark-and-brown pixels as reference of positive areas. This 

macro was applied in all images from both experimental groups and the results were expressed in mean 

grey values.  

 

Western blotting  

 To evaluate the development of thermogenesis associated to cachexia, the expression of UCP-1 

(uncoupling protein-1) was analysed in the epWAT of LLC-injected mice treated with GW9508 (8 mg/kg, 

s.c.), and the respective controls. epWAT samples from the respective controls were also included in the 

analysis.  Also, the expression of FFA1 was evaluated in the pancreas and gastrocnemius from LLC-bearing 

mice treated with GW9508 (8 mg/kg, s.c.), and their respective controls. Tissues were isolated after 

euthanasia and stored in an ultra-freezer at -80°C. The western blotting protocol was performed as described 

previously, by Amaral et al. (195), with slight modifications for protein extraction. Tissues were 

homogenised using RIPA buffer, according to the manufacturer’s instructions. The protein concentration 

was determined using the Coomassie Protein Kit, as described by the manufacturer. The membranes were 

incubated overnight with the primary antibodies anti-UCP-1 (1:1000), anti-FFA1/GPR40 (1:500) or anti-

β-actin (1:20.000). The samples were incubated for an additional period of 2 h with the anti-rabbit or anti-

mouse secondary antibodies. The Novex® ECL and the KODAK Gel Logic 2200 Imaging System were 

used for detecting the protein bands. Quantification of each band was made using Image J 1.36b Software 

(NIH, Bethesda, MD, USA). Data from western blot experiments is expressed in arbitrary units, calculated 

in relation to the expression of -actin of the corresponding sample. 

 

Leptin and cytokines assessment 

 Serum, gastrocnemius, rWAT and epWAT were collected from LLC-injected mice treated with 

GW9508 (8 mg/kg, s.c.), and from the respective controls, to evaluate the levels of tumour necrosis factor 

(TNF), interleukin (IL)-1β, IL-10, interferon (IFN)-γ and leptin. These cytokines were assessed by 

sandwich enzyme-linked immunosorbent assay using DuoSet kits according to the manufacturer’s 



 

 

 

 

instructions (R&D Systems, Minneapolis, MN). The results are expressed in pg/mL or pg/mg for serum 

and tissue, respectively. 

  

MicroPET imaging 

 Brain glucose metabolism is altered in cachectic mice (196). This set of experiments was 

accomplished as formerly described (197), aiming at evaluating the cerebral alterations associated with 

cancer-induced cachexia and the effects of treatment with omega-3-related ligands (192,193). LLC-injected 

mice treated with ALA (2.5 mg/kg, i.p.), DHA (1 µmol/kg, i.p.), or GW9508 (8 mg/kg, s.c.) were scanned 

on the 21st day after tumour injection, and euthanised. For the scanning in Triumph microPET (LabPET-

4; TriFoil Imaging, Northridge, CA), each mouse was anesthetised with isoflurane and medical oxygen 

(3%-4% induction and 2%-3% maintenance dose) and [18F]-FDG was injected (250 µCi) through the tail 

vein. After 40 min of conscious uptake, mice were placed in a head prone position in the imaging chamber 

and maintained at a constant temperature of 36°C, under isoflurane inhalation. Animals were scanned 

during 10 min, with the brain positioned in the centre of the microPET field-of-view. Images were 

reconstructed using the algorithm MLEM-3D. The microPET images were spatially normalised into an 

[18F]-FDG template using brain normalization in PMOD v3.8 and the Fuse It Tool (PFUSEIT) (PMOD 

Technologies, Zurich, Switzerland). The glucose metabolism was expressed as standard uptake values 

(SUVs) for several brain regions.    

 

Biodistribution assay 

 In order to evaluate the [18F]-FDG biodistribution ex vivo, mice were euthanised immediately 

after the microPET image acquisition. Subsequently, the brain and tumour mass were removed, placed in 

previously weighted tubes, and their radioactivity was measured in a γ-counter (2480 WIZARD2 automatic 

gamma counter, PerkinElmer, Waltham, MA, USA). The radioactivity uptake in the tumour and brain was 

expressed as the percentage of radioactivity injected per gram of tissue (%ID/g) (198).  

 

Statistical analysis 



 

 

 

 

 Results were expressed as the mean ± SEM. The Bartlett test was used to check data normality. 

Statistical analysis was performed by Kruskal-Wallis (non-parametric data) or one-way analysis of variance 

(one-way ANOVA) (parametric data) for comparison of tumour-free control vs LLC-injected mice, with 

or without treatments. When the group interactions were statistically significant (p < 0.05), pairwise 

comparisons were carried out using Dunn or Bonferroni post-hoc tests, after Kruskal-Wallis or one-way 

ANOVA, respectively. Statistical tests and design of graphs were held using GraphPad Software version 

8.1.1.0 (GraphPad Software Inc. San Diego, CA, USA). 

 

Results 

FFA1 and FFA4 ligands modulate clinical features of cachexia and tumour growth 

 The induction of cancer cachexia was investigated by the s.c. implantation of LLC cells into the 

right hind flank of mice. As expected, the implantation of tumour cells generated a loss of the whole-body 

weight and led to skeletal muscle atrophy and fat loss, according to the assessment after 21 days of tumour 

growth (Figures 2A-B, 3A-B, 4A-B, Tables 1,2 and 3). To evaluate the role of FFA1 and FFA4 receptors 

in cancer-associated cachexia, we initially assessed the effects of naturally occurring agonists in the LLC-

cachexia model. Regardless of the pharmacological promiscuity of omega-3 PUFAs, we selected ALA and 

DHA as FFA1/FFA4 naturally-occurring agonists, based on previous publications (22,41,181,199). The 

induction of cachexia by LLC cells impaired tumour-free carcass weight in a significant manner, as 

evaluated after euthanasia and tumour mass removal (Figure 2A; P<0.05). Regarding the treatment with 

omega-3 PUFAs, the systemic administration of both doses of ALA (2.5 and 5 mg/kg, i.p.) significantly 

restored the tumour-free carcass weight to control values (Figure 2A; P<0.05). On the contrary, the systemic 

treatment with DHA (1 mol/kg; i.p.) failed to reverse LLC-induced decrease of tumour-free carcass weight 

(Figure 2A). Relating to the treatment with the synthetic ligands of FFAs receptors, the dual FFA1/FFA4 

agonist GW9508 (8 mg/kg, s.c.) and the FFA1 selective antagonist GW1100 (4 and 10 mg/kg, s.c.) rescued 

this feature to tumour-free control values (Figure 3A). Alternatively, the repeated treatment with the dual 

FFA1/FFA4 agonist TUG891 (2 and 8 mg/kg, s.c.) or FFA4 selective antagonist AH7614 (4 and 10 mg/kg, 

s.c.) failed to recover the tumour-free carcass weight loss (Figure 4A). 

Concerning the body weight variation (which comprises of the difference between the whole-body 

weight at the time of LLC-cell implantation, and the tumour-free carcass weight at the euthanasia), tumour-



 

 

 

 

bearing mice displayed a marked weight loss throughout the 21 days of experiment (Figure 2B, 3B, and 

4B; P<0.05). Regarding ALA (2.5 mg/kg, i.p.) administration, body weight variation was recovered by this 

treatment in a significant manner (Figure 2B; P<0.05), while the higher dosage of ALA (5 mg/kg, i.p.) 

failed to reverse the weight loss. In addition, the daily DHA treatment (1 mol/kg, i.p.) significantly 

maintained the body weight gain during the 21-day experimental period, similar to tumour-free control 

animals (Figure 2B; P<0.05). On the contrary, the repeated administration of the synthetic ligands of either 

FFA1 or FFA4 did not alter the ongoing weight loss in cachectic mice (Figure 3B, 4B; P>0.05).  

The tumour mass was allowed to grow during the 21 days after LLC cells implantation, reaching 

a mean value of 2.41±0.17 g (Figure 2C, 3C, 4C). Concerning the treatment with ALA (2.5 and 5 mg/kg, 

i.p.) and DHA (1 µmol/kg, i.p.), there was no statistical difference among the experimental groups (Figure 

2C). Notably, the dual FFA1/FFA4 agonist GW9508 (8 mg/kg, s.c.) significantly reduced the tumour 

weight, and a comparable reduction of tumour mass was observed after the repeated treatment with the also 

mixed FFA1/FFA4 agonist TUG891 (2 mg/kg s.c.) (Figure 3C, 4C; P<0.05). The selective antagonists for 

FFA1 and FFA4, GW1100 and AH7614, respectively, failed to reduce the tumour weight (Figure 3C, 4C). 

 

Modulation of FFA1 and FFA4 receptors and cachexia-related inflammation 

The spleen weight was evaluated as an indicative of the inflammatory state. Accordingly, LLC-

injected groups demonstrated a marked splenomegaly (Figure 2D, 3D, 4D; P<0.05). The treatments with 

the omega-3 PUFAs ALA (2.5 and 5 mg/kg, i.p.) or DHA (1 µmol/kg, i.p.) failed to reverse this aspect 

(Figure 2D). Of note, the dual FFA1/FFA4 agonist GW9508 (8 mg/kg, s.c.) or the selective FFA4 

antagonist AH7614 (4 mg/kg, s.c.) recovered the splenomegaly in LLC-bearing mice, towards tumour-free 

control levels (Figure 3D, 4D). However, the FFA1 antagonist GW1100 (4 and 10 mg/kg, s.c.) or the dual 

FFA1/FFA4 agonist TUG891 (2 and 8 mg/kg, s.c.) failed to rescue the splenomegaly associated to cancer 

progression (Figure 3D, 4D; P>0.05).   

LLC-bearing mice displayed severe anaemia, as shown by a significant reduction of haematocrit 

values (Figure 2E, 3E, 4E; P<0.05). Remarkably, the systemic treatment with ALA (2.5 mg/kg, i.p.) 

significantly recovered this state (Figure 2E; P<0.05). A similar, but not significant effect was observed for 

the higher dose of ALA (5 mg/kg, i.p.) (Fig 2E) Additionally, the DHA (1 µmol/kg, i.p.) treatment partially 



 

 

 

 

recovered cachexia-associated anaemia, when compared to LLC-bearing mice (Figure 2E; P=0.09). 

Alternatively, the FFAs synthetic ligands failed to revert cancer-associated anaemia (Figure 3E and 4E).  

The neutrophil-lymphocyte ratio (NLR) is a prognosis factor related to cancer survival (200). As 

expected, LLC-cachectic mice showed a marked increase of NLR (Figure 2F, 3F, 4F; P<0.05), whereas 

FFA1 and FFA4 naturally-occurring or synthetic ligands lacked any effect on this cachexia-related feature. 

 

Leptin and cytokines assessment on LLC-bearing mice 

 To further characterize the inflammatory changes in cachectic mice, the levels of several cytokines 

were assessed. Serum leptin levels in LLC-injected mice did not significantly differ from tumour-free 

control mice, whereas LLC-bearing mice treated with GW9508 (8 mg/kg, s.c.) exhibited a marked increase 

of circulating leptin contents (Figure 5A; P<0.05). Conversely, there was no significant difference in the 

epWAT leptin levels, when comparing tumour-free control and LLC-bearing mice, irrespective of treatment 

with GW9508 (5B). Regarding the analysis of TNF, IL-1β, IFN-γ and IL-10 in serum, gastrocnemius, 

rWAT and epWAT, the levels of the referred cytokines were under the limit of detection (results not 

shown).   

 

Effects of FFA1 and FFA4 ligands in muscle wasting and fat loss 

 The induction of cachexia led to an important overall tissue weight reduction, as it can be seen in 

Tables 1, 2 and 3. Skeletal muscles suffered a decrease in tissue weight in LLC-injected mice, an effect that 

was restored by ALA treatment (2.5 and 5 mg/kg, i.p.) for the gastrocnemius muscle, in a significant manner 

(Table 1; P<0.05). Elsewise, the skeletal muscle weights were not significantly altered by the systemic 

treatment with the DHA (Table 1) or the synthetic ligands of FFA1 and FFA4 receptors (Table 2 and 3).  

Concerning the adipose tissue remodelling, the lower dose of ALA (2.5 mg/kg, i.p.) recovered 

isWAT weight loss in a significant manner (P<0.05). In addition, DHA (1 µmol/kg, i.p.) administration 

recovered the weight losses of isWAT and epWAT reaching control levels, but this effect was not 

significant (Table 1). A recovery of isWAT, epWAT and rWAT tissue weights was also observed after the 

treatment with the dual FFA1/FFA4 agonist GW9508 (8 mg/kg, s.c.) (Table 2; P<0.05), whereas TUG891 

did not elicit any significant effect on cachexia-related lipolysis (Table 3). Interestingly, the treatment with 



 

 

 

 

the selective FFA1 and FFA4 antagonists, GW1100 or AH7614 (both at 4 mg/kg), respectively, similarly 

restored the fat loss in LLC-bearing mice (Tables 2 and 3; P<0.05). It is worth of mentioning that repeated 

treatments with ALA, DHA, GW9508, GW110, TUG891, or AH7614 in tumour-free control mice did not 

alter the skeletal muscle or adipose tissue weights, as depicted in Tables 1, 2, and 3.  

  

Skeletal muscle alterations associated to LLC-associated cachexia 

 As previously described, the treatment with ALA (2.5 and 5 mg/kg, i.p.) was able to significantly 

restore the muscle wasting in cachectic mice. Thus, we performed an analysis of the cross-sectional area of 

muscle fibres and the number of central myonuclei in the gastrocnemius of ALA-treated groups and their 

respective controls. There were no significant differences in fibre size frequency distribution among the 

experimental groups (Figure 6A). The muscle fibres tended to display a myonuclei centralization when in 

degeneration in LLC-cachectic mice, regardless of ALA treatment (Figure 6B). Representative histological 

images of the gastrocnemius muscle in the different experimental groups are depicted in Figure 6C-F.  

 

Histological alterations of adipocytes in LLC-cachectic mice after treatment with FFA1 and FFA4 ligands 

 Based on the effects of the repeated treatment with the naturally-occurring agonists and the 

synthetic ligands on adipose tissue weight, we further analysed the cross-sectional area of adipocytes, to 

estimate the adipocyte size among the experimental groups. It is important to emphasize that the following 

results are related to the adipose tissues that displayed statistical difference between control and treated 

LLC-bearing mice (depicted in Table 1, 2 and 3). Regarding the average adipocyte area in isWAT of LLC-

mice treated with ALA, there was no statistical difference between experimental groups (Figure 7A). As to 

the adipocyte cross-sectional area frequency distribution, LLC-injected mice displayed a significant higher 

number of adipocytes with 300-400 µm2, compared to tumour-free control mice (Figure 7B; P<0.05). LLC-

bearing mice treated with ALA (5 mg/kg, s.c.) showed a higher number of adipocytes with an area ranging 

from 600 to 700 µm2, in comparison to tumour-free control and LLC-bearing mice (Figure 7B; P<0.05). 

Notably, the treatment of LLC-bearing mice with ALA (2.5 mg/kg, i.p.) rescued the adipocyte cross-

sectional areas towards tumour-free control adipocytes (Figure 7B; P<0.05). Representative histological 

images of isWAT are depicted in Figure 7C-F.  



 

 

 

 

Regarding the effects of the synthetic ligands on isWAT adipocyte cross-sectional area (Figure 8), 

there were no statistical differences among the experimental groups (Figure 8A). The treatment with the 

selective FFA1 antagonist GW1100 (4 mg/kg, s.c.) led to a reduction in the frequency of adipocytes smaller 

than 100 µm2, in comparison to tumour-free controls and LLC-bearing mice (Figure 8B; P<0.05). 

However, the implantation of LLC cells significantly increased the number of adipocytes with a cross-

sectional area of 100-200 µm2, irrespective of the treatment with GW9508 (8 mg/kg, s.c.) (Figure 8B; 

P<0.05). Representative images of isWAT from all of the experimental groups are depicted in Figures 8C-

F. The average adipocyte cross-sectional area in rWAT from tumour-free control and LLC-bearing mice 

did not differ in a significant manner (Figure 8G). However, LLC-bearing mice treated with GW9508 (8 

mg/kg, s.c.) displayed a significant decrease of average adipocyte area in comparison to tumour-free 

controls (Figure 8G; P<0.05). Regarding the adipocyte area frequency distribution, the number of 

adipocytes with a cross-sectional area <100 m2 was significantly higher in LLC-bearing animals, with a 

decrease in the frequency of adipocytes with areas ranging from 1000-1400 m2 (Figure 8H; P<0.05). 

LLC-bearing mice treated with GW9508 (8 mg/kg, s.c.) demonstrated a higher number of adipocytes with 

areas ranging from 100 to 500 m2, when compared to tumour-free control and LLC-bearing mice (Figure 

8H; P<0.05). Additionally, the repeated treatment with the selective FFA4 antagonist AH7614 (4 mg/kg, 

s.c.) significantly increased the frequency of adipocytes with areas ranging from 1000-1300 m2 (Figure 

8H; P<0.05). Representative images of rWAT are shown in Figure 8I-M. The average adipocyte area in 

epWAT from tumour free-control mice and LLC-bearing mice, apart from the treatment with GW9508 (8 

mg/kg, s.c.), did not demonstrate any statistical difference (Figure 8N; P>0.05). However, GW9508-treated 

LLC-bearing mice displayed a significant increase in the number of adipocytes with areas from 700-800 

m2, accompanied by a reduction of adipocytes with areas from 1500-1600 m2 (Figure 8O; P<0.05). 

Representative images of experimental groups are shown in Figures 8P-R.   

 

Modulation of UCP-1 expression in white adipose tissue of cachectic mice 

 The UCP-1 expression has been previously evaluated as a thermogenesis marker (153). Herein, 

UCP-1 was analysed in epWAT of LLC-bearing mice after the treatment with GW9508 (8 mg/kg, s.c.). 

Tumour-free control mice displayed a constitutive expression of UCP-1 in epWAT, while LLC-bearing 



 

 

 

 

mice exhibited a significant decrease of UCP-1 expression, regardless of the treatment with GW9508 

(Figure 9A, P<0.05). The representative blot is provided in Figure 9B.  

 

Assessment of behavioural deficits associated to LLC-cancer induced cachexia 

 The induction of cancer cachexia by LLC-cells implantation evoked severe alterations related to 

mobility and strength after 21 days of tumour growth, displayed by a diminished spontaneous locomotor 

activity, impaired grip strength and decreased motor coordination (Figures 10, 11 and 12). While the 

repeated administration of ALA (2.5 and 5 mg/kg, i.p.) failed to rescue the reduced ambulatory movement, 

travelled distance, rearing, and speed (Figure 10A-D), DHA (1 µmol/kg, i.p.) treatment partially recovered 

the ambulatory movement (Figure 10A; P=0.10). Concerning the synthetic ligands, the repeated 

administration of GW9508 (8 mg/kg, s.c.) significantly rescued the spontaneous locomotor activity (Figure 

11A-D; P<0.05), while the administration of TUG891 (8 mg/kg, s.c.) failed to alter this feature (Figure 

12A-D). The selective antagonists GW110 and AH7414 lacked any effect on the locomotor deficits 

associated to cancer cachexia (Figure 11A-D, 12A-D).  

The repeated treatment with DHA (1 µmol/kg, i.p.) recovered the impaired grip strength in a 

significant manner, whereas ALA (5 mg/kg, i.p.) significantly improved the motor coordination of 

cachectic mice (Figure 10E and 10F, respectively; P<0.05). The repeated administration of GW9508 (8 

mg/kg, s.c.) restored the grip strength toward the control levels (Figure 11E). In a different manner, both 

doses of GW1100 failed to modify all of the assessed parameters (Figure 11E and 11F).  Importantly, the 

systemic administration of AH7614 (4 mg/kg, s.c.) significantly rescued the reduced grip strength 

associated to cancer cachexia (Figure 12E; P<0.05).  In respect to the impaired motor coordination induced 

by LLC-cells implantation, TUG891 and AH7614 failed to recover this parameter (Figure 12F). 

 

Brain hypometabolism in cancer-associated cachexia 

 In the first experimental set (Figure 13), LLC-bearing mice were scanned in the 21st day after the 

repeated administration of ALA (2.5 mg/kg, i.p.) or DHA (1 µmol/kg, i.p.), and compared to their respective 

controls. The whole brain glucose uptake did not differ among the experimental groups (Figure 13A). 

However, when the brain regions were analysed separately, the LLC-injected mice demonstrated an overall 



 

 

 

 

reduction of cerebral glucose metabolism, irrespective of the treatment with ALA or DHA (Figure 13B and 

C). Representative images of [18F]-FDG uptake are depicted in Figures 13D-G. 

In the second experimental set (Figure 14), LLC-injected mice and their respective controls were 

analysed after the systemic treatment with GW9508 (8 mg/kg, s.c.). Concerning the whole brain 

metabolism, the glucose uptake remained similar among the experimental groups (Figure 14A). 

Nevertheless, when the glucose metabolism was analysed throughout separate brain regions, LLC-bearing 

mice displayed a significant brain hypometabolism in right and left striatum, cortex, left hypothalamus, 

thalamus, superior colliculus and right inferior colliculus. Of note, the repeated treatment with GW9508 

reinstated brain metabolism to control values (Figure 14B and C). Interestingly, the tumour mass and the 

brain radioactivity were unaltered among the different experimental groups, demonstrating that brain 

hypometabolism in LLC-bearing mice did not depend on the tumour mass (Figure S1). Representative 

images of brain [18F]-FDG uptake are shown in Figures 14D-F. 

 

FFA1 and FFA4 immunopositivity in adipose tissue from LLC-bearing mice 

 An immunohistochemistry assay was carried out to evaluate the immunopositivity for FFA1 and 

FFA4 receptors in epWAT and isWAT of tumour-free control and LLC-injected mice. Notably, the FFA1 

receptor was upregulated in isWAT of LLC-bearing mice (Figure 15A; P<0.05), whilst the FFA4 receptor 

immunopositivity was not significantly different (Figure 15D). The representative images of the 

immunopositivity for FFA1 and FFA4 in isWAT are shown in Figure 15B-C and 15E-F, respectively. 

Regarding the FFA1 and FFA4 expression in epWAT, the immunopositivity of both receptors was not 

significantly different, when comparing tumour-free and LLC-bearing mice (Figure 16A, 16D). 

Representative images of the immunopositivity for both receptors in epWAT are depicted in Figure 16B-C 

and 16E-F.  

 

FFA1 protein expression in muscle and pancreas of LLC-bearing mice 

 We assessed the expression of FFA1 in the pancreas and gastrocnemius muscle of LLC-bearing 

mice treated with the dual agonist GW9508 (8 mg/kg, s.c.). Interestingly, the FFA1 protein expression in 

the gastrocnemius suffered a significant increase in LLC-bearing mice, and diminished approximating to 



 

 

 

 

control values in GW9508-treated LLC-bearing mice (Figure 17A; P<0.05). The FFA1 receptor was 

constitutively expressed in pancreas of tumor-free control mice, without any significant variation by tumor 

induction or GW9508 (8 mg/kg, s.c.) treatment (Figure 17C). The representative blots for FFA1 in 

gastrocnemius and pancreas are depicted in Figures 17B and D, respectively. 

 

Discussion 

 Cancer-associated cachexia is a multifactorial syndrome that is considered an unmet medical need. 

The use of omega-3 fatty acids in this condition is a common approach in clinical practice, with conflicting, 

but promising outcomes (17,169,201,202). Herein, we evaluated the effects of ALA and DHA in a mouse 

model of cancer cachexia. Additionally, in virtue of their unspecific pharmacological properties, we also 

assessed the impacts of FFA1 and FFA4 synthetic ligands in this cachexia animal model. The main idea 

was to investigate to what extent these receptors can modulate cancer cachexia and if omega-3 fatty acids 

benefits are linked, at some level, to the FFA1/FFA4 receptor activation. Remarkably, the dual FFA1/FFA4 

agonist GW9508 displayed several beneficial effects on the LLC-cachexia model, more importantly, on 

adipose tissue modulation, splenomegaly-associated cancer cachexia, impaired behavioural performance, 

and central alterations, besides reducing the tumour mass. It is worthy of mentioning that this is the first 

evidence showing that cachexia induction led to changes of FFA1 expression in the adipose tissue.  

 In alignment with other LLC-cachexia models, we showed a decrease of tumour-free carcass 

weight and an impaired body weight variation throughout the experimental period of 21 days (203,204). 

Tumour-free carcass weight is a significant characteristic to measure body weight loss; however, it can be 

overestimated depending on the initial body weight (before LLC-cells implantation). The body weight 

variation is more useful to detect the ongoing body weight loss because of the difference between the initial 

body weight and tumour-free carcass weight, correcting any body weight variation among the same 

experimental group. Importantly, the systemic treatment with ALA and DHA recovered the ongoing body 

weight loss, and the FFA1 and FFA4 synthetic ligands failed to reverse this important feature. Regarding 

the effects of ALA in body weight variation, a study in Walker 256 tumour-bearing rats demonstrated that 

an ALA-enriched diet recovered the body weight loss. Nevertheless, Carnier et al. demonstrated that a diet 

containing chia flour failed to modulate cancer cachexia in the same animal model (190,205). These 

conflicting results can be explained, at some level, by the route of administration. In both studies, rats 



 

 

 

 

received an ALA-enriched diet, likely decreasing the dosage absorbed. Herein, cachectic mice probably 

displayed a better result in virtue of the parenteral route selected for our research. Additionally, it was 

previously shown that a DHA-enriched diet protected ongoing weight loss in tumour-bearing rats receiving 

doxorubicin and in mice after 48-h fasting, corroborating our results (206,207).  In virtue of the distinct 

results from ALA and DHA treatment and FFA1 and FFA4 synthetic ligands on body weight alterations, 

we can conclude that beneficial effects of ALA and DHA do not rely on the activation of FFA1/FFA4 

receptors. Alternatively, they might be related to the modulation of membrane composition and inhibition 

of  inflammatory mediators (166,208). 

  Noteworthy, we observed positive effects on tumour weight regarding the FFA1 and FFA4 

ligands: either agonists that are considered dual for both receptors decreased tumour mass in a significant 

manner, whereas the selective antagonists did not alter this feature. Kita et al. (69) demonstrated that 

GW9508 treatment modulated the motility of LLC-cells, with opposite effects for FFA1 and FFA4 

receptors. As for the impact of TUG891 in lung cancer, there is no evidence corroborating or contrasting 

with our result. However, it was demonstrated that the activation of FFA4 receptors by TUG891 induced 

resistance of hormone receptor-positive breast cancer cells to tamoxifen therapy, contrasting somewhat 

with our data (209). Also, the in vitro treatment with EPA, GW9508, or TUG891 failed to alter rat pituitary 

tumour cells viability (210). On the contrary, in human ovarian cancer cells, GW9508 treatment 

significantly inhibited the cell proliferation via FFA1 receptor activation (211). When analysed together, 

these pieces of evidence extend the previous notion that FFA1/FFA4 receptors might display contrasting 

effects depending on the tumour type (186). 

 An important feature linked to the high inflammatory state present in cachexia was the marked 

splenomegaly in LLC-bearing mice. Corroborating with our cachexia model, Kandarian et al. (212) 

demonstrated a similar splenomegaly development in C26 tumour-bearing mice. The tested naturally-

occurring ligands ALA and DHA did not alter splenomegaly. However, our data showed that the dual 

FFA1/FFA4 agonist GW9508 rescued the splenomegaly-associated to cachexia, while the selective FFA4 

antagonist AH7614 induced a similar result. This might be indicative that the prevention of splenomegaly 

by GW9508 is mediated by FFA1 activation. According to Gotoh et al. (213), FFA1 and FFA4 are both 

expressed in the spleen of mice. Nevertheless, there is no further evidence demonstrating splenomegaly 

reduction by activation and blockage of both FFAs receptors.  



 

 

 

 

The reduced haematocrit values in cachectic mice is likely associated with splenomegaly since this 

condition is related to the destruction of erythrocytes (214). Indeed, the implantation of C26 colon 

carcinoma, B16 melanoma and LLC tumor cells in mice also led to anaemia development (215). 

Additionally, in the clinical scenario, a low haematocrit is considered an independent risk factor for poor 

diagnosis in lung cancer patients (216).  In our study, the cachexia-associated anaemia was recovered by 

the parenteral treatment with the naturally-occurring omega-3 fatty acids ALA and DHA, with slight effects 

for GW9508, TUG891, and AH7614. Omega-3 fatty acids intervention failed to increase the haematocrit 

levels in haemodialysis patients, different from our results (217).  

A high NLR is considered a marker for poor prognosis in cancer patients (200). We observed an 

increase of NLR in LLC-bearing mice, an effect that remained unaffected by the treatment with either 

natural or synthetic FFA1/FFA4 ligands. In alignment with our results, Huang et al. also demonstrated an 

increased rate of circulating neutrophils in LLC-cachectic mice (218). On the contrary, it was previously 

demonstrated that omega-3 fatty acid supplementation diminished tumour-NLR in a mouse model of 

metastatic breast cancer, although the authors did not evaluate the circulating NLR (219), what might 

account for the different results.  

With the intent to expand our notion regarding the inflammatory state of LLC-cachectic mice, we 

analysed tissue and circulating cytokine levels. We were unable to detect TNF, IL-1β, IL-10, and IFN-γ in 

tissue and serum of cachectic mice. Our lack of cytokine detection can be due to our chosen experimental 

period of 21 days. Accordingly, Henriques et al.  (203) showed altered levels of several circulating 

cytokines in LLC-mice at 28 days of LLC inoculation. We failed to detect significant differences when 

comparing the circulating leptin levels in tumour-free control and LLC-bearing mice. Corroborating our 

data, Tong et al. performed a meta-analysis and concluded that circulating leptin is not involved with 

cachexia development in lung cancer patients (104). Additionally, it was demonstrated that in chronic 

cachexia, circulating leptin levels are decreased (149). However, we observed an increase of circulating 

leptin levels in LLC-bearing mice treated with GW9508 and unaltered leptin levels in epWAT from these 

same animals. One might suppose that elevated serum leptin levels might reach the hypothalamus, 

modulating the food intake and the energy expenditure, helping to explain the multifaceted favourable 

effects of GW9508 in our experimental paradigm.  



 

 

 

 

 Cancer cachexia is mainly characterized by skeletal muscle atrophy (171). As demonstrated in the 

cachexia model induced by C26 colon adenocarcinoma inoculation in mice, we demonstrated decreased 

gastrocnemius and tibialis muscle weight (212). Herein, the systemic administration of ALA rescued the 

gastrocnemius weight, without any effects for the other tested ligands. Corroborating with our results, a 

clinical study with cachectic gastrointestinal cancer patients demonstrated that a fish oil-enriched oral 

supplement increased skeletal muscle mass, after six months of treatment (220). The effects of ALA do not 

appear to be related to the activation of FFA1 or FFA4 receptors. It is tempting to suggest that ALA might 

recover muscle wasting by membrane lipid modulation or by the degradation in EPA, DHA, or pro-

resolution mediators. In fact, Resolvin E1 improved myotube morphology in an in vitro study of muscle 

atrophy induced by bacterial endotoxin, rather supporting our suggestion (221). To gain further insights 

regarding the effects of ALA on cachexia-related muscle atrophy, we performed a histological analysis of 

muscle fibre cross-sectional area. The gastrocnemius cross-sectional area was unaltered among the 

experimental groups, which could be explained by our experimental period of evaluation. Accordingly, 

Brown et al. showed a similar muscle fibre cross-sectional area frequency distribution 21 days after LLC 

inoculation, with significant differences only at 28 days of tumour implantation (222). Additionally, to 

better characterize LLC-associated muscle alterations, we analysed the myonuclei position, which is a sign 

of constant muscle fibre repair (223). LLC-hosts displayed an increased number of central myonuclei, a 

feature that has been previously observed in C26-bearing mice, as well as in pancreatic cancer patients 

(224,225). However, ALA failed to prevent the centrally positioned myonuclei. The absence of ALA effects 

on fibre diameter or myonuclei position might indicate an interference with other morphological parameters 

in the skeletal muscle, as an alternative explanation for the recovery of gastrocnemius wet weight.  

 Cancer-associated cachexia and type 2 diabetes (T2D) hold similar metabolic alterations (226), 

despite their obvious phenotypic differences. The activation of FFA1 and FFA4 receptors has been 

investigated as a pharmacological approach for the treatment of T2D, showing the relevance of both 

receptors in glycaemic control and in regulation of lipolytic pathways (227–229). Our data demonstrated 

that treatment with both ALA and the FFA1/FFA4 dual agonist GW9508 recovered the adipose tissue 

weight loss, whereas the also dual agonist TUG891 failed to recuperate the wet weight of adipose tissues. 

It is worth of mentioning that GW9508 has a 100-fold affinity for FFA1 than FFA4 (29), what might help 

to explain the different effects in comparison to TUG981. Interestingly, the selective antagonists of FFA1 

and FFA4, GW1100 and AH7614, displayed mild effects on adipose tissue recovery in cachectic mice, 



 

 

 

 

suggesting that both receptors are activated under cancer cachexia progression, contributing for the 

associated lipolysis. Of note, it is worth mentioning that adipose tissue lipolysis occurs before muscle 

atrophy in the LLC-cachexia model, and this could explain our distinct results regarding the lack of muscle 

fibres differences and the marked alterations in adipose tissue (230). Differences of FFA1 and FFA4 levels 

of activation might also help to explain whether both an agonist and two antagonists produced favourable 

effects on fat weight loss.  

  To further investigate adipose tissue modulation, we performed a histological analysis of 

adipocyte cross-sectional area of LLC-bearing mice treated with naturally-occurring or synthetic ligands 

that exerted a statistical effect on adipose tissue weight. The isWAT from mice is a mixed adipose tissue, 

characterized by the presence of white and brown adipose tissue (231). Nevertheless, we attempted to 

analyse the white adipose region from this fat depot with the intent to detect white adipocyte area 

alterations. The treatment with ALA, GW9508, and GW1100 altered the adipocyte cross-sectional area, 

corroborating the results obtained when this tissue weight was assessed. Also, the histological analysis of 

rWAT demonstrated that GW9508 treatment increased the number of adipocytes, supporting the increase 

of rWAT total weight, suggesting that the activation of FFA1 and FFA4 receptors is linked to adipocyte 

differentiation (213). Also, both antagonists, GW1100, and AH7614, increased the adipocyte area, 

upholding the obtained results from tissue weight assessment. Finally, we assessed the cross-sectional of 

epWAT from LLC-cachectic mice treated with GW9508, and it was possible to observe that this agonist 

also increased the number of smaller adipocytes, suggesting that FFA1/FFA4 activation might promote the 

adipocyte differentiation in white adipose tissue.  

 The UCP-1 is a mitochondrial protein associated with increased thermogenesis, and it has been 

associated with the pathophysiology of cancer-associated cachexia (147,153). To analyse the possible 

development of thermogenesis in fat depots of cachectic mice, we performed a Western blot assay to assess 

the UCP-1 expression in isWAT and epWAT. Interestingly, we were not able to detect UCP-1 in isWAT 

(results not shown). On the contrary, UCP-1 in epWAT was constitutively expressed in tumour-free control 

mice, whereas in LLC-bearing mice, this protein was upregulated, regardless of the GW9508 treatment. 

Supporting our results, a pancreatic cancer cachexia model displayed a time-dependent reduction of UCP-

1 expression in brown adipose tissue of cachectic mice, accompanied by an overall decrease of this protein 

in white adipose tissue, when compared to tumour-free controls (232).  



 

 

 

 

 Cancer cachexia is associated with impaired quality of life, by reducing strength and exercise 

capacity, consequently, leading to a shorter survival  (233,234). The development of cancer cachexia in our 

study led to a marked decrease in overall locomotor activity, corroborating previous assessments in LLC-

bearing mice (235,236). We demonstrated that the FFA1/FFA4 dual agonist GW9508 improved the 

spontaneous locomotor activity in LLC cachectic mice in a significant manner, while DHA treatment 

slightly recovered this feature. Nonetheless, the other tested ligands did not alter this aspect. The FFA1 

receptor activation has been associated with different behavioural alterations, such as stress-related pain 

and depression, as demonstrated by the treatment with DHA or GW9508 (41,179,237). Furthermore, the 

genic ablation of FFA1 receptors triggered distinct behavioural deficits, according to the evaluation of male 

and female mice (47,48). Additionally, the central activation of FFA4 receptors inhibited the food intake 

and reward, and chronically decreased anxiety-like behaviour in mice (64). It  is worth of mentioning that 

FFA1 and FFA4 receptors are constitutively expressed in neurons and microglia, leading us to believe that 

the beneficial effects of GW9508 and DHA might rely on the activation of both receptors in the central 

nervous system (41,50,238).   

We also evaluated the grip strength and motor coordination in LLC-bearing mice, as an additional 

measure of the decreased life quality in cachectic patients (234). We demonstrated that LLC-bearing mice 

displayed impaired motor coordination and grip strength. Similar data was formerly shown in mouse 

models of cancer cachexia induced by LLC or colorectal cancer inoculation (239,240). Regarding our 

results, we observed that DHA systemic treatment improved grip strength in LLC-bearing mice. In a mouse 

model of Duchenne muscular dystrophy, EPA/DHA supplementation restored grip strength, by modulating 

inflammation, oxidative stress, and sarcolemma stability (241). Additionally, DHA induced positive 

metabolic effects on skeletal muscle by FFA4 receptor activation (242). On the contrary, we also observed 

that LLC-bearing mice treated with the selective FFA4 antagonist AH7614 demonstrated improved grip 

strength, an effect that was not previously seen in any previous publications. This data reinforces the idea 

the different states of activation of FFA receptors can be observed in cachexia progression.  

 In virtue of the behavioural and metabolic impairments observed in LLC-cachectic mice in our 

study, we assessed, via microPET scanning analysis, the brain glucose metabolism by [18F]-FDG injection. 

Although we did not observe any change in whole brain glucose metabolism for any of the studied groups, 

LLC-hosts displayed a marked glucose hypometabolism in individually analysed brain regions, most 



 

 

 

 

importantly in striatum, cortex, hypothalamus, superior colliculus and right inferior colliculus. In the 

MAC16 cachexia model, [18F]-FDG uptake was increased in brain and tumour of cachectic mice, 

contrasting with our results (196). Furthermore, in a cancer-anorexia rat model, cFos was expressed in the 

forebrain, which includes striatum and hypothalamus, indicating alterations in the catabolic pathways 

exerted by cachexia (243). Additionally, in non-small cell lung cancer patients, brain hypometabolism was 

observed in visual-spatial function-related areas; however, these patients were not cachectic (244). We 

further observed that GW9508 systemic treatment restored the cachexia-related hypometabolism. It is 

worth mentioning that FFA1 is highly expressed in the hypothalamus, hippocampus, medulla oblongata, 

cerebellum, olfactory bulb, striatum, cerebral cortex, spinal cord, and astrocytes while the FFA4 receptor 

expression was observed in the whole brain, more specifically, in the hypothalamus and pituitary gland 

(42,44,245–247). Moreover, in a mouse model of diabesity, the chronic central administration of GW9508 

improved the cognitive performance by activating hippocampal FFA1 receptors (52). Also, the chronic 

activation of brain FFA4 by centrally dosing the selective agonist GPR120III improved anxiety-like 

behaviour in mice (64). We further analysed [18F]-FDG biodistribution in tumour and brain from LLC-

bearing mice and, regardless of the GW9508 treatment, [18F]-FDG uptake was unaltered, demonstrating 

that brain glucose hypometabolism was indeed due to the cachectic process, rather than to tumour growth. 

We also evaluated the effects of ALA and DHA in cachexia-related hypometabolism, but they failed to 

rescue this impairment. This might be related to the metabolism of both naturally-occurring ligands, as the 

secondary products might not be generated in sufficient levels to modulate brain hypometabolism.  

 The FFA1 and FFA4 receptors are constitutively expressed in different tissues that are mainly 

involved in metabolism regulation (248). The FFA1 receptor expression was previously detected in 

pancreas, brain, muscle, spinal cord, osteoblasts, osteoclasts, macrophages, and fibroblasts (41,245,249–

251). As for FFA4 receptor, its expression was detected in adipose tissue, gastrointestinal tract, muscle, 

liver, retina, brain, aorta, and taste buds (58,65,182–184,238,249). It is worth mentioning that the 

expression of both receptors was investigated by different techniques, regularly showing their expression 

by mRNA or immunofluorescence. Herein, we demonstrated the immunopositivity of FFA1 receptors in 

adipose tissue by immunohistochemistry. In isWAT, we showed that FFA1 receptor is upregulated in the 

presence of cachexia, suggesting its participation in cachexia development. Similarly, in a rat model of 

spinal nerve ligation, FFA1 receptor was upregulated in microglia, astrocytes and neurons of the spinal 

cord (42). Conversely, the FFA1 receptor was downregulated in the spinal cord in a mouse model of visceral 



 

 

 

 

pain, whereas the systemic administration of DHA restored this parameter (41).  As for the FFA4 

immunopositivity, we observed that this receptor is expressed in isWAT and epWAT of mice, regardless 

of LLC-cachexia induction. However, Quesada-Lopez et al (65) demonstrated that FFA4 mRNA expression 

in adipose tissue was upregulated by cold exposure. Also, it was previously shown that mice with genetic 

ablation of FFA4 develop obesity, glucose intolerance, decreased adipocyte differentiation and lipogenesis. 

Furthermore, the same study showed that FFA4 gene expression is upregulated in obese humans, when 

compared to lean individuals (61). Based on our findings, one might suggest that FFA1 participates, in a 

higher extent, of cancer cachexia development more than FFA4; however, both receptors are likely essential 

for the development and treatment of this condition.  It was demonstrated that dietary omega-3 activates 

FFA4 receptor in adipose tissues of lean mice, indicating the effectiveness of omega-3 fatty acids to 

modulate this receptor (249). The same study demonstrated that gastrocnemius FFA1receptor is also 

activated by dietary omega-3. We demonstrated by Western blotting, that FFA1 protein expression is 

upregulated in the gastrocnemius of LLC-cachectic mice, and this was reversed by the FFA1/FFA4 dual 

agonist GW9508 systemic treatment. Of note, the FFA1 upregulation in both adipose and muscle tissues 

might indicate a muscle-adipose tissue crosstalk, since this is considered a hallmark of cancer cachexia 

(171). In our study, the FFA1 receptor was found constitutively expressed in pancreas, regardless of 

cachexia development. Contrariwise, it was previously demonstrated that FFA1 receptor expression is 

diminished in the pancreas of diabetic mice (229,252). Thus, we can suggest that FFA1 expression does 

not depend on cancer cachexia development. It is important to mention that we investigated the adipose 

tissue expression of FFA4 only by immunohistochemistry, and not by Western blotting, in virtue of the low 

blot quality and non-specific protein expression. 

 Our findings demonstrate, for the first time, the relevance of both FFA1and FFA4 receptors in 

cancer-associated cachexia. These receptors partly mediate the beneficial effects induced by the parenteral 

administration of ALA and DHA, despite additional sites of action for both naturally-occurring compounds 

cannot be discarded. Herein, we observed overlapping effects for synthetic FFA1/FFA4 agonists and 

antagonists in the mouse model of LLC-induced cachexia. A previous study pointed out opposing beneficial 

or detrimental actions for FFA1 receptors in several pathophysiological responses, supporting somewhat 

our data (112). Indeed, it has been suggested that FFA4 receptor co-activation potentiates FFA1 receptor-

mediated antidiabetic effects in rodents, further indicating a redundancy of actions mediated by the two 

receptors (80). Noteworthy, the dual FFA1/FFA4 agonist GW9508, which displays a preference for FFA1 



 

 

 

 

receptor, exhibited superior responses regarding the control of peripheral and central alterations secondary 

to cachexia induction. Accordingly, we showed an upregulation of FFA1 receptors in adipose tissue and 

skeletal muscle of LLC-hosts, upholding a most relevant role for FFA1 receptors, in our experimental 

paradigm. Nevertheless, targeting both FFA1and FFA4 receptors appears to represent an attractive strategy 

for cachexia management.  
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 Table 1 Effects of ALA and DHA on cancer-associated cachexia body alterations. 

isWAT, intrascapular white adipose tissue; ingWAT, inguinal white adipose tissue; rWAT, retroperitoneal white adipose tissue; epWAT, epididymal white adipose tissue; 

ALA, α-linolenic acid; DHA, docosahexaenoic acid. Data represents the mean±SEM of 8-24 animals/group. 
aDenotes statistical difference from tumour free-control group 
bDenotes statistical difference from LLC-control group 

  

 Tumour free-control group LLC-group 

 Control ALA DHA Control ALA DHA 

 - 2.5 mg/kg 5 mg/kg 1 µmol/kg  2.5 mg/kg 5 mg/kg 1 µmol/kg 

Gastrocnemius (mg) 139±3 134±3 136±6 133±7 117±4a 136±4b 140±2b 123±7 

Tibialis anterior (mg) 58±3 61±5 54±2 51±2 44±3a 53±3 53±2 41±2a 

Soleus (mg) 8±1 8±1 6±1 7±1 7±1 7±1 7±1 8±1 

isWAT (mg) 71±6 83±9 67±7 71±3 40±4a 77±12b 63±6 62±10 

rWAT (mg) 55±7 76±9 51±5 48±4 36±4 50±8 36±4 35±7 

epWAT (mg) 176±12 125±20 191±46 132±21 108±11a 109±11 115±6 166±13 



 

 

 

 

 

Table 2 Effects of the FFA1/FFA4 dual agonist GW9508 and the FFA1 selective antagonist GW1100 on cancer-associated cachexia body alterations. 

 

 Tumour free-control group LLC-group 

 Control GW9508 GW1100 Control GW9508 GW1100 

 - 2 mg/kg 8 mg/kg 4 mg/kg 10 mg/kg  2 mg/kg 8 mg/kg 4 mg/kg 10 mg/kg 

Gastrocnemius (mg) 147±3 130±5 144±3 147±4 149±5 137±4 118±6ab 137±4 141±5 144±8 

Tibialis anterior (mg) 60±4 54±3 57±3 59±6 76±4 53±3 43±4a 58±4 57±6 57±4 

Soleus (mg) 8±1 8±1 6±1 7±1 8±1 8±1 7±1 8±1 8±1 8±1 

isWAT (mg) 56±5 55±5 99±10 114±14 75±6 51±5 42±5 81±7ab 84±7ab 56±7 

rWAT (mg) 47±3 35±3 48±4 62±4 41±4 27±3a 21±4a 41±5b 43±4b 20±3a 

epWAT (mg) 200±14 197±2 199±14 255±20 188±27 116±11a 110±18a 200±23b 149±12 141±23 

isWAT, intrascapular white adipose tissue; ingWAT, inguinal white adipose tissue; rWAT, retroperitoneal white adipose tissue; epWAT, epididimal white adipose tissue; 

Data represents the mean±SEM of 8-24 animals/group. 
aDenotes statistical difference from tumor free-control group 
bDenotes statistical difference from LLC-control group 

 

 

  



 

 

 

 

 

 

Table 3 Effects of the FFA1/FFA4 dual agonist TUG891 and FFA4 selective antagonist AH7614 on cancer-associated cachexia body alterations. 

 

 Tumour free-control group LLC-group 

 Control TUG891 AH7614 Control TUG891 AH7614 

 - 2 mg/kg 8 mg/kg 4 mg/kg 10 mg/kg  2 mg/kg 8 mg/kg 4 mg/kg 10 mg/kg 

Gastrocnemius (mg) 150±5 144±8 152±4 133±5 160±6 135±4 127±5a 139±4 139±4 119±4a 

Tibialis anterior 

(mg) 
71±3 68±3 71±1 55±3 75±4 59±4 62±3 68±3 54±3 54±3 

Soleus (mg) 7±1 8±1 6±1 7±1 7±1 7±1 6±1 7±1 8±1 6±1 

isWAT (mg) 72±6 79±7 67±5 56±3 77±5 42±3a 56±5 55±4 45±5a 42±6a 

rWAT (mg) 42±4 45±7 44±5 47±7 41±4 24±4a 16±3a 29±4 45±6b 18±3a 

epWAT (mg) 211±6 261±32 220±13 204±32 248±13 133±15a 153±12 189±16 193±27 169±16 

isWAT, intrascapular white adipose tissue; ingWAT, inguinal white adipose tissue; rWAT, retroperitoneal white adipose tissue; epWAT, epididymal white adipose tissue; 

Data represents the mean±SEM of 8-24 animals/group. 
aDenotes statistical difference from tumour free-control group 
bDenotes statistical difference from LLC-control group  

 



 

 

 

 

 

 

 

Fig 1 Schematic figure of the tumour induction and treatment protocols. Lewis lung 

carcinoma (LLC)-cells were injected into the right hind flank of C57/BL6 mice. Seven 

days after tumour implantation, mice were submitted to the respective treatment schemes, 

until the 21st day. On this last day, behavioural experiments were performed, and mice 

were euthanized for sample collection. PBS, phosphate-buffered saline.  

  



 

 

 

 

 

 



 

 

 

 

Fig. 2 Phenotypic and inflammatory outcomes in LLC-cachexia model, after omega-3 

fatty acids i.p. treatment. (A) Tumour-free carcass weight, (B) body weight variation 

throughout 21 days, and (C) tumour weight was assessed after ALA or DHA treatment. 

(D) Spleen weight was measured, and (E) haematocrit and (F) neutrophil-lymphocyte-

ratio (NLR) were evaluated afterwards, using total blood. Parameters are expressed as 

mean ± SEM. #P<0.05 denotes difference from control group; *P<0.05 denotes difference 

from LLC + Vehicle group (One-way ANOVA followed by Bonferroni’s post hoc test). 

  



 

 

 

 

 



 

 

 

 

 

Fig. 3 Phenotypic and inflammatory characteristics of LLC-injected mice, after the 

administration of the partial agonist or the selective antagonist of FFA1, GW9508 (2 or 8 

mg/kg, s.c.) or GW1100 (4 or 10 mg/kg, s.c.), respectively. (A) Tumour-free carcass 

weight, (B) body weight variation throughout 21 days, and (C) tumour weight were 

assessed after GW9508 or GW1100 treatment. (D) Spleen weight was measured, and (E) 

haematocrit and (F) neutrophil-lymphocyte-ratio (NLR) were evaluated afterwards, using 

total blood. Parameters are expressed as mean ± SEM. #P<0.05 denotes difference from 

control group; *P<0.05 denotes difference from LLC + Vehicle group (One-way ANOVA 

followed by Bonferroni’s post hoc test). 

  



 

 

 

 

 

 



 

 

 

 

Fig. 4 Phenotypic and inflammatory aspects of LLC-injected mice, after the 

administration of the partial agonist or the selective antagonist of FFA4, TUG891 (2 or 8 

mg/kg, s.c.) or AH7614 (4 or 10 mg/kg, s.c.), respectively. (A) Tumour-free carcass 

weight, (B) body weight variation throughout 21 days, and (C) tumour weight were 

assessed after TUG891 or AH7614 treatment. (D) Spleen weight was measured, and (E) 

haematocrit and (F) neutrophil-lymphocyte-ratio (NLR) were evaluated afterwards, using 

total blood. Parameters are expressed as mean ± SEM. #P<0.05 denotes difference from 

control group; *P<0.05 denotes difference from LLC + Vehicle group (One-way ANOVA 

followed by Bonferroni’s post hoc test). 

  



 

 

 

 

 

 

Fig. 5 Effects of the treatment with GW9508 in LLC-bearing mice on circulating and 

tissue leptin levels. The levels of (A) serum and (B) epWAT leptin were assessed in LLC-

bearing mice that received repeated treatment with GW9508 (8 mg/kg, s.c.). Parameters 

are expressed as mean ± SEM. #P<0.05 denotes difference from control group; *P<0.05 

denotes difference from LLC + Vehicle group (One-way ANOVA followed by 

Bonferroni’s post hoc test).  

  



 

 

 

 

 

 



 

 

 

 

Fig. 6 Skeletal muscle alterations associated to cancer-cachexia, after systemic ALA 

treatment. (A) The fibre size frequency distribution and (B) the number of central 

myonuclei of gastrocnemius muscle were evaluated after 21 days of tumour growth. 

Representative images of the gastrocnemius muscle for (C) tumour-free control mice, (D) 

LLC-bearing mice and LLC-treated mice with (E) ALA 2.5 mg/kg or (F) 5 mg/kg, given 

i.p (200x magnification). Parameters are expressed as mean ± SEM. 

  



 

 

 

 
 



 

 

 

 

 

Fig. 7 Adipocyte cross-sectional area from isWAT of ALA-treated LLC-bearing mice. 

(A) Average adipocyte cross-sectional area and (B) adipocyte area relative frequency 

from LLC-injected mice treated with ALA (2.5 mg/kg or 5 mg/kg, i.p.). Representative 

images of isWAT from (C) tumour-free control mice, (D) LLC-bearing mice, LLC-

treated mice with (E) ALA 2.5 mg/kg i.p., and (F) ALA 5 mg/kg, i.p (200x 

magnification). Parameters are shown as mean ± SEM. #P<0.05 denotes significance 

from tumour-free control group; *P<0.05 denotes significance from LLC-bearing group 

(Two-way ANOVA followed by Tukey’s post hoc test). 

  



 

 

 

 

 

 

Fig. 8 Effects of the FFA1 and FFA4 synthetic ligands in the adipocyte cross-sectional 

area in LLC-bearing mice. (A) Average adipocyte cross-sectional area and (B) adipocyte 

area frequency distribution from LLC-injected mice treated with GW9508 (8 mg/kg, s.c.) 



 

 

 

 

or GW1100 (4 mg/kg, s.c.). Representative images of rWAT from (C) tumour-free control 

mice, (D) LLC-bearing mice, LLC-treated mice with (E) GW9508 (8 mg/kg, s.c.), and 

(F) GW1100 (4 mg/kg, s.c.) (200x magnification). (G) Average adipocyte cross-sectional 

area and (H) adipocyte cross-sectional frequency distribution from LLC-mice treated with 

GW9508 (8 mg/kg, s.c.), GW1100 (4 mg/kg, s.c.) or AH7614 (4 mg/kg, s.c.) 

Representative images of rWAT from (I) tumour-free control mice, (J) LLC-bearing mice 

and LLC-treated mice with (K) GW9508 (8 mg/kg, s.c.), (L) GW1100 (4 mg/kg, s.c.) and 

(M) AH7614 (4 mg/kg, s.c.). (N) Average adipocyte cross-sectional area and (O) 

adipocyte area frequency distribution from LLC-bearing mice treated with GW9508 (8 

mg/kg, s.c.). Representative images of (P) tumour-free control mice, (Q) LLC-bearing 

mice and (R) LLC-treated with GW9508. Parameters are shown as mean ± SEM. #P<0.05 

denotes significance from tumour-free control group; *P<0.05 denotes significance from 

LLC-bearing group (Two-way ANOVA followed by Tukey’s post hoc test). 

  



 

 

 

 

 

Fig. 9 Effects of the repeated treatment with GW9508 (8 mg/kg, s.c.) on UCP-1 protein 

expression and their representative blots in visceral adipose tissue from LLC-bearing 

mice. (A) Analysis of UCP-1 expression in epWAT of LLC-injected mice, with or 

without treatment with GW9508 (8 mg/kg, s.c.), and the respective tumour-free control. 

(B) Representative blots of UCP-1 protein expression in epWAT from tumour-free 

control mice (lanes 1-4), LLC-bearing mice (lanes 5-9) and LLC-bearing mice treated 

with GW9508 (lanes 10-14). Parameters are expressed as mean ± SEM. #P<0.05 denotes 

difference from control group (One-way ANOVA followed by Bonferroni’s post hoc 

test).  

  



 

 

 

 

 

 



 

 

 

 

Fig. 10 Characterization of spontaneous locomotor activity, strength and motor 

coordination in the mouse model of LLC-induced cachexia, after omega-3 fatty acids 

parenteral administration. Spontaneous locomotor activity was evaluated 21 days after 

tumor implantation and characterized by (A) ambulatory movement, (B), travelled 

distance, (C) rearing and (D) speed, after the repeated systemic treatment with ALA (2.5 

or 5 mg/kg, i.p.) or DHA (1 µmol/kg, i.p.). (E) Strength was evaluated by grasping and 

(F) motor coordination was assessed by rota-rod test, after 21 days of tumor cell injection 

and i.p administration of ALA or DHA. Parameters are expressed as mean ± SEM. 

#P<0.05 denotes difference from control group; *P<0.05 denotes difference from LLC + 

Vehicle group (One-way ANOVA followed by Bonferroni’s post hoc test). 

  



 

 

 

 

 

 



 

 

 

 

Fig. 11 Assessment of spontaneous locomotor activity, grip strength and motor 

coordination of LLC-injected mice, after administration of GW9508 (2 or 8 mg/kg, s.c.) 

or GW1100 (4 or 10 mg/kg, s.c.). (A) Ambulatory movement, (B) travelled distance, (C) 

rearing and (D) speed were appraised after the repeated s.c. treatment with GW9508 or 

GW1100. (E) Grip strength and (F) motor coordination were evaluated after the repeated 

s.c. injection of GW9508 or GW1100. Parameters are expressed as mean ± SEM. #P<0.05 

denotes difference from control group; *P<0.05 denotes difference from LLC + Vehicle 

group (One-way ANOVA followed by Bonferroni’s post hoc test). 

  

  



 

 

 

 

 

 



 

 

 

 

Fig. 12 Evaluation of spontaneous locomotor activity, grip strength and motor 

coordination of LLC-injected mice, after administration of TUG891 (2 or 8 mg/kg, s.c.) 

or AH7614 (4 or 10 mg/kg, s.c.). (A) Ambulatory movement, (B) travelled distance, (C) 

rearing and (D) speed were appraised after the repeated s.c. treatment with TUG891 or 

AH7614. (E) Grip strength and (F) motor coordination were evaluated after the repeated 

s.c. injection of TUG891 or AH7614. Parameters are expressed as mean ± SEM. #P<0.05 

denotes difference from control group; *P<0.05 denotes difference from LLC + Vehicle 

group (One-way ANOVA followed by Bonferroni’s post hoc test). 

  



 

 

 

 

 

 

 



 

 

 

 

Fig. 13 Effects of the repeated treatment with ALA (2.5 mg/kg, i.p.) or DHA (1 µmol/kg, 

i.p.) on the [18F]-FDG brain hypometabolism associated to cancer-induced cachexia. (A) 

Whole brain metabolism evaluation after 21 days of tumour implantation. The panels B 

and C show the glucose uptake throughout different brain regions, as a heat map or in 

columns, respectively.  Parameters are expressed as mean ± SEM. Representative images 

of (D) tumour-free control mice, (E) LLC-bearing mice, (F) cancer cachectic mice treated 

with ALA (2.5 mg/kg, i.p.) and (G) cancer cachectic mice treated with DHA (1 umol/kg, 

i.p.). Abbreviations: RSTR, right striatum region; LSTR, left striatum region; CTX, 

cortex; RHIP, right hippocampal region; LHIP, left hippocampal region; THA, thalamus; 

CB, cerebellum; BFS, basal forebrain/septum; HYP, hypothalamus; RAMY, right 

amygdala; LAMY, left amygdala; BS, brainstem; CG, cingulate gyrus; SC, superior 

colliculus; OLF, olfactory areas; RMID, right midbrain; LMID, left midbrain; LIC, left 

inferior colliculus; RIC, right inferior colliculus. 

  



 

 

 

 

 

 

 



 

 

 

 

Fig. 14 Effects of the repeated treatment with GW9508 (8 mg/kg, s.c.) on the [18F]-FDG 

brain hypometabolism associated to cancer-induced cachexia. (A) Whole brain 

metabolism evaluation after 21 days of tumour implantation.  The panels B and C show 

the glucose uptake throughout different brain regions, as a heat map or in columns, 

respectively.  Parameters are expressed as mean ± SEM. #P<0.05 denotes difference from 

control group. (Two-way ANOVA followed by Tukey’s post hoc test). Representative 

images of (D) tumour-free control mice, (E) LLC-bearing mice, and (F) cancer cachectic 

mice treated with GW9508 (8 mg/kg, s.c.). Abbreviations: RSTR, right striatum region; 

LSTR, left striatum region; CTX, cortex; RHIP, right hippocampal region; LHIP, left 

hippocampal region; THA, thalamus; CB, cerebellum; BFS, basal forebrain/septum; 

HYP, hypothalamus; RAMY, right amygdala; LAMY, left amygdala; BS, brainstem; CG, 

cingulate gyrus; SC, superior colliculus; OLF, olfactory areas; RMID, right midbrain; 

LMID, left midbrain; LIC, left inferior colliculus; RIC, right inferior colliculus. 



 

 

 

 

 

Fig. 15 FFA1 and FFA4 receptor immunopositivity in subcutaneous adipose tissue of 

LLC-bearing mice. (A) FFA1 receptor and (D) FFA4 receptor immunopositivity 

(expressed as mean grey value) in isWAT from tumour-free control and LLC-bearing 

mice.  #P<0.05 denotes difference from control group. (B, C, E and F) Representative 

images of FFA1 and FFA4 immunolabelling in isWAT from tumour-free control and 

LLC-injected mice (One-way ANOVA followed by Bonferroni’s post hoc test). 

  



 

 

 

 

 

Fig. 16 FFA1 and FFA4 receptor immunopositivity in visceral adipose tissue of LLC-

bearing mice. (A) FFA1 receptor and (D) FFA4 receptor immunopositivity (expressed as 

mean grey value) in epWAT from tumour-free control and LLC-bearing mice.  (B, C, E 

and F) Representative images of FFA1 and FFA4 immunolabelling in epWAT from 

tumour-free control and LLC-injected mice. 

  



 

 

 

 

 

Fig. 17 Effects of the repeated treatment with GW9508 (8 mg/kg, s.c.) on FFA1 protein 

expression and their representative blots in gastrocnemius muscle and pancreas from 

LLC-bearing mice. (A) Evaluation of FFA1 protein expression in the gastrocnemius 

muscle and (C) pancreas from LLC-bearing mice treated with GW9508, and their 

respective controls. (B) Representative blots from gastrocnemius shows: tumour-free 

control (lanes 1 to 5), LLC-injected (lanes 6-10) and LLC-bearing with GW9508 

treatment (lanes 11-14). (D) Representative blots from pancreas shows: tumour-free 

control (lanes 1-4), LLC-bearing (5-8) and LLC-injected with GW9508 treatment (lanes 

9-12). Parameters are expressed in mean±SEM. #P<0.05 denotes significance from 

tumour-free control group (One-way ANOVA followed by Bonferroni’s post-hoc). 

  



 

 

 

 

 

 Supplementary Figure S1. Effects of [18F]-FDG biodistribution in brain and tumour of 

LLC-bearing mice.  The biodistribution of [18F]-FDG tissue distribution was assessed in 

the (A) brain and in the (B) tumour GW9508-treated LLC bearing mice, and its respective 

controls. Parameters are expressed in mean±SEM. 
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Capítulo 4 

 

Perspectivas 

 
▪ Realizar ensaios in vitro de co-cultura de atrofia muscular e de lipólise para 

analisar os efeitos dos agonistas e antagonistas dos receptores FFA1/FFA4. 

▪ Realizar ensaios in vitro para avaliar os efeitos do meio condicionado pelas células 

LLC sobre macrófagos tratados com os ligantes dos receptores FFA1/FFA4. 

▪ Investigar as vias de sinalização responsáveis pela resposta ao tratamento com o 

agonista dual de FFA1/FFA4, GW9508. 

▪ Avaliar os efeitos da administração central do agonista GW9508 sobre o modelo 

de caquexia associada ao câncer. 

▪ Avaliar os efeitos da administração central dos antagonistas do FFA1 e FFA4, 

GW1100 e AH7614, respectivamente, sobre o modelo de caquexia associada ao câncer, 

conjugados à administração central do agonista dual do FFA1/FFA4, GW9508. 

▪ Avaliar o sickness behavior relacionado à caquexia associada ao câncer, após a 

administração central e periférica do agonista dual do FFA1/FFA4 e do antagonista 

seletivo do FFA1, GW1100, e do FFA4, AH7614.  

 

  



 

 

 

 

 

Considerações Finais 
 

 O manejo nutricional como forma de tratamento adjacente às diferentes patologias 

é uma prática clínica comum. Todavia, o uso de nutrientes isolados para modulação dessa 

patologia é mais recente. Dentro desse raciocínio, existem duas linhas distintas, porém 

muito semelhantes: a imunonutrição e a farmaconutrição. A imunonutrição é 

caracterizada pelo uso de uma molécula específica a fim de modular uma resposta 

imunológica. A farmaconutrição, por outro lado, seria um efeito mais específico, de uma 

molécula advinda de um nutriente, agindo diretamente em um receptor. Dentro de ambas, 

podemos encaixar os ácidos graxos ômega-3, por agirem de ambas as maneiras.  

 Nos cuidados nutricionais de um paciente oncológico, o uso dos ácidos graxos 

ômega-3 é uma abordagem muito utilizada na prática clínica. Sabe-se que essas moléculas 

exercem efeitos benéficos aos pacientes, principalmente, no desenvolvimento do quadro 

caquético. Por outro lado, as diretrizes ainda questionam o uso, pois os estudos clínicos 

ainda se contradizem no que diz respeito ao efeito anti-caquético. De maneira 

interessante, não há uma grande quantidade de evidências científicas a respeito do uso 

dos ácidos graxos ômega-3 em outras complicações relacionadas ao câncer. Esses 

pacientes, além de comumente apresentarem caquexia, podem desenvolver depressão, 

apresentar dor e síndromes paraneoplásicas, que se caracterizam por uma grande 

quantidade de diferentes sintomas que podem ocorrer antes ou depois do diagnóstico. No 

segundo capítulo dessa Tese, foi realizada uma revisão de literatura que evidenciou a 

escassa quantidade de evidência clínica relacionando diretamente o uso dos ácidos graxos 

ômega-3 e essas outras complicações.   

 A caquexia associada ao câncer é considerada uma síndrome multifatorial que 

afeta um grande percentual dos pacientes oncológicos, não havendo cura. De maneira 



 

 

 

 

importante, em torno de 80 % dos pacientes oncológicos desenvolvem caquexia, e 20 % 

destes chegam à óbito.  A caquexia associada ao câncer afeta diretamente a qualidade de 

vida dos pacientes, por gerar inapetência, fadiga e perda de independência. O 

desenvolvimento do quadro caquético, no geral, também leva à uma pior resposta ao 

tratamento antineoplásico, consequentemente, aumentando o tempo de internação destes 

pacientes. Esse último fator demonstra que o cuidado nutricional do paciente oncológico 

é de extrema importância socioeconômica, uma vez que os custos de internação também 

aumentam em decorrência da desnutrição.  

 O uso dos ácidos graxos ômega-3, na forma de suplementação oral ou na forma 

de emulsões, é bastante corriqueiro na prática clínica no manejo de pacientes caquéticos. 

Todavia, as diretrizes atuais ainda levantam dúvidas a respeito da real eficácia do uso 

desse lipídeo. Por outro lado, há um número cada vez maior de evidências científicas 

demonstrando que metabólitos dos ácidos graxos ômega-3, como os mediadores pró-

resolução, podem ser benéficos para o manejo de doenças.  Um marco importante para a 

farmaconutrição foi o descobrimento de que receptores de membrana, acoplados à 

proteína G, são ativados e sensibilizados por lipídeos. Atualmente, sabe-se que essa 

família de receptores possui extrema importância na modulação metabólica e que surge 

como promissores alvos farmacológicos. 

 Os receptores de ácidos graxos, como o FFA1 e o FFA4, vêm sendo amplamente 

investigados como potenciais alvos farmacológicos para diabetes e obesidade. Porém, 

nenhuma molécula que ative esses receptores chegou ao mercado. De maneira 

interessante, de forma inédita, nosso trabalho mostra a modulação desses receptores em 

uma situação patológica semelhante a diabetes, porém, com sintomas clínicos muito 

distintos. Baseando-se nos nossos achados do trabalho experimento, pode-se inferir que 

a ativação desse receptor gera respostas diferentes dependendo do estado metabólico do 



 

 

 

 

organismo. Ao mesmo tempo em que se observou, em outras publicações, que a ativação 

do FFA1 e FFA4 promovem diminuição do tecido adiposo e diminuição do peso corporal, 

em um quadro de obesidade, em uma situação como a caquexia, sua ativação parece ter 

uma ação lipogênica. Além do mais, vimos também, de maneira inédita, o receptor FFA1 

sendo expresso no tecido adiposo de animais caquético, demonstrando que esse receptor, 

participa de alguma maneira no desenvolvimento da caquexia.   

 Levando em consideração de que a caquexia associada ao câncer, uma síndrome 

que afeta diferentes vias metabólicas e diferentes tecidos do organismo, ser tratada com 

apenas um alvo farmacológico é um tanto improvável. Os receptores de ácidos graxos 

livres, como o FFA1 e o FFA4, que são ativados pelos ácidos graxos ômega-3, surgem 

como alvos importantes pois, quando ativados ao mesmo tempo, em diferentes locais, 

podem potencializar seus efeitos, exercendo resultados benéficos ao organismo 

caquético.  

 Finalmente, podemos dizer que os ácidos graxos ômega-3 continuam sendo 

promissores no manejo do paciente oncológico, mesmo sendo pela ativação dos 

receptores FFA1 e FFA4, como pela modulação das vias pró-inflamatórias. Ademais, não 

existem dados na literatura demonstrando os efeitos dos mediadores pró-resolução, 

derivados dos ômega-3, na caquexia associada ao câncer. Além disso, a manipulação 

farmacológica do FFA1 e do FFA4 também surge no cenário no cuidado do paciente 

oncológico, abrindo novas portas para o estudo da farmaconutrição.  
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