
Potential benefits 
of functional 
amino acids in 
fish nutrition
Filipe Fernandes Coutinho
Doutoramento em Biologia
Departamento de Biologia
2017

Orientador 
Prof. Doutor Aires Oliva-Teles, Professor Catedrático da FCUP

Coorientador
Doutora Helena Peres, Investigadora do CIIMAR



 
 

 
    



FCUP 
Potential benefits of functional amino acids in fish nutrition 

V 
 

 
    

Nota prévia 
 

Dissertação apresentada à Faculdade de Ciências da Universidade do Porto para 

a obtenção do grau de Doutor em Biologia, no âmbito do programa doutoral em 

Biologia. 

 

Esta tese foi escrita ao abrigo do número 2 do Artigo 4° do Regulamento Geral dos 

Terceiros Ciclos de Estudos da Universidade do Porto e do Artigo 31° do D.L. 74/2006, 

de 24 de Março, com a nova redação introduzida pelo D.L. 230/2009, de 14 de 

Setembro. É composta por um conjunto coerente de trabalhos de investigação, já 

publicados ou submetidos para publicação em revistas com comissões de seleção de 

reconhecido mérito internacional. Dado que os artigos foram feitos em colaboração com 

outros autores, o candidato clarifica que, em todos eles participou ativamente no 

desenho, trabalho experimental, obtenção, análise e discussão dos dados, preparação 

e publicação dos artigos.  

Esta tese teve a colaboração do grupo de Nutrição em Peixes e Imunobiologia 

(NUTRIMU) do Centro Interdisciplinar de Investigação Marinha e Ambiental (CIIMAR) e 

do grupo de Regulação e Otimização do Crescimento de Espécies de Peixes com 

Interesse para a Aquacultura do Departamento de Fisiologia e Imunologia da Faculdade 

de Biologia da Universidade de Barcelona. Este trabalho foi apoiado financeiramente 

pela Fundação para a Ciência e a Tecnologia (FCT) através da atribuição de uma bolsa 

de Doutoramento (SFRH/BD/86799/2012), e foi parcialmente financiado pelo projeto 

VEGICOR/AMINOAQUA (ref. 31-03-05-FEP-43), através do Programa Operacional 

Pesca 2007-2013 (PROMAR); pelo Programa Operacional de Competitividade 

(COMPETE) e pelo projeto Inovação e Sustentabilidade na Gestão e Exploração dos 

Recursos Marinhos (INNOVMAR; ref. NORTE-01-450 0145-FEDER-000035), inserido 

na linha de investigação INSEAFOOD, financiada pelo Programa Operacional Regional 

do Norte (NORTE2020), através do Fundo Europeu de Desenvolvimento Regional 

(ERDF); e por fundos nacionais através da FCT, sob o projeto Pest-C/MAR/LA0015/ 

2013.  

 

 

 



FCUP 
Potential benefits of functional amino acids in fish nutrition 

VI 
 

 
    

Em todas as publicações decorrentes deste trabalho é devidamente referido que as 

instituições de origem do doutorando Filipe Fernandes Coutinho são: 

 Departamento de Biologia, Faculdade de Ciências, Universidade do Porto, Rua 

do Campo Alegre s/n, Ed. FC4, 4169-007 Porto, Portugal. 

 CIIMAR - Centro Interdisciplinar de Investigação Marinha e Ambiental, 

Universidade do Porto, Terminal de cruzeiros do porto de leixões, Av. General 

Norton de Matos s/n, 4050-208 Matosinhos, Portugal. 

 

Lista de artigos publicados: 

 Coutinho, F., Castro, C., Rufino-Palomares, E., Ordonez-Grande, B., Gallardo, 

M.A., Oliva-Teles, A., Peres, H., 2016a. Dietary glutamine supplementation 

effects on amino acid metabolism, intestinal nutrient absorption capacity and 

antioxidant response of gilthead sea bream (Sparus aurata) juveniles. Comp. 

Biochem. Physiol. A. 191, 9-17. 

 Coutinho, F., Castro, C., Rufino-Palomares, E., Ordóñez-Grande, B., Gallardo, 

M.A., Kaushik, S., Oliva-Teles, A., Peres, H., 2016b. Dietary arginine surplus 

does not improve intestinal nutrient absorption capacity, amino acid metabolism 

and oxidative status of gilthead sea bream (Sparus aurata) juveniles. 

Aquaculture. 464, 480-48. 

 

Lista de artigos submetidos: 

 Coutinho, F., Simões, R., Monge-Ortiz, R., Furuya, W.M., Pousão-Ferreira, P., 

Kaushik S., Oliva-Teles, A., Peres, H., 2017. Effects of dietary methionine and 

taurine supplementation to low-fish meal diets on growth performance and 

oxidative status of European sea bass (Dicentrarchus labrax) juveniles. 

Submittes do Aquaculture. 

  

  



FCUP 
Potential benefits of functional amino acids in fish nutrition 

VII 
 

 
    

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Aos meus pais 

  



FCUP 
Potential benefits of functional amino acids in fish nutrition 

VIII 
 

 
    

  



FCUP 
Potential benefits of functional amino acids in fish nutrition 

IX 
 

 
    

Acknowledgements 
 

First of all, a very special thanks to my main supervisor Prof. Dr. Aires Oliva-Teles who 

accepted me in his group as an intern and encourage me to pursue this scientific journey 

of almost eight years. His friendship, immense scientific knowledge and excellent 

guidance throughout this work were essential for the accomplishment of this thesis.  

I would like to express my most sincere gratitude to my co-supervisor Dr. Helena Peres 

for her friendship and constant available to help me throughout this journey. Her 

immense scientific knowledge, excellent guidance and constant motivation were also 

crucial for the accomplishment of this thesis. 

A very special thanks to my other co-supervisor, Prof. Dr. Sadasivam Kaushik for 

accepting to supervise this thesis. His immense scientific knowledge and support was 

also essential for the achievement of this thesis. 

I would also like to express my gratitude to Prof. Dr. Àngels Gallardo for all her friendship 

and help during my stay in Barcelona. Her scientific knowledge was also crucial in finding 

ways to get around problems. 

I would like to extend my thanks to my colleagues and friends of NUTRIMU for their 

encouragement, fellowship, and for passing me some of their scientific knowledge and 

collaborating in this work.  

A very special thanks to my colleagues and friends, Cláudia, Patricia, Rui, Paula, Ana, 

Inês, Eva, Amalia, Rafaela and Ricardo Simões, and also to my long-time friends, 

Carolina, Màxim, Filipa, Catarina, Diana, João Santos, João Almeida e Daniel. Their 

constant motivation, times of fun and friendship were essential in several moments. 

Thanks to Mr. Pedro Correia from FCUP for his technical assistance and all his sympathy 

and accessibility. 

I want to thank Fundação para a Ciência e a Tecnologia for the financial support with a 

PhD fellowship (SFRH/BD/86799/2012). 

At last, I could not have reached the end of this dissertation without the valuable 

dedication and love of my family. A special thanks to my parents and to my girlfriend, 

who always unconditionally supported me, encouraged me to follow my academic goal 

and believed in my capacities.  



FCUP 
Potential benefits of functional amino acids in fish nutrition 

X 
 

 
    

 



FCUP 
Potential benefits of functional amino acids in fish nutrition 

XI 
 

 
    

Abstract 
 

Replacing fish meal (FM) in aquafeeds by more sustainable ingredients, such as 

vegetable protein sources, remains crucial for the sustainable development of 

aquaculture. However, incorporating high levels of plant feedstuffs (PF) in aquafeeds for 

carnivorous fish, without compromising fish performance and health, still represents a 

challenge. Therefore, it is urgent to develop sustainable and effective strategies to 

mitigate the effect of these constrains. One of these strategies is the use of potential 

functional nutrients, namely amino acids (AA), to improve fish health and production. 

Growing evidences reveal that some AA play important roles in the modulation of fish 

somatic growth, nutrient retention efficiency, intestinal health and antioxidant defence. In 

this context, the present work aimed to evaluate the potential benefits of supplementing 

four functional AA - glutamine (Gln), arginine (Arg), methionine (Met) and taurine (Tau) 

in PF-based diets for gilthead sea bream (Sparus aurata) and European sea bass 

(Dicentrarchus labrax), the two main marine fish species produced in southern Europe 

aquaculture. To evaluate the effects of dietary AA supplementation a holistic approach 

was used, including the analysis of fish growth performance, feed utilization, whole-body 

composition, intestinal nutrient absorption capacity, liver and intestine AA metabolism, 

and oxidative status. 

In Chapters 2, four isolipidic (18% lipid) and isonitrogenous (43% protein) diets, 

incorporating 50/50 of FM and PF protein, were supplemented with 0, 0.5, 1 and 2% Gln, 

and tested on a 6 weeks growth trial with gilthead sea bream juveniles (mean weight 

13.0 g). Zootechnical performance, body composition, intestinal nutrient absorption 

capacity, hepatic and intestinal AA catabolism and Gln metabolism were unaffected by 

dietary Gln supplementation. However, dietary Gln supplementation increased 

glutathione (GSH) content of liver and intestine, and superoxide dismutase (SOD) activity 

in the intestine, but without affecting the overall oxidative damage. Data on hepatic and 

intestinal Gln metabolism suggested higher Gln use for energy production by the 

intestine than by the liver. The comparison between hepatic and intestinal antioxidant 

enzymes activities and GSH content seem to reflect a higher intestinal dependency of 

GSH in the antioxidant response. Overall, clear differences between liver and intestine 

Gln metabolism and antioxidant response were observed and dietary Gln 

supplementation was shown to modulate gilthead sea bream's antioxidant response. 

In Chapter 3, four diets similar to those used in Chapter 2, but supplemented with 0, 0.5, 

1 and 2% Arg, were tested on a 6 weeks growth trial with gilthead sea bream juveniles 
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(mean weight 13.0 g). Fish growth performance, whole-body composition, intestinal 

nutrient absorption capacity, hepatic and intestinal AA catabolism were not affected by 

dietary Arg supplementation. These results suggest that, within the levels tested, no 

toxicity of dietary Arg excess or Arg-Lysine antagonism occurred. Dietary Arg surplus 

modulated the enzymatic antioxidant response in both liver and intestine, but did not 

affect the overall oxidative status. Data on hepatic and intestinal antioxidant enzymes 

activities corroborate the hypothesis raised in Chapter 2 of higher intestinal dependency 

of GSH in the antioxidant response. These results indicate that, similarly to what was 

observed with Gln (Chapter 2), dietary Arg supplementation has limited potential to 

enhance gilthead sea bream performance, but seems to modulate hepatic and intestinal 

antioxidant defences. 

The last study (Chapter 4) investigated the potential of Met and Tau supplementation to 

improve European sea bass juveniles (mean weight 6.9 g) growth performance, feed 

utilization, and oxidative status. For that purpose, four isolipidic (18%) and 

isonitrogenous (43% protein) diets containing 82% of the protein from plant origin were 

formulated to have a Met level 12% below or 15% above requirement, and supplemented 

or not with 1% Tau. European sea bass juveniles performed well with the 

unsupplemented diet and further supplementation with Met and/or Tau did not affect fish 

growth performance, feed utilization and whole-body composition. These results seem 

to indicate that European sea bass juveniles were capable of synthesising Tau at a 

sufficient rate to meet requirement, and that the established Met requirement for 

European sea bass may be over-estimated and should be re-evaluated taking into 

account total dietary sulphur AA level of practical plant-protein-rich diets.  

In the liver, dietary Met supplementation enhanced hepatic antioxidant enzymes 

activities whereas the opposite occurred with dietary Tau supplementation. Moreover, in 

the intestine Met supplementation increased GSH content, while the opposite was 

observed with Tau supplementation. Still, neither dietary Met nor Tau supplementation 

had noticeable effects on liver and intestine oxidative damage. Thus, the general 

decrease of antioxidant enzymes activities and of GSH levels observed with dietary Tau 

supplementation seems to indicate that Tau exerts an antioxidant action by avoiding 

reactive oxygen species generation. Indeed, glutathione peroxidase and glutathione 

reductase activities in the intestine were higher with the low Met - low Tau diet and 

decreased with the dietary Met or Tau supplementation, attesting the important 

antioxidant roles of these AA. 

Overall, this work indicates that dietary Gln or Arg supplementation in gilthead seabream, 

and Met and Tau supplementation in European sea bass, have limited potential to 
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enhance fish growth performance, but seem to modulate fish hepatic and intestinal 

antioxidant defences. Present work also provides evidence that European sea bass can 

be produced with high-plant-protein diets with a Met level below the established 

requirement for the species and without Tau supplementation. Considering the low Met 

level but high total sulphur containing AA in PF, a re-evaluation of Met and total sulphur 

AA requirements of European sea bass and, eventually other species, seems important, 

particularly when considering the use of novel plant-feedstuffs based diets.  

 

 

Keywords: Gilthead sea bream; European sea bass; Fish nutrition; Intestinal nutrient 

absorption capacity; Amino acids catabolism; Oxidative status.  
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Resumo 
 

A substituição da farinha de peixe (FP) nas rações para peixes, por ingredientes mais 

sustentáveis, tais como fontes proteicas vegetais, continua a ser crucial para o 

desenvolvimento sustentável da aquacultura. Contudo, a incorporação de níveis 

elevados de matérias-primas vegetais (MPV,) nas rações para peixes carnívoros sem 

comprometer a sua performance e saúde, ainda representa um desafio. É, portanto, 

urgente desenvolver estratégias, sustentáveis e efetivas, para mitigar o efeito dessas 

restrições. Uma dessas estratégias é o uso de potenciais nutrientes funcionais, 

nomeadamente os aminoácidos (AA). Um crescente número de evidências associa os 

AA a importantes funções reguladoras do crescimento somático dos peixes, da 

eficiência de retenção dos nutrientes, da saúde intestinal e das defesas antioxidantes. 

Neste contexto, o presente trabalho pretendeu avaliar os potenciais benefícios de quatro 

AA funcionais - glutamina (Gln), arginina (Arg), metionina (Met) e taurina (Tau) - quando 

suplementados em dietas maioritariamente vegetais, para a dourada (Sparus aurata) e 

o robalo Europeu (Dicentrarchus labrax), as duas principais espécies de peixes 

marinhos produzidas em aquacultura no Sul da Europa. Usou-se uma abordagem 

holística para avaliar o efeito da suplementação destes AA, no crescimento, na utilização 

do alimento, na composição corporal, na capacidade intestinal de absorção de 

nutrientes, no metabolismo dos AA no fígado e no intestino e no estado oxidativo dos 

peixes.  

No Capítulo 2, quatro dietas com igual conteúdo de lípidos (18%) e de proteína (43% de 

proteína), com metade da proteína fornecida por FP e a outra metade por MPV, e 

suplementadas com 0, 0,5, 1 e 2% de Gln, foram testadas num ensaio de crescimento 

de 6 semanas com juvenis de dourada (peso médio de 13,0 g). O crescimento, a 

composição corporal, a capacidade intestinal de absorção de nutrientes, o catabolismo 

de AA e o metabolismo da Gln, no fígado e no intestino, não foram afetados pela 

suplementação das dietas com Gln. Ainda assim, a suplementação das dietas com Gln 

aumentou o conteúdo de glutationa (GSH) no fígado e no intestino e a atividade da 

enzima superóxido dismutase (SOD) no intestino, sem contudo afetar o dano oxidativo. 

Os dados do metabolismo da Gln no fígado e no intestino sugeriram um maior uso da 

Gln para a produção de energia no intestino do que no fígado. Enquanto a comparação 

entre a atividade enzimática antioxidante hepática e intestinal e dos conteúdos de GSH 

pareceram revelar uma maior dependência da GSH por parte da resposta antioxidante 

intestinal. Em suma, foram elucidadas algumas diferenças claras entre o metabolismo 
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da Gln e da resposta antioxidante no fígado e no intestino e demonstrou-se que a 

suplementação das dietas com Gln modelou a resposta antioxidante da dourada. 

No Capítulo 3, quatro dietas com a mesma formulação que as dietas usadas no Capítulo 

2, mas suplementadas com 0, 0,5, 1 e 2% de Arg, acima das necessidades, foram 

testadas num ensaio de crescimentos de 6 semanas em juvenis de dourada (peso médio 

de 13,0 g). O crescimento, a composição corporal, a capacidade intestinal de absorção 

de nutrientes e o catabolismo de AA no fígado e no intestino não foram afetados pela 

suplementação das dietas com Arg. Estes resultados sugerem que, nos níveis testados, 

não ocorreu qualquer efeito tóxico resultante do excesso de Arg ou de um antagonismo 

entre a Arg e a lisina. O nível de Arg nas dietas modelou a resposta enzimática 

antioxidante do fígado e do intestino, mas não afetou o dano oxidativo. Os dados das 

atividades enzimáticas antioxidantes do fígado e do intestino corroboram a hipótese 

proposta no Capítulo 2 de uma maior dependência da resposta antioxidante intestinal 

pela GSH. Estes resultados indicam que, de forma semelhante à Gln (Capítulo 2), a 

suplementação das dietas com Arg teve um reduzido potencial para aumentar o 

crescimento da dourada, mas pode modelar as defesas antioxidantes do fígado e do 

intestino. 

O último estudo (Capítulo 4) investigou o potencial da suplementação com Met e Tau 

para melhorar o crescimento, a utilização do alimento e o estado oxidativo de juvenis de 

robalo Europeu (7 g de peso médio). Para isso, formularam-se quatro dietas à base de 

MPV, com 82% da proteína fornecida por MPV, e igual conteúdo de lípidos (18%) e de 

azoto (43% de proteína), de forma a terem um nível de Met 12% abaixo ou 15% acima 

das necessidades, e suplementados ou não com 1% de Tau. Os juvenis de robalo 

Europeu cresceram bem com a dieta sem suplementação de Met ou Tau e o aumento 

dos níveis de Met e/ou Tau na dieta não afetou o crescimento, a utilização do alimento 

ou a composição corporal. Estes resultados parecem indicar que os juvenis de robalo 

Europeu têm a capacidade de sintetizar Tau, a uma taxa suficiente para cobrir as 

necessidades, e que as necessidades de Met podem estar sobrestimadas, necessitando 

de ser reavaliadas, tendo em consideração os níveis de cistina de dietas práticas à base 

de MPV.  

No fígado, enquanto a suplementação das dietas com Met levou ao aumento da 

atividade enzimática antioxidante, a suplementação com Tau teve maioritariamente o 

efeito contrário. Para além disso, no intestino, a suplementação com Met aumentou o 

conteúdo de GSH, enquanto a suplementação com Tau teve o efeito oposto. Ainda 

assim, o dano oxidativo do fígado e do intestino não foram afetados pela suplementação 

das dietas com Met e/ou Tau. Neste sentido, os efeitos maioritariamente de redução da 
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atividade enzimática e do conteúdo em GSH observados com o aumento do nível de 

Tau na dieta parecem indicar que a ação antioxidante de Tau se ficará a dever a uma 

redução da produção de espécies reativas de oxigénio. Para além disso, a atividade das 

enzimas glutationa peroxidase e glutationa redutase no intestino foram maiores para a 

dieta com baixos níveis de Met e Tau e diminuiu com a suplementação de Met ou Tau, 

revelando o importante papel antioxidante destes AA. 

Em suma, este trabalho indica que a suplementação de dietas para dourada com Gln 

ou Arg, e de dietas para robalo Europeu com Met e/ou Tau apresentam um potencial 

limitado de aumentar o crescimento dos peixes, mas podem ainda assim modelar as 

defesas antioxidantes do fígado e do intestino. O presente trabalho fornece ainda 

evidências de que o robalo Europeu pode ser produzido com uma dieta rica em 

proteínas de origem vegetal, com um nível de Met 12% abaixo das necessidades 

estimadas para esta espécie e sem suplementação com Tau. Considerando os 

reduzidos níveis de Met mas elevados níveis de AA contendo enxofre das MPV, parece 

importante efetuar uma reavaliação das necessidades de Met e de AA contendo enxofre 

no robalo Europeu, e eventualmente de outras espécies, particularmente considerando 

o uso de novas dietas à base de MPV. 

 

 

Palavras-chave: Dourada; Robalo Europeu; Nutrição de peixes; Capacidade de 

absorção intestinal de nutrientes; Catabolismo de aminoácidos; Estado oxidativo. 
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GTP - guanidine triphosphate 

H2O2 - hydrogen peroxide 

His - histidine 

HUFA - highly unsaturated fatty acids 

IAA - indispensable amino acids 

IGF-1 - insulin-like growth factor 1 
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IgM - immunoglobulin M 

Ile - isoleucine 

kg - kilograms 

Leu - leucine 

LPO – lipid peroxidation 

Lys - lysine 

m - meter 

Met - methionine 

mg - milligram 

MHA - met hydroxyl analogue 

MSR - methionine sulfoxide reductase 

mRNA - messenger ribonucleic acid 

mTOR - mammalian target of rapamycin 

NAD+ - nicotinamide adenine dinucleotide 

NADH - nicotinamide adenine dinucleotide hydrate 

NADPH - nicotinamide adenine dinucleotide phosphate 

NH4
+ - ammonium cation 

NO - nitric oxide 

NO2 - nitrogen dioxide 

NSP - non-starch polysaccharides 

O2
-∙ - superoxide radical 

ONOO- - peroxynitrite 

PAP - processed animal proteins 

PepT1 - peptide transporter 1 

PF - plant feedstuffs 

Phe - phenylalanine 
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Pro - proline 

PSA - phosphoserine aminotransferase 

PUFA - polyunsaturated fatty acids 

RNS - reactive nitrogen species 

ROS - reactive oxygen species 

SAM - s-adenosylmethionine 

SDG - sustainable development goals 

Ser - serine 

SOD - superoxide dismutase 

SE - solvent-extracted 

t - tonnes 

Tau - taurine 

tGSH - total glutathione  

Thr - threonine 

TOR - target of rapamycin 

Trp - tryptophan  

TSAA - total sulphur AA 

Tyr - tyrosine 

Val – valine 

∙OH - hydroxyl radical 

°C - degrees Celsius 

1O2 - singlet oxygen 
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1.1. Aquaculture development and population growth 

 
In the last five decades world supply of fish for human consumption grew at an average 

annual rate of 3.2% outpacing the 1.6% growth rate of world population. In fact from 2001 

to 2013 world per capita fish consumption increased 22%, from 16.1 kg to 19.7 kg, 

reaching a new record high of 20 kg in 2014. In global terms the contribution of fish 

consumption to the population intake of animal protein is also increasing, reaching 17% 

in 2013 (EUMOFA, 2016; FAO, 2016).  

From 2013 to 2014 apparent consumption of fish products in the European Union (EU) 

increased 409.000 tonnes, reaching almost 13 million tonnes. This represents a 3.5% 

increase of the average per capita fish consumption in the EU, which reached 25.53 kg 

(EUMOFA, 2016). The rise in consumption was more significant for aquaculture 

products, with a 6% increase, while wild fish consumption, despite representing 75% of 

total consumption, increased only 2.7%. However, the per capita fish consumption within 

the EU is very variable, ranging from 5 kg in Serbia and Albania to 90 kg (values for 

2014) in Iceland, which is the highest in the world. For the same period Portugal per 

capita fish consumption reached 53 kg, being the second highest in the EU and almost 

certainly third in the world behind Japan (EUMOFA, 2016; FAO, 2015, 2016). 

The continuous growth of world population, the rapid urbanization and rising living 

standards, as well as the technological developments in food processing, packaging, 

and distribution and the increasing recognition of fish as nutritious food are expected to 

support the continuous increase of apparent per capita fish consumption. In fact, in 

developed countries fish is increasingly considered to be a nutritious food that should be 

included in a healthy diet due to its high quality proteins, with adequate amino acids (AA) 

profile, essential fats (e.g. long-chain omega-3 fatty acids), vitamins (D, A, and B) and 

minerals (including calcium, iodine, zinc, iron, and selenium) (EUMOFA, 2016; FAO, 

2015, 2016).  

With capture fishery production relatively static at 90-95 million tonnes since mid-1990s 

the additional demand of fisheries products has been fulfilled by aquaculture production 

(Figure 1A). This trend is expected to continue and it is anticipated that aquaculture will 

remain the fastest-growing sector for animal food production by 2025, despite a decline 

in its annual growth rate from 2.5% in the previous decade, to 1.5% by 2025. Yet, the 

share of aquaculture to total fishery production is expected to grow from 44% in 2013–

15 to 52% in 2025 (Figure 1B).  
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Figure 1. Aquaculture developments: current status, trends and future prospects. A: World 
capture fisheries and aquaculture production; B: Relative share of aquaculture and capture 
fisheries in global production; C: Relative share of aquaculture and capture fisheries in global 
consumption (adapted from FAO, 2016). 
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However, as almost all fish produced from aquaculture are destined for human 

consumption, the share of aquaculture in global fish consumption is anticipated to 

increase from 50% in 2013-2015 to 57% in 2025 (Figure 1C). It is however important to 

note that the share of aquaculture production varies widely among continents, 

accounting for only 18% of total fish production in Europe in 2014 (FAO, 2016). 

The United Nations expect world population to reach 8.5 thousands of millions in 2030 

and 9.7 billion in 2050. Under a context of climate change, economic and financial 

uncertainty, and limited natural resources, feeding 9.7 billion people in 2050 is 

considered one of the greatest challenges of the twenty-first century and motivated the 

United Nations Member States, on 25 September 2015, to adopt the 2030 Agenda for 

Sustainable Development and the Sustainable Development Goals (SDGs). Among 

other objectives, this Agenda aims to ensure the sustainable development of fisheries 

and aquaculture in social, economic and environmental terms, with the SDG 14 

expressly focussing on the oceans and marine environments (FAO, 2016).  

 

1.2. Towards sustainable aquafeeds 

 

As a consequence of past decades stagnated fisheries and increased demand for 

fisheries products, the share of world fish production supplied for non-food products 

decreased from 33% in the 1960’s to 13% in 2014, with fishmeal (FM) and fish oil (FO) 

representing 76% of this total in 2014. With 58.1% of worlds’ marine fish stocks fully 

exploited in 2013, and no additional improvement being anticipated, especially regarding 

pelagic catches, any increase in FM and FO production will have to come from recycling 

of by-products with, however, some likely low impact in the overall products composition 

(FAO, 2016).  

FM and FO are still considered the most nutritiously balanced ingredients for carnivorous 

fish aquafeeds, due to their high palatability and digestibility and ideal fatty acids and AA 

profiles. However, with the progressive decline in production and rising prices of such 

commodities, it has become imperative to find more affordable and sustainable protein 

and lipid sources to partially or completely replace FM and FO (Oliva-Teles et al., 2015). 

In that process, FM and FO have become more strategic ingredients, being included at 

high concentrations only at specific production stages (e.g. starter, finishing and 

broodstock feeds) (ARRAINA, 2015). However, these changes in feeds formulation are 

especially challenging for carnivorous fish given that, compared to other animals, they 

have higher dietary protein and AA requirements, are more dependent on dietary protein 
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rather than on glucose or lipids to meet their metabolic needs and tolerate lower dietary 

carbohydrate levels (Halver and Hardy, 2002). Besides, fresh water and marine fish 

species have different essential fatty acids requirements, and because of that marine 

fish are dependent on FO to supply the required long-chain omega-3 fatty acids (Oliva-

Teles et al., 2015). 

Protein is the most expensive component of fish feeds, justifying the large body of 

research focussed on reducing aquafeeds dependency of the unsustainable and ever 

more costly FM. In the last decade some relevant progress was made in the reduction 

of dietary FM dependency with, however, very distinct results between carnivorous fish 

(with high protein requirements, 40 to 55% of the diet) and herbivorous and omnivorous 

fish (with lower protein requirements, 25 to 35% of the diet) (Wilson, 2002; NRC, 2011; 

Lall and Dumas, 2015). Currently, diets for herbivorous and omnivorous fish are almost 

devoid of FM, having soybean meal as the main protein source. On the other hand, diets 

for marine fish and salmonids still include around 20% and 15-18% FM, respectively 

(Tacon and Hasan, 2011; IFFO, 2013). 

One of the main issues with the use of alternative protein sources is their distinct AA 

profile when compared to FM. Like other animals, fish do not have a true protein 

requirement but instead have a requirement for a well-balanced mixture of indispensable 

amino acids (IAA), and dispensable amino acids (DAA; Table 1). IAA are either not 

biosynthesized or insufficiently biosynthesized and therefore must be supplied by the 

diet. On the other hand, DAA are efficiently synthesised de novo by the organism from 

an amino source and an α-keto acid precursor, and therefore do not need to be supplied 

by the diet, though the molecules required for their synthesis still need to be provided. 

Among the AA that are synthesised from other IAA, some are considered conditionally 

indispensable amino acids (CIAA; Table 1), if under some circumstances their metabolic 

demand may rise above the biosynthetic capacity of the organism (Wilson, 2002; Li et 

al., 2009; NRC, 2011). 

At present plant feedstuffs (PF) and, to a lesser extent, processed animal proteins (PAP) 

constitute the main alternative protein sources to FM. Compared to PF, PAP, such as 

poultry meal, feather meal, and blood meal, present higher nutritional value for fish due 

to the absence of anti-nutritional factors (ANF), good palatability, high protein content 

(60 to 90%), and appropriate IAA content, with the exception of methionine (Met) 

(ARRAINA, 2015).  

 

 



FCUP 
Potential benefits of functional amino acids in fish nutrition 

7 
 
 
 

Table 1. Nutritionally indispensable, dispensable and conditionally indispensable AA 
for fish. 

Indispensable AA Dispensable AA Conditionally indispensable AA* 

Arginine Alanine Cysteine 

Histidine Asparagine Glutamine 

Isoleucine Aspartate Hydroxyproline 

Leucine Glutamate Proline 

Lysine Glycine Taurine  

Methionine Serine Tyrosine 

Phenylalanine   

Threonine   

Tryptophan   

Valine   

Adapted from: Li et al. (2009). 
*depending on diet formulation, species, age, physiological and environmental factors, stress 
condition and disease status. 
 
 
Even though PAP present high saturated fat and ash levels, which limits their inclusion 

in aquafeeds, they have been considered the most promising alternative ingredients to 

FM. In fact, their inclusion in fish feeds was recently enhanced, namely in European 

countries, following the re-authorization of the use of PAP from non-ruminants in 

aquafeeds, from the 1st of June 2013. Despite this increasing trend of PAP use in 

compound feeds and their competitive prices, PAP still represents less than 1% of total 

feedstuffs used in global aquafeeds production. Consumers concerns regarding the 

potential risk of disease transmission, associated to the recent problem of bovine 

spongiform encephalopathy (BSE), inevitably presents some constrains to their inclusion 

in fish feeds. As well, the few studies available in Europe regarding the suitability and 

maximum inclusion levels of the newly produced PAP as FM alternatives, and the current 

wide use of PF in aquafeeds, are expected to favour the use of PF in aquafeeds 

formulation in Europe (Karapanagiotidis, 2014; Lall and Dumas, 2015).  

A number of PF are highly available in global market. PF present relatively constant 

nutritional composition, competitive prices and few food safety concerns, making them 

suitable for incorporation in aquafeeds (NRC, 2011; Olsen and Hasan, 2012; Oliva-Teles 

et al., 2015). The main plant protein sources used in compound feeds for aquaculture 

include oilseeds (soybean meal, rapeseed meal, cottonseed meal, and sunflower seed 

meal); legumes (peas, lupins, and faba beans); cereals (wheat, rice, maize, barley, and 
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corn); and plant protein concentrates from different PF (Tacon and Hasan, 2011; Oliva-

Teles et al., 2015).  

In the down side, PF present a highly variable protein content; high carbohydrate 

contents, both digestible (such as starch) and non-digestible (such as fibres); IAA 

inadequacies (exception made for soy protein concentrate or potato protein 

concentrate); a diversity of ANF including phytate that limits the availability of dietary 

phosphorus (NRC, 2011; Tacon and Hasan, 2011; ARRAINA, 2015). Moreover, as PF 

are less palatable than FM or PAP additional care must be taken when formulating high 

plant protein based diets in order not to compromise fish feed intake. This is usually 

achieved by the inclusion of feed attractants such as squid meal, fish protein 

hydrolysates, and free AA (FAA), depending on fish species (Dias et al., 1997; Kader et 

al., 2010; Kader et al., 2012; ARRAINA, 2015). 

Soybean meal is the main plant feedstuff used in aquafeeds and it is also the most 

available oilseed worldwide. Oilseeds have competitive prices when compared to FM 

(Shepherd and Jackson, 2013) but present moderate protein content (38 to 52%), ANF 

and IAA deficiencies, with Met being the first limiting AA in soybean meal and lysine (Lys) 

in sunflower and cottonseed meals. As a result of their low protein content, oilseeds 

generally replace up to 20-40% of FM protein, or 15-30% of the diet, although for 

carnivorous fish dietary incorporation is usually limited to 10-20% (Tacon and Hasan, 

2011).  

Legumes also present low protein contents (22 to 30%), have ANF including non-starch 

polysaccharides (NSP), and may replace 10 to 30% of FM protein, being generally 

incorporated at relatively low levels in carnivorous fish diets (10 to 15% of the diet) 

(Medale and Kaushik, 2009; Tacon et al., 2009; Oliva-Teles et al., 2015).  

Cereals are the most affordable PF but present the lowest protein content (9 to 12%), 

are deficient in Lys and are rich in starch (up to 60%). For those reasons, cereals 

incorporation in carnivorous fish diets is low (10 to 20%), contributing to about 5% of 

dietary protein (Tacon et al., 2009; Oliva-Teles et al., 2015).  

On the other hand, plant protein concentrates, namely corn and wheat glutens and the 

less abundant soy, pea, potato, and rapeseed protein concentrates, have high protein 

content (60 to 80%) and are almost devoid of ANF, making them the most nutritionally 

suitable PF alternatives to FM. Even though, they may have some IAA deficiencies, with 

Lys, threonine (Thr) and Met as the first limiting AA, their high price (except corn gluten) 

is the main factor limiting their increased use in aquafeeds. Although it is known that 

plant protein concentrates may replace 30 to 100% of dietary FM protein, which 
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corresponds to 10 to 60% dietary incorporation, commercial diets for carnivorous fish 

generally include less than 15% plant protein concentrates, with the exception of corn 

gluten, which incorporation may ascends to 20-25% (Gatlin et al., 2007; Tacon and 

Hasan, 2011; Oliva-Teles et al., 2015).  

When attempting to replace FM by PF in aquafeeds caution must be taken not to 

compromise fish intestine homeostasis, disease resistance and health. This is 

particularly challenging in carnivorous marine fish and salmonids, since these species 

are not naturally prepared to utilize PF, digest their cell-wall components, and to use their 

high carbohydrate contents. Plant-rich diets may compromise fish digestion and feed 

utilization, while the presence of ANF may reduce AA utilization and induce some 

pathological effects (Buddington et al., 1997; Panserat and Kaushik, 2002; Gatlin et al., 

2007). For instance, Atlantic salmon (Salmo salar) is known to develop the so-called 

soybean-induced enteritis even when fed diets with low soybean inclusion levels 

(Krogdahl et al., 2010). In marine fish, such as European sea bass (Dicentrarchus labrax) 

and gilthead sea bream (Sparus aurata), these negative effects related to dietary 

soybean appear, however, to be less pronounced (Couto et al., 2014; Couto et al., 2015). 

Meanwhile, several strategies have been developed to neutralize PF’ ANF and to 

increase phosphorus and starch availability. These include heat processing, solvent 

extraction and dehulling, and using exogenous enzymes such as phytases (Glencross 

et al., 2007; Krogdahl et al., 2010). Despite such advances, the high protein requirements 

of salmonids and marine fish imply that only some oilseeds (soybean meal and 

cottonseed meal) and the more expensive plant protein concentrates are considered 

proper alternative protein sources to FM (ARRAINA, 2015; Oliva-Teles et al., 2015). 

Since the IAA profile of alternative plant ingredients are usually unbalanced for most fish 

species, being limiting in at least one IAA, it is usually necessary to supplement plant-

based diets with the limiting IAA in order to balance IAA requirements (Fournier et al., 

2004; Alam et al., 2011). Commercially available feed-grade AA are still limited to a few 

IAA, namely Lys, Met, Thr, tryptophan (Trp) and valine (Val) (NRC, 2011), and they are 

now widely used in the aquafeeds industry due to their competitive prices. Some care 

must however be taken in order to delay the intestinal absorption of these FAA, in order 

to guarantee the simultaneous absorption and availability for metabolism of both protein-

bound and FAA. This delay of FAA intestinal absorption may be achieved by coating 

FAA with agar, which also helps in avoiding AA leaching into the water (Cho et al., 1992; 

Fournier et al., 2002; Peres and Oliva-Teles, 2005; Li et al., 2009; Pérez-Jiménez et al., 

2014).  
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Even though Lys and Met are generally the first limiting IAA of PF used in aquafeeds, 

each feedstuffs is limiting in one of these IAA, allowing to adjust the aquafeed IAA profile 

by combining different feedstuffs, thus limiting the need for supplementing diets with 

feed-grade AA (Naylor et al., 2009; Oliva-Teles et al., 2015). Several studies have indeed 

highlighted that the combination of PF is a more adequate strategy for replacing FM 

protein than the use of single PF (Espe et al., 2006; Kaushik and Seiliez, 2010; Oliva-

Teles et al., 2015)  

Although it is now possible to completely replace FM by mixtures of alternative PF, if duly 

supplemented with limiting IAA, without compromising fish growth performance, until 

recently, little attention has been given to the impact of modifying dietary AA profile in 

several aspects of fish health or overall metabolism (Li et al., 2009; Kiron, 2012). 

Impelled by the growing availability of feed-grade AA and the increased awareness of 

AA role in the modulation of fish somatic growth, nutrient retention, gut health, immune 

response and antioxidant defence, a great deal of research is now being driven to the 

role of AA as functional ingredients (Li et al., 2009). 

 

1.3. Protein digestion and absorption of amino acids and peptides  

 

Animal growth and development implies the synthesis of new proteins and polypeptides, 

which is dependent on the regular provision of AA resultant from the digestion and 

absorption of dietary proteins. Regardless of the variability of the digestive tract anatomy 

among fish species, associated to differences in fish feeding habits, the gastrointestinal 

tract of fish hydrolyses proteins to tri- or di-peptides and FAA, which are then absorbed 

and distributed through the blood for the different organs and tissues (Clements and 

Raubenheimer, 2006; Wu, 2009; Wu et al., 2014).  

Nutrient uptake occurs primarily at the anterior end of the post-gastric intestinal region 

(proximal intestine), where many fish species have an extended intestinal surface area 

by presenting numerous pyloric caeca. Pyloric caeca increases the digestive and 

absorptive surface area of an otherwise relatively short intestinal tract, and are of major 

importance for enzymatic breakdown and absorption of feed constituents (Buddington 

and Diamond, 1987). At its posterior end, the intestine generally presents a distal region 

(distal intestine) separated by a more or less distinctive morphological aspect, where 

nutrient absorption capacity is reduced but where small proteins and peptides may be 

absorbed by endocytosis, which has both nutritional and immunological importance 

(Clements and Raubenheimer, 2006).  
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As in higher vertebrates, an absorptive epithelium forms a barrier between the interior 

and exterior intestinal medium of fish. Such epithelium consists mainly of mucus-

secreting goblet cells and enterocytes, the cells responsible by nutrient uptake. At the 

luminal surface, enterocytes are joined together at the apical end of the lateral surface 

by junctional complexes and present numerous extensions of the epithelial layer, called 

microvilli, which increase the overall absorptive area and activity of membrane-bound 

digestive enzymes. Contiguous enterocytes form the apical surface of the epithelium 

known as the brush border membrane (BBM). The absorption of nutrients across the 

BBM of the intestinal epithelial cells stands as an important step in digestion (Ferraris 

and Ahearn, 1984; Bakke-McKellep et al., 2000; Clements and Raubenheimer, 2006). 

 

1.3.1. Amino acids and peptides absorption through the BBM 

 

In fish, as in other vertebrates, di- and tripeptides and AA resultant from the hydrolysis 

of dietary proteins can be directly absorbed by intestinal epithelial cells. At the BBM level 

the transport of a large variety of di- and tripeptides is mediated by a single Na+-

independent, H+-dependent transporter, named Peptide transporter 1 (PepT1) (Verri et 

al., 2010). Following this apical influx, di- and tripeptides are hydrolysed in the enterocyte 

cytosol and the resulting AA cross the basolateral membrane using AA transporting 

systems. On the other hand, AA absorption through the BBM occurs either by Na+-

independent transport, namely passive diffusion and facilitated transport, or by the Na+-

dependent active transport (Collie and Ferraris, 1995). Both facilitated and active 

transports are mediated by proteins that recognise, bind and transport these molecules 

from the extracellular medium into the cell. Such transport proteins seems to be fairly 

conserved among vertebrates, although substrate specificity between fish and mammals 

differs. Efflux of nutrients from enterocytes to blood, across the basolateral membrane, 

is also similar to that found in mammals and, as with the BBM transporters, the rate of 

basolateral transport is smaller than in mammals, which is partly explained by the lower 

densities of transporters and smaller amounts of absorptive tissue in fish (Ferraris and 

Ahearn, 1984; Collie and Ferraris, 1995; Krogdahl et al., 2005). 

In fish, BBM AA absorption occurs predominantly by active transport, with transport 

proteins being energized by Na+/K+-ATPase (Jürss and Bastrop, 1995; Pan et al., 2004; 

Krogdahl et al., 2005). In contrast to mammals, fish AA transporters are present along 

the entire intestine, although the rates of nutrient uptake vary along the length of the 

intestine (Buddington and Diamond, 1987; Buddington et al., 1997; Santigosa et al., 
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2011). Some differences also exist between fish species, especially regarding sugar 

uptake, which is lower in carnivorous than in herbivorous and omnivorous fish, while AA 

uptake is similar between fish with distinct feeding regimes (Buddington et al., 1997). 

The intestinal AA transport systems that have been described for fish are complex and 

present overlapping specificity, as it is also the case in mammals (Collie and Ferraris, 

1995). In fish, evidences exist of at least four different Na+-dependent AA transporters 

specific for acidic, neutral, basic, and imino acids (Cassano et al., 1990). Since several 

AA share the same transporter, but present distinct affinities to each specific transporter, 

the relative concentration of an AA in the lumen may affect the rate of absorption of 

another AA. This is the case of the neutral AA glutamine (Gln), which transport is inhibited 

by Alanine (Ala), Serine (Ser), Cysteine (Cys) and Leucine (Leu) (Fan et al., 1998; Berge 

et al., 2004; Pan et al., 2004). Likewise, in European sea bass (Dicentrarchus labrax) 

cross-inhibition experiments revealed that glycine (Gly), alanine, and Met share the same 

Na+-dependent transporter, and mutual inhibition of alanine and Met transport by Gly 

occurs (Balocco et al., 1993). Such interactions are especially relevant nowadays, given 

the increasing replacement of dietary FM by alternative protein sources with distinct AA 

profiles, which may potentially compromise the absorption of some AA, thus reducing 

their availability to the animal (Berge et al., 2004).  

Moreover, studies in mammals revealed that, due to transporters specificity for several 

AA, the majority of AA are not effective inducers of their main transporters. For instance, 

arginine (Arg), a basic AA, is the second-best inducer of acidic AA transporters, while 

aspartate (Asp), an acidic AA, is the best inducer of basic AA transporters (Stein et al., 

1987; Ferraris and Diamond, 1989; Salloum et al., 1990; Wu, 2013a). However, in rat, 

high doses of dietary Gln supplementation (30% total dietary nitrogen provided by Gln) 

were shown to increase up to 75% the absorption capacity of the small intestine brush 

border membrane vesicles (BBMV) (Salloum et al., 1990). Additionally, herbivorous and 

omnivorous fish were previously shown to be able to adapt the BBM glucose transport 

according to changes in dietary carbohydrate levels, through alteration of membrane 

transporters density or, to a less extent, by altering tissue mass (Collie and Ferraris, 

1995; Krogdahl et al., 2005). These results reveal fish capacity to adapt BBM to 

alterations in dietary composition, but further studies are needed to fully evaluate the 

potential of specific AA as modulators of BBM AA transport.  

The BBMV is a technique that has been used to study intestinal nutrient transport in 

several fish species (Drai et al., 1990; Ahearn et al., 1992; Maffia et al., 1996; Boge et 

al., 2002; Sala-Rabanal et al., 2004). Compared to other approaches that may also be 

used to determine uptake capacity, such as the everted sleeve technique or in vivo 
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apparent absorption (Bakke-McKellep et al., 2000; Refstie et al., 2006), the BBMV 

technique has the advantage of allowing the study of uptake rates without substrate 

metabolization or further basolateral transport, while also minimising the diffusion 

phenomena (Schep et al., 1997) by working at short incubation periods (5 s) and low 

substrate concentrations. 

 

1.4. Fish AA metabolism 

 

While dietary lipids can be stored as triglycerides and cholesterol in adipose tissue, 

muscles and liver, and dietary carbohydrates may be stored as glycogen in muscles and 

liver, dietary proteins cannot. Moreover body proteins are continuously being renewed 

through degradation and synthesis, a process known as protein turnover. Following 

protein degradation, up to 40-50% of the resultant AA are recycled, returning to the FAA-

pool, which comprises a cell-specific intracellular pool and an extracellular pool, 

corresponding to blood AA, which allows for organs interactions. In the FAA-pool 

recycled AA join dietary AA and DAA synthesized by the fish and can then serve as 

precursors for the synthesis of new proteins, regulate key metabolic pathways, and 

supply all reactions in which AA are used, including energy generation through the citric 

acid cycle (Cowey and Luquet, 1983; Jürss and Bastrop, 1995; Halver and Hardy, 2002). 

The metabolic machinery of intermediary metabolism in fish is similar to that of 

mammals, despite that carbohydrate and lipids are the preferred energy sources in 

mammals, while dietary protein and lipids are the major energy sources in the majority 

of fish species (Enes et al., 2009). The main differences between intermediary 

metabolism of mammals and fish are related to the hormonal control of nutrients 

utilization and the final products of nitrogen excretion. Contrary to mammals, most fish 

do not have a functional urea cycle and directly excrete nitrogenous wastes into the water 

in the form of ammonia (NH4
+), a process that requires little energy expenditure (Walton 

and Cowey, 1982; Dabrowski and Guderley, 2002; Halver and Hardy, 2002). 

In fish, as in mammals, the liver is a major site of metabolism and synthesis, 

carbohydrates and lipids being the main responsible for fish metabolic homeostasis 

(Sargent, et al., 2002; Enes et al., 2009). The liver is the most important organ governing 

AA homeostasis. In fact, it is the major organ responsible for DAA synthesis, has the 

highest protein synthesis rate and a high protein turnover rate, justifying its high 

catabolizing enzymes activities (Walton and Cowey, 1982; Fauconneau and Arnal, 1985; 

Jürss and Bastrop, 1995).  
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Following  feed intake, absorbed AA reach the liver through the hepatic portal system 

and, depending on fish nutritional status and the dietary protein quality, AA are used for 

protein synthesis, for energy production via the citric acid cycle, or used for glucose 

(through gluconeogenesis) or fatty acid (through lipogenesis) synthesis. The first step in 

AA catabolism consists in removing the amino group of the AA. For a few AA this may 

occur through direct deamination by specific enzymes, with ammonia formation. 

However, the majority of AA follow a transamination pathway, in which transaminases 

(or aminotransferases) catalyse the reversible transfer of an AAs’ amino group to an α-

keto acid, generating a new AA. Following the removal of the amino group, the carbon 

chain (α-keto acid) enters the citric acid cycle at different points (Figure 2A) to generate 

energy or to be converted into energy-storage products, namely glycogen and lipids, 

through the gluconeogenic and lipogenic pathways, respectively (Cowey and Sargent, 

1979; Cowey and Walton, 1989; Jobling, 1994; Jürss and Bastrop, 1995; Thillart and 

Van Raaij, 1995). Thus, the transamination pathway is frequently the first step in AA 

degradation and the last step in DAA biosynthesis (Figure 2A and B). 

In teleosts over 70% of ammonia is produced from AA catabolism in the liver, mainly by 

transdeamination (Cowey and Walton, 1989; Jürss and Bastrop, 1995). In this pathway 

an AA is transaminated and eventually originates glutamate (Glu), which is then 

oxidatively deaminated by glutamate dehydrogenase (GDH; EC 1.4.1.2), to α-

ketoglutarate and ammonia (Figure 3). Alanine aminotransferase (ALAT, EC 2.6.1.2) and 

aspartate aminotransferase (ASAT, EC 2.6.1.1), are responsible for the transamination 

steps, converting Ala and Asp to Glu, respectively, being considered, along with GDH, 

the most relevant enzymes in AA catabolism (Engelking, 2015).  

ALAT is present in cytosol and ASAT is present in both cytosol and mitochondria, and 

GDH is located in the mitochondrial matrix, making transdeamination a mitochondrial 

process. Moreover, being an allosteric enzyme, which is inhibited by ATP and GTP, and 

activated by ADP, GDH represents a key enzyme of control for AA catabolism (Cowey 

and Walton, 1989; Jürss and Bastrop, 1995; Engelking, 2015).   

Hepatic AA catabolizing enzymes activities have been used as indicators of dietary AA 

metabolic utilization, with the dietary replacement of protein-bound AA by crystalline-AA 

or dietary AA imbalance being reported to affect ALAT, ASAT and GDH specific activities 

(Moyano et al., 1991; Gomez-Requeni et al., 2003; Peres and Oliva-Teles, 2005, 2006, 

2007; Zhou et al., 2011; Bañuelos-Vargas et al., 2014). However, in fish, the effects of 

dietary AA profile on these enzymes activities is relatively contradictory, with several 

studies reporting an absence of regulation of some of these enzymes despite the 

changes in dietary AA profiles (Moyano et al., 1991; Gomez-Requeni et al., 2003; Peres 
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Figure 2. Interconversion of citric acid cycle intermediates and AA. A - Citric acid cycle 
intermediates formed following AA catabolism. B - DAA biosynthesis from citric acid cycle 
intermediates. Alanine (Ala); Tryptophan (Trp); Cysteine (Cys); Glycine (Gly); Threonine (Thr); 
Serine (Ser); Leucine (Leu); Tyrosine (Tyr); Phenylalanine (Phe); Lysine (Lys); Isoleucine (Ile); 
Histidine (His); Proline (Pro); Glutamine (Gln); Arginine (Arg); Glutamate (Glu); Valine (Val); 
Asparagine (Asn)  Aspartate (Asp); Methionine (Met); Phosphoserine aminotransferase (PSA); 
Alanine aminotransferase (ALAT); Aspartate aminotransferase (ASAT); Glutamate 
dehydrogenase (GDH). Adapted from Engelking (2015). 
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and Oliva-Teles, 2006, 2007) or even increased ammonia excretion (Rolland et al., 

2016). In fact, Cowey (1995) considered fish hepatic AA catabolizing enzymes to be non-

adaptive, while Moyano et al. (1991) reported GDH and transaminase enzymes activities 

to be highly susceptibility to different nutritional factors. 

 

 

Unlike the liver, the intestine is able to absorb AA from digested feed, through the BBM, 

and from the blood flow, through the basolateral membrane (Reshkin et al., 1988; Collie 

and Ferraris, 1995; Jürss and Bastrop, 1995). Due to the constant renewal of the 

intestinal epithelium and enterocytes rapid protein turnover rates, the intestine requires 

a constant supply of AA, especially Gln. Still, similarly to liver, ALAT, ASAT and GDH are 

also the main AA catabolic enzymes in the intestine. While ALAT and ASAT present a 

lower activity in the intestine than in the liver, GDH activity, in percentage of body weight, 

was shown to be higher in the intestine than in the liver (Jürss and Bastrop, 1995). This 

fact and the reported basolateral uptake of glutamic acid (the hydrolysed form of Gln) by 

eel enterocytes are indicative that, as in mammals, Gln must be absorbed from the 

circulation in the post-absorptive phase to be extensively oxidised, in order to supply the 

citrate cycle with α-ketoglutarate for energy generation (Jürss and Bastrop, 1995). 

 

 

  

 

 

 

Figure 3. Transamination and deamination reactions of amino acids transdeamination pathway. 
Glutamate dehydrogenase (GDH); NH4+ - ammonium cation; Nicotinamida adenina dinucleótido 
hidreto (NADH); Nicotinamide adenine dinucleotide (NAD+). Adapted from Jobling (1994). 
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1.5. Oxidative stress 

 

Reactive oxygen species (ROS) are naturally generated in biological reactions involving 

oxygen, such as leukocytes respiratory burst, oxidative enzymatic activities, as for 

instance xanthine oxidase, tryptophan dioxygenase, diamine oxidase or prostaglandin 

synthase, and the mitochondrial electron-transfer chain. This last process is responsible 

for generating a proton gradient that is used for ATP synthesis and is one of the main 

endogenous source of ROS (Wood, 2000; Halliwell and Gutteridge, 2015; Ozcan and 

Ogun, 2015). Such process is responsible for the generation of superoxide radical (O2
-

∙), which may be reduced to hydrogen peroxide (H2O2). Through Feton reaction or Heber-

Weiss reaction the H2O2 produced may then generate hydroxyl radical (∙OH), an 

extremely reactive oxygen species able to damage virtually all types of macromolecules, 

being a major cause of cell injury (Figure 4). Singlet oxygen (1O2) is another active 

oxygen species that can be generated by biological systems (Storey, 1996; Sargent, et 

al., 2002; Ozcan and Ogun, 2015). 

 

Moreover, nitric oxide (NO) and several reactive nitrogen species (RNS) derived from its 

reaction with superoxide radical, namely, nitrogen dioxide (NO2) and peroxynitrite 

(ONOO-), are also naturally generated in biological reactions involving oxygen. Both RNS 

and ROS have important roles in cellular signalling, in the regulation of vasodilatation 

and in the effective mounting and function of the immune response, being produced by 

Figure 4. Summary of the pathways involved in reactive oxygen species generation and of some 
antioxidant enzymes actions. Superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase (GPX) glutathione reductase (GR), glucose-6-phosphate dehydrogenase (G6PD) 
reduced glutathione (GSH), oxidized glutathione (GSSG). Adapted from Storey (1996). 
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phagocytic cells and being responsible for killing engulfed microorganisms (Storey, 

1996; Ellis, 2001; Ozcan and Ogun, 2015). 

Under normal physiological conditions, ROS and RNS production and elimination are 

kept in balance. However if such a balance is lost and the reactive species reach high 

concentrations, these molecules readily react with proteins, lipids, and DNA, causing 

significant damage to cell’s membrane integrity, impairing cellular metabolism or 

inducing apoptosis (Storey, 1996; Sargent et al., 2002; Halliwell and Gutteridge, 2015; 

Ozcan and Ogun, 2015). This condition is known as oxidative stress and may lead to 

weakening of fish health status (Tocher et al., 2002; Morales et al., 2004).  

Polyunsaturated fatty acids (PUFA), both isolated and incorporated into phospholipids 

and triglycerides, are extremely susceptible to ROS oxidation, producing lipid peroxides, 

a process known as lipid peroxidation. Since fish are rich in PUFA they are particularly 

vulnerable to lipid peroxidation, which has been shown capable of increasing membrane 

permeability and inactivating membrane-bound enzymes, resulting in disorders such as 

haemolysis, anaemia, jaundice, liver degeneration and skeletal alterations. Lipid 

peroxidation gains further importance given that it occurs through chain-reaction, 

whereby a single radical species, after extracting a hydrogen atom from a fatty acid, 

originates an unstable lipid radical that most likely will originate a peroxyl radical, 

propagating the reaction (Halliwell and Chirico, 1993; Sargent et al., 2002; Mourente et 

al., 2007). As a final product of lipid peroxidation, malonyldialdehyde is commonly used 

as marker for oxidative stress (Halliwell and Chirico, 1993). 

To avoid the development of oxidative stress, aerobic animals present an antioxidant 

system that comprises both enzymatic and non-enzymatic antioxidants, and has a 

preventive action, delaying or destructing the oxidation substrates. Additionally, aerobic 

animals also present a secondary defence mechanisms (namely lipolytic, proteolytic and 

DNA repair enzymes, such as polymerases and other enzymes), responsible for 

repairing and removing damaged cellular components (Halliwell and Gutteridge, 2015).  

Fish endogenously produce several non-enzymatic antioxidants. However, the 

biosynthesis of such antioxidants is frequently dependent on the dietary supply of several 

compounds and AA. For instance, nicotinic acid is required for nicotinamide adenine 

dinucleotide hydrate (NADH) / nicotinamide adenine dinucleotide phosphate (NADPH) 

synthesis and Cys, Glu, Gly are indispensable for glutathione (GSH) synthesis. In 

addition, fish are also supplied through the diet with other nutrients with important 

antioxidant roles. These include the AA taurine (Tau) and Met, vitamins C and E, 

minerals (selenium), or bioactive compounds of plant origin (phenolic and polyphenolic 
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compounds) with significant roles in the antioxidant defence (Storey, 1996; Martinez-

Alvarez et al., 2005; Perez-Jimenez et al., 2012; Bañuelos-Vargas et al., 2014). 

Fish enzymatic antioxidant defence includes: cytosolic and mitochondrial superoxide 

dismutase (SODs; EC 1.15.1.1); peroxisomal and mitochondrial catalase (CAT; EC 

1.11.1.6); and cytosolic and mitochondrial glutathione peroxidase (GPX; EC 1.11.1.19) 

and glutathione reductase (GR; EC 1.8.1.7). Glucose-6-phosphate dehydrogenase 

(G6PDH, EC 1.1 .1.49) does not have a direct antioxidant action, however, its role in the 

generation of NADPH is crucial for the normal functioning of CAT, GPX and GR 

(Mourente et al., 2002; Morales et al., 2004). 

Antioxidant enzymes work together as the front line against oxygen radicals, by 

preventing the initialization of chain reactions triggered by superoxide radical. SOD is the 

first enzyme to respond to oxygen radicals, catalysing superoxide radical dismutation to 

molecular oxygen and hydrogen peroxide. Hydrogen peroxide is then converted by CAT 

to molecular oxygen and water, or reduced to water by GPX, through a GSH dependent 

reaction. GR is responsible for regenerating reduced glutathione (GSH) from the so 

formed oxidized glutathione (GSSG) at the expense of NADPH (Figure 4) (Storey, 1996; 

Mourente et al., 2002; Morales et al., 2004; Perez-Jimenez et al., 2009; Halliwell and 

Gutteridge, 2015). 

 

1.6. Nutrition-based health approach and functional AA 

 

Until last decade AA were traditionally classified as IAA, DAA, and CIAA, few attention 

being given to their functional roles. Besides being required for protein synthesis, AA 

regulate cell signalling, gene expression, antioxidant responses, and immunity. AA are 

also used as precursors for the synthesis of small peptides (e.g., GSH), non-peptide 

hormones (e.g., epinephrine, norepinephrine, and thyroxine) and several low-molecular-

weight nitrogenous metabolites (e.g., ammonia, carnitine, creatine, dopamine, NO, 

nucleotides, polyamines, and thyroxine) of major biological importance. The growing 

body of research in this area has led to the new concept of functional AA (Wu, 2010, 

2013b), that takes into consideration the metabolic needs for dietary AA beyond tissue 

proteins synthesis and includes IAA, DAA and CIAA. Functional AA are those AA that 

participate in and regulate key metabolic pathways and that have potential to improve 

several aspects of animals’ health, development, growth, or even survival (Wu, 2010; 

Kiron, 2012; Wu, 2014; Wu et al., 2014).  
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1.6.1. Glutamine 

 

Gln is the most prevalent AA in body fluids and muscle. Gln is the main systemic nitrogen 

carrier, having a major role in ammonia detoxification. Gln turnover rate exceeds that of 

other AA and increases under rapid growth or malnutrition or disease conditions. The 

increased awareness of Gln functional proprieties in health maintenance, immune 

function, and gastrointestinal function and integrity justified that Gln is now considered a 

CIAA (Li et al., 2009; Wu, 2010; Wu, 2014; Wang et al., 2016a).  

Gln can be synthesized from Glu and ammonia by ATP-dependent glutamine synthetase 

(GSase; E.C. 6.3.1.2), or be degraded by phosphate-activated glutaminase (GlNase; EC 

3.5.1.2) to Glu and ammonia (Xi et al., 2011; Watford, 2015). Additionally, Glu can be 

synthesized from or catabolized to α-ketoglutarate through the reversible action of GDH 

and transaminase enzymes. This explains why the bulk of Gln hydrolysed by GlNase is 

either used as hepatic substrate for gluconeogenesis or for energy production through 

the citric acid cycle.   

Gln is the major energy substrate of rapidly proliferating cells, as leucocytes, intestinal 

mucosal cells and enterocytes (Li et al., 2009; Wu et al., 2011; Wang et al., 2016a). Gln 

and glutamic acid are also among the most important AA in fish liver oxidation and 

gluconeogenesis processes (Jürss and Bastrop, 1995). Moreover, Gln and Glu comprise 

a major proportion of the AA body pool, both in free form and incorporated into protein, 

and since their dietary supply is almost completely catabolized in the intestine, nearly all 

Gln and Glu body pool has to be synthesized endogenously (Li et al., 2009; Watford, 

2015; Wang et al., 2016a). 

In mammals, besides its role in protein synthesis and as a key energy source for rapidly 

proliferating cells, Gln is the most versatile AA in cellular metabolism, intervening in 

several Gln-dependent regulatory and biosynthetic pathways indispensable for growth 

and normal cell development. These include purines, pyrimidine, amino sugars, and NO 

synthesis; gene expression regulation; and activation of the mammalian target of 

rapamycin (mTOR), responsible for stimulating anabolic functions such as protein 

synthesis, cell growth and differentiation. Moreover, increasing intracellular Gln 

concentration stimulates protein synthesis and inhibits proteolysis in muscle and 

enterocytes (Wu et al., 2011; Xi et al., 2011; Watford, 2015; Wang et al., 2016a).  

Intestinal Gln metabolism and its role on intestinal health are of particular interest since 

Gln, besides being extensively catabolised by intestinal cells, plays an essential role in 

maintaining intestinal integrity and function; inhibits expression of inflammatory 
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cytokines; up-regulates expression of antioxidant genes; prevents endotoxin or oxidant-

induced apoptosis, and modulates intestinal oxidative status, due to its role as GSH 

precursor (Reeds et al., 2000; Curi et al., 2005; Brasse-Lagnel et al., 2009; Wu et al., 

2011; Xi et al., 2011; Wu, 2014; Wu et al., 2014). Since intestinal Gln metabolism relies 

extensively on feeding, maintenance of normal intestinal physiology is critically 

dependent on dietary Gln provision. Indeed, Gln has been recognised as a functionally 

active AA to support maximum growth and performance in swine nutrition (Wu et al., 

2011; Xi et al., 2011). 

Although tissue-specific metabolism of Gln and Glu is not fully described in fish (Li et al., 

2009), evidence exist that dietary Gln supplementation also enhances weight gain and 

feed efficiency (Yan and Qiu-Zhou, 2006; Cheng et al., 2011; Qiyou et al., 2011; Cheng 

et al., 2012; Han et al., 2014; Caballero-Solares et al., 2015; Hu et al., 2015; Pereira et 

al., 2017), intestine structure and function (Qiyou et al., 2011), antioxidant defences, 

including GSH content (Chen et al., 2009; Li et al., 2009; Cheng et al., 2011; Li et al., 

2013; Han et al., 2014; Hu et al., 2014; Hu et al., 2015), serum lysozyme and complement 

activities (Lobley et al., 2001; Cheng et al., 2011; Zhu et al., 2011; Cheng et al., 2012; 

Hu et al., 2015; Zhang et al., 2017), promotes enterocytes and leucocytes growth (Jiang 

et al., 2009; Pohlenz et al., 2012b), improves the repair activity in fish enterocytes 

challenged with H2O2 (Hu et al., 2014), modulates cytokine gene expression and TOR 

kinase activity (Hu et al., 2015). 

 

1.6.2. Arginine 

 

Arg is an IAA required for protein synthesis and somatic growth and serves important 

regulatory functions in nutrient metabolism and immune response. The de novo Arg 

synthesis is limited or even inexistent in the large majority of fish species, due to the lack 

of carbamoyl phosphate synthetase III (CPS III) activity, which is a pre-requisite for a 

functional ornithine-urea cycle (Anderson and Walsh, 1995; Todgham et al., 2001; 

Gouillou-Coustans et al., 2002; Tulli et al., 2007; Ip and Chew, 2010). Nonetheless, 

rainbow trout (Oncorhynchus mykiss) (Rodehutscord et al., 1995; Fournier et al., 2002) 

and channel catfish (Ictalurus punctatus) (Buentello and Gatlin, 2000) juveniles were 

previously reported to show CPS III activity in the liver, although a functional urea cycle 

was not detected. On the other hand, elasmobranchs and ureogenic teleosts can at least 

partially meet their Arg requirements by synthesising Arg from citrulline (which may be 
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originated from Gln) through a fully functional ornithine-urea cycle (Mommsen et al., 

2001; Li et al., 2009; Ip and Chew, 2010). 

However, the activity of the key enzyme CPS III appears to be highly variable in adult 

teleosts and is still not completely elucidated in different species (Anderson, 2001). Such 

interspecific differences in the ability to endogenously synthesise Arg is pointed as the 

probable cause for the interspecific variability in Arg requirement estimates among fish 

species (NRC, 2011). Although Ball et al. (2007) defended that, with the exception of 

Pacific salmon (Oncorhynchus spp.), Arg requirements of teleosts should be around 1.2-

1.5% of the diet, or 3.7-3.9% of dietary protein, it was previously evidenced that marine 

fish seem to have higher Arg requirements than salmonids (Coutinho et al., 2012).  

In fish, as in higher vertebrates, Arg deamination by arginase (argininolysis) originates 

urea and ornithine, the pivotal precursor for polyamines synthesis, which have a critical 

role in cell growth, proliferation and differentiation (Mommsen et al., 2001; Walsh and 

Mommsen, 2001; Buentello et al., 2007; Andersen et al., 2013; Wu, 2013b). Moreover, 

Arg is also involved in the synthesis of proline and creatine and it is the sole precursor 

of NO production by macrophages during immune response (Buentello and Gatlin, 1999; 

Morris, 2007; Wu et al., 2009; Yue et al., 2015).  

Arg also increases the release of pancreatic hormones involved in fish growth, such as 

glucagon (Vega-Rubín de Celis et al., 2004), somatostatin (Eilertson and Sheridan, 

1995), growth hormone (GH) and insulin-like growth factor 1 (IGF-1) (Plisetskaya et al., 

1991; Lall et al., 1994; Baños et al., 1999; Mommsen et al., 2001; Andoh, 2007; Sink and 

Lochmann, 2007; Liang et al., 2016). Moreover, Arg is also a more potent insulinotropic 

than glucose in fish, thus contributing to the improvement of glucose utilization for energy 

purposes and to the increment of AA uptake by tissues, through an insulin-mediated 

mechanism (Tulli et al., 2007). In addition, Arg was shown to regulate fish mTOR 

signalling pathway (Tu et al., 2015; Liang et al., 2016), and plasma free Arg levels were 

reported to decrease in fish under stressful conditions (Aragão et al., 2008; Costas et al., 

2008). Optimum dietary Arg levels were also shown to increase muscle GSH content 

and the activities of antioxidant enzymes, suggesting that Arg is able to modulate fish 

antioxidant response, although the pathways involved are still unclear (Wang et al., 

2015). 

The strong endocrine modulatory capacity of Arg seem to explain the enhanced growth 

and feed efficiency (Tulli et al., 2007; Oehme et al., 2010; Cheng et al., 2011; Cheng et 

al., 2012; Zhou et al., 2012a; Andersen et al., 2013; Pohlenz et al., 2013; Pohlenz et al., 

2014; Neu et al., 2016), enhanced macrophages production, respiratory burst, lysozyme 
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activities and resistance to bacterial challenge (Buentello and Gatlin, 2001; Yue et al., 

2015; Zhang et al., 2017) observed in fish fed dietary Arg surplus.  

However, in a number of studies fish growth performance and feed efficiency were 

impaired due to a toxic effect of excess dietary Arg (Kaushik and Fauconneau, 1984; 

Kaushik et al., 1988; Santiago and Lovell, 1988; Ngamsnae et al., 1999; Fournier et al., 

2003; Singh and Khan, 2007; Abidi and Khan, 2009; Zhou et al., 2011; Zhou et al., 2012b; 

Ren et al., 2013; Van Nguyen et al., 2014; Lin et al., 2015), which could be a 

consequence of the extra energy expenditure toward Arg deamination (Zhou et al., 

2012a; Ren et al., 2013; Zhou et al., 2015). An Arg-Lys antagonism that limits Lys uptake 

might also explain this negative effect of excess dietary Arg (Kaushik et al., 1988; Berge 

et al., 1999; Ren et al., 2013; Van Nguyen et al., 2014), but such antagonism is yet to be 

demonstrated in fish (Alam et al., 2002; NRC, 2011; Andersen et al., 2014). 

 

1.6.3. Methionine 

 

Met is generally the first limiting AA in many plant protein sources, including soybean 

meal, rapeseed meal, lupin meal, pea protein concentrate and soy protein concentrate 

(ARRAINA, 2015; Oliva-Teles et al., 2015), which justifies its availability as feed grade 

(Li et al., 2009; Pan et al., 2016).  

Fish, as other animals, have both Met and total sulphur AA (TSAA; Met + Cys) 

requirements (Wilson, 2002) and since Met is an irreversible precursor of Cys, TSAA 

requirements might be met by Met alone or by a combination of Met and Cys. Although 

Cys production through Met transsulfuration pathway is 100% efficient in sulphur molar 

basis, the different molecular weight of these two AA (149.2 g/mol for Met and 121.2 

g/mol for Cys) imply that 149.2 mg of Met yield only 121.2 mg of Cys, resulting in a 19% 

loss of Met in weight terms (Baker, 2006). This, associated with the traditional estimation 

of Met and TSAA requirements using diets with low levels or even devoid of Cys, explain 

the 39% to 60% reduction of dietary Met requirements observed in several fish species 

when dietary Met:Cys ratio is decreased under optimal dietary TSAA level (Harding et 

al., 1977; Griffin et al., 1994; Goff and Gatlin, 2004; Nguyen and Davis, 2009; Tulli et al., 

2010; Abidi and Khan, 2011; Farhat and Khan, 2014; Klatt et al., 2016; Poppi et al., 

2017). 

Cys is key precursor of GSH and Tau, and therefore these two potent antioxidants can 

be indirectly produced from Met (Keembiyehetty and Gatlin, 1995; Wu et al., 2004; Li et 

al., 2007; Métayer et al., 2008), although the capability to synthetize Tau in fish seems 
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to be species specific (Yokoyama et al., 2001; Salze and Davis, 2015). Met is also 

precursor of S-Adenosylmethionine (SAM), which is an important methyl group donor for 

spermidine and L-carnitine synthesis (Schuhmacher and Gropp, 1998; Métayer et al., 

2008; Li et al., 2009). In eukaryotic organisms, Met is also known to act as an initiating 

factor in protein synthesis and to inhibit proteolysis (Métayer et al., 2008; Poppi et al., 

2017). Additionally, evidences exist that dietary TSAA level influences ascorbic acid 

metabolism, while dietary ascorbic acid supplementation was shown to reduce the 

synthesis of GSH and Cys from Met (Li et al., 2007; Métayer et al., 2008; Li et al., 2009).  

Due to its role as methyl group donor for DNA methylation, Met influences the expression 

of several genes related to the production of antioxidant enzymes (Seneviratne et al., 

1999; Métayer et al., 2008). Moreover, the association of protein-exposed Met residues 

with the enzyme methionine sulfoxide reductase forms the antioxidant “methionine 

sulfoxide reductase” (MSR) system. In this system, Met residues are readily oxidized by 

several ROS originating methionine sulfoxide, which is then reduced back to Met by 

methionine sulfoxide reductase (Levine et al., 2000). Through this system, exposed Met 

residues protect other functionally essential residues from ROS, thus limiting the 

oxidative damage and the accumulation of injured proteins in the cells (Levine et al., 

2000; Métayer et al., 2008).  

Accumulated evidences also suggest that the signalling role of Met is well conserved 

between lower and higher vertebrates (Belghit et al., 2014), with Met exerting greater 

regulatory effect on gene expression in fish than other AA, such as Lys. In fish, Met was 

also shown to directly or indirectly affect the hepatic expression of genes involved in the 

GH/IGF system and in the two major AA signalling pathways, TOR and the general 

control nonderepressible 2 (GCN2), and to regulate the expression of hepatic 

intermediary metabolism related genes, which explains Met involvement in protein 

turnover and growth regulation (Lansard et al., 2011; Belghit et al., 2014; Rolland et al., 

2015; Rolland et al., 2016; Skiba-Cassy et al., 2016; Wang et al., 2016b). 

In fish, dietary methionine deficiency was reported to suppress IGF-1 gene expression 

(Wang et al., 2016b), reduce feed intake, feed efficiency, and weight gain (Mambrini et 

al., 1999; Zhou et al., 2006; Tulli et al., 2010; Nwanna et al., 2012; He et al., 2013; Belghit 

et al., 2014; Figueiredo-Silva et al., 2015; Rolland et al., 2015; Poppi et al., 2017), reduce 

muscle protein deposition (Belghit et al., 2014) and total GSH (Keembiyehetty and Gatlin, 

1995); increase protein degradation (Belghit et al., 2014) and lipid peroxidation (Li et al., 

2009; Espe et al., 2010); and to cause bilateral cataracts (Cowey et al., 1992; Simmons 

et al., 1999) or even mortality (Li et al., 2009).  
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On the opposite side, dietary Met supplementation (or the more affordable Met hydroxyl 

analogue, MHA), above requirements was reported to improve fish immune status, by 

increasing the peripheral leucocyte response, serum lysozyme and immunoglobulin M 

(IgM) levels, complement activity, and plasma peroxidase and bactericidal activities 

(Kuang et al., 2012; Machado et al., 2015; Pan et al., 2016). Optimum dietary MHA levels 

was shown to down-regulate proinflammatory cytokines and to up-regulate anti-

inflammatory cytokines mRNA levels and attenuated inflammation-induced oxidative 

damage, by increasing antioxidant enzymes activities and GSH content of immune 

organs (Kuang et al., 2012; Pan et al., 2016). 

 

1.6.4. Taurine 

 

Tau is a β-AA, not an α-AA, though it is usually considered together with AA. Tau is not 

incorporated into proteins, but is one of the most abundant FAA in animal tissues (Wang 

et al., 2014; Salze and Davis, 2015). In fish, as in mammals, Tau can be synthesised 

from Cys through several enzymatic reactions, where cysteine dioxygenase (CDO) is the 

vital enzyme in regulating Cys concentration and cysteine sulfinic acid decarboxylase 

(CSD) is the rate-limiting step (Jacobsen and Smith, 1968; Wang et al., 2014). Marine 

fish seem to present limited or no capacity to synthesize Tau (Yokoyama et al., 2001; 

Park et al., 2002; Takagi et al., 2005; Wang et al., 2014), mainly due to absence or low 

activity of CSD  (Jacobsen and Smith, 1968). Thus, Tau is now considered a CIAA (Wang 

et al., 2014; Salze and Davis, 2015) or even an IAA in some species (Goto et al., 2001; 

Kim et al., 2005; Qi et al., 2012; Lim et al., 2013).  

Although Tau is abundant in FM, it is almost absent in PF (Spitze et al., 2003; Li et al., 

2009; Wang et al., 2014; Lall and Dumas, 2015), which implies that plant-based diets for 

some marine fish need to be supplemented with Tau (Wang et al., 2014; Salze and 

Davis, 2015). In several marine fish species, dietary Tau supplementation was shown to 

enhance performance of fish fed low FM-diets (Park et al., 2002; Kim et al., 2005; 

Matsunari et al., 2005; Takagi et al., 2006; Lunger et al., 2007; Chatzifotis et al., 2008; 

Enterria et al., 2011; Lim et al., 2013; Jirsa et al., 2014; Khaoian et al., 2014; Hien et al., 

2015; Wu et al., 2015; Koven et al., 2016) or all-plant diets (Takagi et al., 2008; Takagi 

et al., 2010). Similar effects were also observed in freshwater carnivorous fish, such as 

yellow catfish (Pelteobagrus fulvidraco) (Li et al., 2016) and rainbow trout (Gaylord et al., 

2006), but not in herbivorous common carp (Cyprinus carpio) (Kim et al., 2008) and 

omnivorous Nile tilapia (Oreochromis niloticus) (Koch et al., 2016). In addition, Tau 
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supplementation to low FM-diet was reported to restore lipid peroxidation levels 

(Bañuelos-Vargas et al., 2014; Li et al., 2016), enhance the activity of key enzymes of 

the intermediary metabolism (Bañuelos-Vargas et al., 2014) and plasma biological 

antioxidant potential (BAP) (Han et al., 2014), and to increase the activity of several 

antioxidant enzymes (Bañuelos-Vargas et al., 2014; Feidantsis et al., 2014; Li et al., 

2016). 

The positive effects of dietary Tau supplementation are thought to result from its 

involvement in a number of relevant physiological functions, including modulation of 

calcium levels, cell membrane stabilization, anti-oxidative, anti-inflammatory, and 

osmoregulatory functions, and on bile acid conjugation (Huxtable, 1992; NRC, 2011; Han 

et al., 2014; Salze and Davis, 2015). In effect, dietary Tau deficiency is known to cause 

the nutritional disease known as “green liver syndrome”, in which there is overproduction 

of hemolytic biliverdin associated with decreased excretion of Tau-conjugated bile 

pigment (Sakai et al., 1990; Goto et al., 2001; Takagi et al., 2005; Takagi et al., 2006).  

Tau is considered a potent antioxidant; however, its antioxidant role is yet to be fully 

understood. Since Tau is a weak ROS scavenger (Aruoma et al., 1988), its antioxidant 

activity is more likely related to the prevention of mitochondrial oxidant production (Jong 

et al., 2012; Salze and Davis, 2015). In fact, Tau regulates mitochondrial protein 

synthesis, thereby enhancing the activity of mitochondrial electron transport chain and 

avoiding electron donors accumulation, thus inhibiting the potential diversion of electrons 

to oxygen generating superoxide (Carneiro et al., 2009; Schaffer et al., 2009; Jong et al., 

2012). 

 

1.7. Fish species studied 

 

Gilthead sea bream (Sparus aurata, Linnaeus, 1758; Figure 5) and European sea bass 

(Dicentrarchus labrax, Linnaeus, 1758; Figure 6) are the two main marine species 

produced in southern Europe. Both species were traditionally produced under extensive 

or semi-intensive polyculture conditions in coastal lagoons and tidal reservoirs until the 

development of reliable mass production techniques during late 1960’s. Nowadays, 

these species are mainly farmed in large-scale intensive cages, with only a few semi-

intensive farms remaining, mainly in Portugal and Spain (FAO, 2005a,b).  

Between 2014 and 2015 marine fish production in the Mediterranean region increased 

1.6% accompanying the modest growth of markets and consumers demand. In 2015, 
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the combined production of European sea bass and gilthead sea bream in southern 

Europe reached 300.000 t. with European sea bass production representing 49% of total 

marine species production. Gilthead sea bream production represented 45% of the total, 

which, when compared to 2012, corresponds to a reverse of position between the two 

species. Greece and Turkey are the main marine fish producers in southern Europe, 

followed by Spain and Italy. These four countries account for 94% of total production 

reported for European sea bass and gilthead sea bream, while Portugal, Cyprus, and 

France account for only 4% of these species production (FEAP, 2016). 

 

1.7.1. Gilthead sea bream (Sparus aurata) 

 

Gilthead sea bream (Figure 5) belongs to the Sparidae family, and is found in the 

Mediterranean and along the Eastern Atlantic Ocean, from British Isles to Cape Verde 

and around Canary Islands, being rare in the Black Sea. This euryhaline and eurythermic 

(5-32°C) species is benthopelagic, living in seagrass beds, rocky, and sandy bottoms 

from the surf zone up to 150m depth, although being more common at depths of about 

30m. Gilthead sea bream is mainly carnivorous, having a trophic level of 3.3–3.5, and 

feeding on shellfish (mussels and oysters), crustaceous, fish and, sporadically, algae 

(Basurco et al., 2011; FishBase, 2017a). It is a protandrous hermaphrodite species, 

beginning life as male and becoming female after reaching 33-40 cm with 2-3 years. 

Spawning takes place in the open sea, typically between October and December, with 

sequenced spawning during the whole period, with the juveniles returning to coastal 

waters in early spring (FAO, 2005a; Basurco et al., 2011). 

  

 

 

Figure 5. Gilthead seabream (Sparus aurata). Adapted from Fisheries-EU 2017. 
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1.7.1.1. Nutritional requirements 

 

For gilthead sea bream juveniles, optimum dietary protein level was initially estimated to 

be 40% using semi-purified diets (Sabaut and Luquet, 1973). Later studies, using 

practical diets, reported dietary protein requirement of 45-46% in juveniles (Santinha et 

al., 1996; Vergara et al., 1996a) and as high as 55% for fry (Vergara et al., 1996b). 

Quantitative data on IAA requirements based on dose-response studies are only 

available for Arg, Lys, Met and Cys, and Trp (Table 2) (Luquet and Sabaut, 1974; 

Marcouli et al., 2005; Marcouli et al., 2006). Indirect estimations of IAA requirements 

were also made by the ideal protein method (Table 2), based on Lys requirement and 

whole-body IAA composition (Kaushik, 1998), and more recently by the AA deletion 

method (Table 2) (Peres and Oliva-Teles, 2009). 

 

Table 2. Amino acid requirements (g/16 g N) of gilthead sea bream. 

Methods 
Dose 

reponse 
Ideal 

protein 
Amino acid 

deletion 
Amino acid     

Arginine <6 5.4 5.5 
Histidine - 1.7 1.89 
Isoleucine - 2.6 2.55 
Leucine - 4.5 4.75 
Lysine 4.9-5 - 5.13 
Methionine - - 2.6 
Methionine + Cystine 2.8-4 2.4 - 
Phenylalanine + Tyrosine - 2.9 5.76 
Threonine - 2.8 2.98 
Tryptophan 0.5-0.6 0.6 0.75 
Valine - 3.0 3.21 
Adapted from: (Luquet and Sabaut, 1974; Kaushik, 1998; Marcouli 
et al., 2005; Marcouli et al., 2006; Peres and Oliva-Teles, 2009). 

 

Optimum dietary lipid levels were established to be 15-16% by Vergara and Jauncey 

(1993) and Vergara et al. (1996a), but more recently this value was re-evaluated to 21-

22% by Santinha et al. (1999) and Vergara et al. (1999). Even though dietary lipid levels 

up to 28% appeared to promote the best growth and to have protein sparing effect when 

low quality FM was used, the excess of lipids was pointed as the plausible cause of 

hepatocyte abnormalities observed in fish fed the highest dietary lipid levels (Vergara et 

al., 1999). For that reason, the authors discourage the use of such high dietary lipid levels 

to avoid unwanted adiposity and adverse effects to fish health.  
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Regarding essential fatty acids requirements, Kalogeropoulos 1992 estimated that 1g 

gilthead sea bream fed a diet with 12% lipids (6% soybean oil+ 6% cod-liver oil) required 

0.9% eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). More recently, 

(Benedito-Palos et al., 2009) also reported that a dietary EPA + DHA level of 1% was 

sufficient to meet essential fatty acids needs of gilthead sea bream. 

Although not having carbohydrate requirements, available data suggest that diets for 

gilthead sea bream juveniles could contain up to 20% of digestible carbohydrates, since 

higher dietary inclusion levels tend to depress fish growth and feed utilization (Peres et 

al., 1999; Enes et al., 2011). 

Data on vitamin and mineral requirements of gilthead sea bream is scarce. Still, 

quantitative requirements exist for some vitamins: 63-83 mg/kg for niacin (Morris and 

Davies, 1995a), 0.5-5 mg/kg feed for thiamine (vitamin B1) in juveniles (>60–200 g BW) 

(Morris and Davies, 1995b) and 2 mg/kg of dry diet for pyridoxine (vitamin B6) (Kissil et 

al., 1981). Although vitamin C requirements were not estimated for gilthead sea bream, 

evidences show that vitamin C do not affect growth performance of fish fed a practical 

fishmeal-based diet (Henrique et al., 1998). Regarding minerals, only phosphorus 

requirement was estimated, corresponding to 0.75% of the diet for juveniles (Pimentel 

Rodrigues and Oliva-Teles, 2001). 

 

1.7.1.2. Fish meal replacement by plant feedstuffs 

 

Several studies have been undertaken to evaluate the feasibility of FM replacement by 

single or mixtures of PF in compound diets for gilthead sea bream. Regarding the 

substitution of FM by single plant protein sources, it was shown that pea seed meal could 

replace up to 20% (Pereira and Oliva-Teles, 2002), lupin seed meal up to 30% (Pereira 

and Oliva-Teles, 2004), corn gluten meal up to 60% (Pereira and Oliva-Teles, 2003), 

rapeseed meal 20% (only one level tested) (Omnes et al., 2015), rapeseed protein 

concentrate up to 40% (Kissil et al., 1997), and soybean meal between 30 and 40% in 

juveniles and 50% for grow-out fish (Bonaldo et al., 2008; Kokou et al., 2012), without 

negatively affecting growth and feed efficiency.  

By using mixtures of plant protein sources (corn gluten meal, wheat gluten, wheat, soy 

protein concentrate, extruded peas, rapeseed meal, extruded whole wheat) some 

authors manage to replace up to 75% (Gomez-Requeni et al., 2004; De Francesco et 

al., 2007) and 87% (Benedito-Palos et al., 2016) of dietary FM with only slight or no 

reduction in weight gain. Using a mixture of PF (corn gluten, wheat gluten, extruded 
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peas, rapeseed meal and sweet white lupin) supplemented with IAA and keeping the 

IAA/DAA ratio of all diets close to 1.1, Sitja-Bobadilla et al. (2005) was also able to 

replace 75% of dietary FM without impairing fish growth performance, while Kissil and 

Lupatsch (2004) achieved a 100% FM replacement by a mixture of PF (corn gluten, 

wheat gluten, soy protein concentrate) supplemented with IAA (Met; Lys; Thr and Arg).  

Although available data indicate that it is now feasible to include high plant protein levels 

in the diets for gilthead sea bream without compromising growth performance, such high 

FM replacement levels are still limitedly used, mainly due to economic constrains, 

resultant from the high prices of some PF (plant protein concentrates) when compared 

to FM, and also the high prices of some IAA (ex. Arg) (Kissil and Lupatsch, 2004).  

It is also important to note that gilthead sea bream juveniles seem less tolerant than 

grow-out fish to the inclusion of plant protein sources in the diets (Martinez-Llorens et 

al., 2007), which may be related to lower tolerance to ANF of juveniles than grow-out fish 

(Couto et al., 2014). Indeed, saponins and phytosterols were shown to negatively affect 

several aspects of gilthead sea bream health, causing immune reactions at the distal 

intestinal level (the most sensitive region of the intestine to ANF) and some intestinal 

dysfunction. Even though such adverse effects are less pronounced in gilthead sea 

bream than in other species, such as salmonids (Krogdahl et al., 2010), it must be 

assured that fish physiological function and intestinal health is not compromised by the 

inclusion of high plant protein levels in the diet (Couto et al., 2014).  

 

1.7.2. European sea bass (Dicentrarchus labrax) 

 

European sea bass (Figure 6) is an euryhaline and eurythermic (2-32°C) fish of the 

Moronidae family (Hidalgo and Alliot, 1988; FAO, 2005b). This species is found in the 

coastal area from Norway to Morocco, Canary Islands and Senegal, as well as in the 

Mediterranean and Black Sea, inhabiting coastal inshore waters up to 100-150 m depth, 

and occurring in estuaries, brackish water lagoons and occasionally in rivers.  

European sea bass is a carnivorous species with a trophic level of 3.8 (FishBase, 2017b) 

that typically feeds on small fish, invertebrates, prawns, crabs and cuttlefish. It is a 

dioecious (separate sex) species whose sexual maturity generally occurs at 2 to 4 years 

of age in the Mediterranean populations, while in the Atlantic populations sexual maturity 

occurs later, between 4-7 years of age (30 to 40 cm of length) for males and between 5-

8 years of age (36-46 cm of length) for females. Spawning season occurs just once a 

year, mostly in winter for the Mediterranean population (December to March), extending 
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up to June for the Atlantic populations (FAO, 2005b; Pérez-Ruzafa and Marcos, 2015; 

Pozo et al., 2015; FishBase, 2017b). 

 

 

1.7.2.1. Nutritional requirements 

 

European sea bass protein requirement was first established as ranging from 52 to 60% 

(Alliot et al., 1974; Metailler et al., 1981). Later studies showed that dietary protein levels 

could be decreased to values between 48-54% (Hidalgo and Alliot, 1988; Ballestrazzi et 

al., 1994; Peres and Oliva-Teles, 1999a), while other works were able to achieve 

optimum growth of this species with still lower dietary protein levels of 43-45% (Perez et 

al., 1997; Dias et al., 1998). 

Estimates of IAA requirements based on dose-response studies are only available for 

Arg, phenylalanine (Phe), histidine (His), isoleucine (Ile), Leu, Lys, Met, Thr, Tyr and Val 

(Table 3) (Thebault et al., 1985; Tibaldi and Lanari, 1991; Tibaldi et al., 1993; Tibaldi et 

al., 1994; Tibaldi and Tulli, 1999; Tulli et al., 2010). IAA requirements (Table 3) were also 

indirectly estimated through the ideal protein method (Kaushik, 1998). 

While some studies reported that increasing dietary lipid levels above 12% had no 

beneficial effects on European sea bass growth performance (Alliot et al., 1974; Metailler 

et al., 1981; Perez et al., 1997; Peres and Oliva-Teles, 1999a), other studies indicated 

that fish growth performances was improved by increasing dietary lipids up to 18-19% 

(Dias et al., 1998; Lanari et al., 1999). It is however clear that increasing dietary lipid 

level up to 30% is not recommended for juveniles, as it appears to lead to a significant 

decrease in voluntary feed intake (Boujard et al., 2004) and to compromise growth 

performance (Peres and Oliva-Teles, 1999b).  

 

 

Figure 6. European sea bass (Dicentrarchus labrax). Adapted from Fisheries-EU, 2017. 
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  Table 3. Amino acid requirements (g/16 g N) of European sea bass. 

Methods Dose response Ideal protein 
Amino acid   

Arginine 3.9-4.6 4.6 
Histidine - 1.6 
Isoleucine - 2.6 
Leucine - 4.3 
Lysine 4.8 - 
Methionine 1.8-2.0 - 
Methionine + Cystine 2.7-4.0 2.3 
Phenylalanine + Tyrosine - 2.6 
Threonine 2.3-2.6 2.7 
Tryptophan 0.5 0.6 
Valine - 2.9 
Adapted from: (Thebault et al., 1985; Tibaldi and Lanari, 1991; 
Tibaldi et al., 1993; Tibaldi et al., 1994; Kaushik, 1998; Tibaldi and 
Tulli, 1999; Tulli et al., 2010) 

 

Quantitative data on essential fatty acids requirements is scarce, with early estimates 

suggesting a requirement of about 1% of n-3 PUFA (Coutteau et al., 1996) and a more 

recent work reporting a n-3 highly unsaturated fatty acids (HUFA) requirement of 0.7% 

for juveniles, with a DHA:EPA ratio of 1.5:1 (Skalli and Robin, 2004). 

The incorporation of digestible carbohydrates in diets for European sea bass is 

recommended to be limited to 20%, as higher levels of starch (30%) appear to depress 

growth and feed utilization (Enes et al., 2011). 

Regarding vitamin and mineral requirements, Kaushik (1998) suggested that water-

soluble vitamins allowances recommended for salmonids (NRC, 1993) can be used in 

practical diets for this species, but higher values should be used for purified diets. 

Phosphorous is the only mineral which requirement was studied, with an estimated 

requirement of circa 0.65% (Oliva-Teles and Pimentel-Rodrigues, 2004). 

 

1.7.2.2. Fish meal replacement by plant feedstuffs 

 

Pea seed meal, rice protein concentrate, and soybean meal were successfully used to 

replace 12%, 25%, and 25-30% of dietary FM protein, respectively, without negatively 

affecting European sea bass growth and feed utilization (Gouveia and Davies, 1998; 

Lanari and D'Agaro, 2005; Bonaldo et al., 2008). If supplemented with the most limiting 

AA (Lys, Met, and Arg), wheat gluten can replace up to 70% of dietary FM protein 

(Messina et al., 2013), while solvent-extracted (SE) soybean meal, enzyme-treated (ET) 

soybean meal and a mixture composed of 30% SE and 30% ET soybean meals may 
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replace 25%, 50%, and 60% of dietary FM protein, respectively, without hampering 

European sea bass performance (Tibaldi et al., 2006).  

Almost total replacement of dietary FM protein (95%) by plant protein mixture (corn 

gluten, wheat gluten, soybean meal, and rapeseed meal) with Lys supplementation was 

first achieved by Kaushik et al. (2004), without affecting fish growth, diet digestibility, or 

voluntary feed intake. Recently, Torrecillas et al. (2017) were also able to replace 90% 

dietary FM protein by a plant protein mixture (soy protein concentrate, corn gluten meal, 

wheat gluten, rapeseed meal, wheat) plus 5% blood meal, and Lys and Met 

supplementation, and with almost complete fish oil replacement by vegetable oil (3% fish 

oil). Moreover, the inclusion of 30% whole wheat, corn, rye and barley have also recently 

been shown not to cause histomorphological changes in the distal intestine of European 

sea bass (Couto et al., 2017). Nowadays, commercial diets for European sea bass 

include up to 30-40% of dietary protein from soybean meal, corn or wheat gluten, a value 

that is expected to increase as knowledge progresses (Tacon and Hasan, 2011). 

Although European sea bass seems to accept well PF as alternative protein sources, it 

is also known that ANF present in PF may also induce several side effects, such as: 

reduce the activity of BBM enzymes, causing inflammatory changes in the distal intestine 

(Couto et al., 2015); up-regulate proinflammatory cytokines IL-1 β and TNFα gene 

expression; increase mucus production; and lead to changes in mucosal microbiota 

profile (Torrecillas et al., 2017). Since the effects of ANF seem very much dependent of 

the dietary inclusion level (Couto et al., 2015), further attention should be given to fish 

physiological function and intestinal health when considering the use of high PF inclusion 

levels in diets for European sea bass.  
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1.8. Objectives   

 

Incorporating high levels of PF in aquafeeds without compromising performance and 

health of carnivorous fish still represents a challenge. Meanwhile, growing evidence 

reveals that functional AA seem to improve fish somatic growth, nutrient retention, gut 

health, and antioxidant defence.  

Therefore, the overall objective of this thesis was to gain further knowledge on the 

potential benefits of supplementing practical/plant-based diets for the two major marine 

fish species produced in southern Europe aquaculture, gilthead sea bream and 

European sea bass, with four functional AA, namely glutamine (Gln), arginine (Arg), 

methionine (Met) and taurine (Tau). For that purpose, growth performance, feed 

utilization, body composition, intestinal nutrient absorption capacity, liver and intestine 

AA catabolism, and oxidative status, were evaluated. 

Thus, Chapter 2 evaluates, in gilthead sea bream juveniles, the effects of three dietary 

Gln supplementation levels (0.5, 1, and 2%) on growth performance, whole-body and 

liver composition, intestinal Gln, Arg, and glucose absorption capacity, hepatic and 

intestinal AA catabolism, Gln metabolism and oxidative status.  

Likewise, Chapter 3 assesses, also in gilthead sea bream, the effects of three Arg 

supplementation levels (0.5, 1, and 2%) on growth performance, whole-body and liver 

composition, intestinal Gln, Arg and glucose absorption capacity, hepatic and intestinal 

AA catabolism, and oxidative status.  

Finally, Chapter 4 tested in European sea bass the effect of supplementing practical 

diets, with Met levels 12% below or 15% above the established requirement for the 

species, with 1% Tau. Both Met and Tau effects on European sea bass juveniles growth 

performance, whole-body composition, hepatic and intestinal oxidative status were 

evaluated. 
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A study was undertaken to evaluate dietary glutamine supplementation effects on gilthead sea bream perfor-
mance, intestinal nutrient absorption capacity, hepatic and intestinal glutaminemetabolism and oxidative status.
For that purpose gilthead sea bream juveniles (mean weight 13.0 g) were fed four isolipidic (18% lipid) and
isonitrogenous (43% protein) diets supplementedwith 0, 0.5, 1 and 2% glutamine for 6 weeks. Fish performance,
body composition and intestinal nutrient absorption capacity were not affected by dietary glutamine levels. He-
patic and intestinal glutaminase (GlNase), glutamine synthetase (GSase), alanine aminotransferase, aspartate
aminotransferase and glutamate dehydrogenase activitieswere also unaffected bydietary glutamine supplemen-
tation. In the intestine GlNase activity was higher and GSase/GlNase ratio was two-fold lower than in the liver,
suggesting a higher use of glutamine for energy production by the intestine than by the liver. The liver showed
higher catalase and glucose-6-phosphate dehydrogenase activities,while the intestine presentedhigher glutathi-
one peroxidase and glutathione reductase activities and oxidised glutathione content, which seems to reveal a
higher glutathione dependency of the intestinal antioxidant response. Total and reduced glutathione contents
in liver and intestine and superoxide dismutase activity in the intestine were enhanced by dietary glutamine,
though lipid peroxidation values were not affected. Overall, differences between liver and intestine glutamine
metabolism and antioxidant response were identified and the potential of dietary glutamine supplementation
to gilthead sea bream's antioxidant response was elucidated.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Glutamine (Gln) is the most prevalent amino acid (AA) in body
fluids and muscle, and its turnover rates exceed that of other AA (Wu
et al., 2011). Gln is also the main systemic nitrogen carrier, has a
major role in ammonia detoxification and is considered a conditional-
ly-essential AA under specific physiological conditions, such as
malnutrition, infection and inflammation (Lobley et al., 2001; Wu et
al., 2011). Increasing intracellular Gln concentration stimulates protein
synthesis and inhibits proteolysis in muscle and enterocytes (Wu and
Thompson, 1990; Xi et al., 2011). Besides its role in protein synthesis,
Gln is the most versatile AA in cellular metabolism, intervening in

several Gln-dependent regulatory pathways indispensable for cell
proliferation, differentiation, migration and metabolism, besides being
involved in purine and pyrimidine synthesis and gene expression
regulation. Gln is also a major energy source for rapidly proliferating
cells, including enterocytes, lymphocytes and intestinal mucosal cells
(Wu et al., 2011), up-regulate antioxidant genes expression, prevents
oxidant-induced apoptosis (Brasse-Lagnel et al., 2009), and modulates
intestinal oxidative status, being precursor of glutathione, an important
antioxidant molecule (Cheng et al., 2011).

In farm animals, stress modulation and improved immune response
through dietary supplementation of Gln, has proved successful (Lobley
et al., 2001; Adams and Thompson, 2006). Traditional classification of
glutamine (Gln) as non-essential AA thus underestimate its functional
properties in health maintenance, immune function and gastrointesti-
nal integrity. Since Gln is extensively catabolised by enterocytes, it
plays an essential role in maintaining intestinal integrity and function
(Curi et al., 2005). Intestinal Gln metabolism relies extensively on
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dietary Gln intake, thus maintenance of normal intestinal physiology is
critically dependent on nutritional Gln provision.

Nutrition-based health approach is a new challenge inmodern aqua-
culture, and within this context, intestinal Gln metabolism and the role
of Gln on intestinal health are of particular interest. In hybrid sturgeon
(Acipenser schrenckii×Huso dauricus). Gln supplementationwas report-
ed to enhance weight gain, feed efficiency, and intestine structure and
function (Qiyou et al., 2011). In Jian carp (Cuprinus carpio var. Jian)
and channel catfish (Ictalurus punctatus) Gln also promoted enterocytes
and leucocytes proliferation (Chen et al., 2009; Pohlenz et al., 2012a)
and enhanced enterocytes glutathione biosynthesis and enzymatic anti-
oxidant capacity in Jian carp (Chen et al., 2009; Hu et al., 2014). Howev-
er, knowledge on Gln metabolism in fish, especially at the intestinal
level, is still scarce and deserves further studies. Further, the potential
of dietary Gln supplementation to modulate AA and glucose intestinal
uptake has yet to be studied in fish. Therefore, this studywas conducted
to evaluate the effects of dietary Gln supplementation on performance,
hepatic and intestinal Gln metabolism, and on the oxidative status and
intestinal nutrient absorption capacity in gilthead sea bream, a major
aquaculture species in the Mediterranean.

2. Material and methods

2.1. Diets

Four experimental dietswere formulated to be isolipidic (18% lipids)
and isoproteic (43% protein), with half of protein from fishmeal and the
other half provided by plant feedstuffs (soybean meal and wheat). Es-
sential amino acid profile of these diets were checked to be similar to
that previously estimated for gilthead sea bream (Peres and Oliva-
Teles, 2009). Diets were supplemented with 0, 0.5%, 1% and 2% Gln re-
placing a dispensable amino acid (DAA) mixture that resembled that
of gilthead sea breamwhole-body AA composition (Kaushik, 1998). In-
gredients and proximate composition of the experimental diets are pre-
sented in Table 1. AA composition of experimental diets is presented in
Table 2.

2.2. Growth trial

This experiment followed FELASA category C recommendations and
was conducted according to the European Union Directive 2010/63/EU
on the protection of animals for scientific purposes. The trialwas carried
out at the experimental facilities of the Marine Zoology Station, Porto
University, in a thermo-regulated recirculation water system equipped
with 24 cylindrical fibreglass tanks of 100 L capacity. Gilthead sea
bream (Sparus aurata) juveniles were obtained from a commercial
hatchery and after transportation to the experimental facilities were
submitted to a quarantine period of two weeks and then acclimated
for one month to the rearing system. During this period fish were fed
a commercial diet. Then, 12 groups of 25 fish with a mean body weight
of 13.0 g were established and the experimental diets were randomly
assigned to triplicate groups of these fish. During the trial fish were
fed to apparent visual satiety twice a day, 6 days a week. Utmost care
was taken to assure that all feed suppliedwas consumed. The trial lasted
6 weeks and during this period water temperature was maintained at
26 ± 1 °C, salinity averaged 33 ± 2‰ and dissolved oxygen was kept
near saturation (7 mg L−1). A natural photoperiod (12 h light and
12 h dark) was adopted.

2.3. Sampling

A random sample of 15 fish from the initial batch was taken, eutha-
nized by lethal dose of anaesthesia (ethylene glycol monophenyl ether)
and pooled for whole-body composition analysis. At the end of the trial,
following one day of feed deprivation, fish from each tank were slightly
anaesthetized (ethylene glycol monophenyl ether, 0.3 mL L−1), bulk

weighted and returned to the same tanks where they continued to be
fed for two more days. Then, 6 h after the morning meal, 6 fish per
tank were sacrificed by severing the spinal cord. Whole intestine was
isolated anddivided into pyloric caeca, proximal and distal segments ac-
cording to visual dissimilarities in diameter and mucosal thickness.

Table 1
Ingredient composition and proximate analysis of the experimental diets.

Control 0.5Gln 1Gln 2Gln

Ingredients (% dry weight)
Fish meal1 24 24 24 24
CPSP2 5 5 5 5
Soybean meal3 26 26 26 26
Wheat meal4 13.6 13.6 13.6 13.6
Fish oil 13.6 13.6 13.6 13.6
Vitamins premix5 1 1 1 1
Choline chloride (50%) 0.5 0.5 0.5 0.5
Minerals premix6 1 1 1 1
Binder7 1 1 1 1
Cellulose 5.9 6.1 6.2 6.6
NEAA premix8 6.2 5.5 4.8 3.4
Dibasic calcium phosphate 1.2 1.2 1.2 1.2
Agar 1.0 1.0 1.0 1.0
L-glutamine 0 0.5 1 2

Proximate analysis (% dry weight)
Dry matter (%) 86.0 90.8 86.1 86.5
Protein 44.8 44.2 43.6 44.0
Crude fat 18.2 18.8 18.5 18.5
Ash 10.7 10.8 10.8 10.5
Gross energy (kJ g−1) 23.0 22.6 22.5 22.2

1 Pesquera Centinela, Steam Dried LT, Chile (CP: 72.1%; CL 9.51%). Sorgal, S.A. Ovar,
Portugal.

2 Soluble fish protein concentrate, Sopropêche, France (CP: 80.4% DM; GL: 19.7% DM).
3 Soybean meal (CP: 51.3%; CL:2.6%), Sorgal, S.A. Ovar, Portugal.
4 Wheat meal (CP: 14.1%; CL: 3.2%), Sorgal, S.A. Ovar, Portugal.
5 Vitamins (mg kg−1 diet): retinol, 18,000 (IU kg−1 diet); calciferol, 2000 (IU kg−1

diet); alpha tocopherol, 35; menadion sodium bis., 10; thiamin, 15; riboflavin, 25; Ca
pantothenate, 50; nicotinic acid, 200; pyridoxine, 5; folic acid, 10; cyanocobalamin,
0.02; biotin, 1.5; ascorbyl monophosphate, 50; inositol, 400.

6 Minerals (mg kg−1 diet): cobalt sulphate, 1.91; copper sulphate, 19.6; iron sulphate,
200; sodium fluoride, 2.21; potassium iodide, 0.78; magnesium oxide, 830; manganese
oxide, 26; sodium selenite, 0.66; zinc oxide, 37.5; dicalcium phosphate, 8.02 (g kg−1 diet);
potassium chloride, 1.15 (g kg−1 diet); sodium chloride, 0.4 (g kg−1 diet).

7 Aquacube. Agil, UK.
8 NEAA Premix composition (g 100−1 g DMNEAA premix): L-alanine: 19.57; L-aspartic

acid: 27.95 g; L-glycine: 22.86 g; L-serine: 13.91 g; L-proline: 15.71 g.

Table 2
Determined amino acid composition (g 16 g−1 N) of the experimental diets1.

Control 0.5Gln 1Gln 2Gln

IAA2

Arginine 6.75 6.57 6.30 7.08
Histidine 2.36 2.42 2.23 2.33
Isoleucine 3.47 3.64 3.37 3.61
Leucine 6.42 6.29 6.37 6.22
Lysine 6.64 6.87 6.71 6.83
Threonine 4.01 4.02 4.03 4.04
Valine 4.62 4.37 4.42 4.24
Methionine 2.31 2.31 2.33 2.30
Phenylalanine 4.00 4.18 3.90 3.95

DAA3

Tyrosine 2.83 2.66 3.05 2.80
Alanine 7.39 6.66 7.60 6.14
Aspartic acid 11.89 11.49 10.67 10.04
Glutamic acid 13.06 14.16 15.42 17.78
Glycine 8.26 7.94 7.35 6.80
Serine 6.18 5.97 6.08 5.65
Proline 6.36 6.81 6.54 6.50

∑ IAA 40.6 40.7 39.7 40.6
∑ DAA 56.0 55.7 56.7 55.7
IAA/DAA 0.73 0.73 0.70 0.73

1 Dietary tryptophan and cysteine levels were not determined.
2 IAA, indispensable amino acids.
3 DAA, dispensable amino acids.
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Segments were opened lengthwise, washed in isosmotic saline solution
containing protease inhibitor phenyl–metyl–sulphonil–fluoride (PMSF
0.2 mM), immediately frozen in liquid nitrogen and stored at −80 °C
until used for the isolation of intestinal brush bordermembrane vesicles
(BBMV; Sala-Rabanal et al., 2004). Following one day of food depriva-
tion, other 6 fish per tank were sampled and killed by severing the spi-
nal cord, and total, liver and viscera weights were recorded for
hepatosomatic (HSI) and visceral (VI) indexes calculation. Liver and in-
testine (clear from adherent cells) samples were rapidly frozen in liquid
nitrogen and then stored at −80 °C until further analysis. Other 3 fish
per tank were killed by lethal anaesthesia for liver and whole-body
composition analysis.

2.4. Analytical methods

2.4.1. Proximate composition
Chemical analysis of the experimental diets andwhole-fishwas con-

ducted as follows:water content, by drying samples in an oven at 105 °C
until constant weight; ash, by incineration in a muffle furnace at 450 °C
for 16 h; crude protein (N × 6.25), by the Kjeldahl method after acid di-
gestion using a Kjeltec digestion and distillation units (Tecator Systems,
Höganäs, Sweden; models 1015 and 1026, respectively); crude lipids,
by petroleum ether extraction (SoxTec HT System); gross energy, by di-
rect combustion of samples in an adiabatic bomb calorimeter (PARR In-
struments, Moline, IL, USA; PARR model 1261).

Dietary samples for AA analysis were hydrolyzed for 23 h with 6N
hydrochloric acid at 110 °C under N2 atmosphere. Samples were then
derivatizedwith phenylisothiocyanate (PITC) reagent before separation
by gradient exchange chromatography (Waters auto sample model 717
plus; Waters binary pumpmodel 1525; Waters dual absorbance detec-
tor model 2487), according to the Pico-Tag method, as described by
Cohen et al. (1989). Chromatographic peaks were identified, integrated
and quantified with aWaters Breeze software package by comparing to
a known AA standard (Pierce NC10180). Norleucine was used as an in-
ternal standard. Tryptophan and cysteine were not measured.

For hepatic glycogen content a portion of liver was homogenized in
five volumes of iced-cold distilled water and stored at −80 °C until
analysis. Glycogen contentwasdetermined by amyloglucosidase hydro-
lysis following themethod described by Roehrig and Allred (1974). He-
patic lipids were determined gravimetrically according to Folch et al.
(1957). Hepatic soluble protein concentration was determined accord-
ing to Bradford (1976), using a commercial kit (Sigma protein Kit, cod.
B6916) and bovine serum albumin as standard.

2.5. Enzyme activities

Liver and intestine samples (n= 9) were diluted at 1:9 and 1:4, re-
spectively, and homogenized at pH 7.8 in ice-cold 100 mM Tris–HCl
buffer containing 0.1 mM EDTA and 0.1% (v/v) Triton X-100. All proce-
dures were performed on ice. Homogenates were centrifuged at
30,000 ×g for 30 min at 4 °C and the resultant supernatants were sepa-
rated in aliquots and stored at−80 °C for further enzyme assays. All en-
zyme activities were measured at 37 °C in a Multiskan GO microplate
reader (Model5111 9200; Thermo Scientific, Nanjing, China).

Glutamate dehydrogenase (GDH; EC 1.4.1.2) and glucose-6-phos-
phate dehydrogenase (G6PDH; EC 1.1.1.49) activities were assayed as
described by Morales et al. (1990). Alanine aminotransferase (ALAT,
EC 2.6.1.2) and aspartate aminotransferase (ASAT, EC 2.6.1.1) activities
were measured using commercial kits from Spinreact (ALAT/GPT, ref.
41283; ASAT/GOT, ref. 41273). GlNase activity was assayed similarly
to Chamberlin et al. (1991). Enzyme activities were determined by
monitoring the changes in absorbance of NADH or NADP at 340 nm.
GSase activity was assayed similarly to Shankar and Anderson (1985).
The reaction product, γ-glutamyl monohydroxamate, was measured
at 540 nm.

The specific assay conditions of oxidative stress enzymeswere as fol-
lows: Superoxide dismutase (SOD; EC 1.15.1.1) activity was measured
at 550 nm by the ferricytochrome C method using xanthine/xanthine
oxidase as source of superoxide radicals (McCord and Fridovich,
1969). Catalase (CAT; EC 1.11.1.6) activity was determined according
to Aebi (1984) by measuring the decrease of hydrogen peroxide con-
centration at 240 nm. Glutathione reductase (GR; EC 1.6.4.2) activity
was determined at 340 nmbymeasuring the oxidation of NADPH as de-
scribed by Morales et al. (2004). Glutathione peroxidase (GPX; EC
1.11.1.9) activity was assayed as described by Flohé and Günzler
(1984). The GSSG generated by GPX was reduced by GR and NADPH
consumption rate was monitored at 340 nm.

Except for SOD, for which one unit of activity was defined as the
amount of enzyme necessary to produce a 50% inhibition of the
ferricytochrome C reduction rate, all other enzyme activities were
expressed as units (GlNase, GSase and CAT) or milliunits (GDH, ASAT,
ALAT, G6PDH, GPX and GR) per milligramme of hepatic soluble protein
(specific activity). One unit of enzyme activity was defined as the
amount of enzyme required to transform1 μmol of substrate perminute
under the assay conditions. Protein concentration was determined ac-
cording to Bradford (1976) using Sigma protein assay kit and bovine
serum albumin as standard.

2.6. Lipid peroxidation

The concentration of thiobarbituric acid reacting substances was de-
termined asmarker of lipid peroxidation (LPO) following themethodol-
ogy described by Buege and Aust (1978).

2.7. Total and oxidised glutathione

A portion of liver and intestine was homogenized (1:9 and 1:4, re-
spectively) in ice-cold solution containing 1.3% 5-sulfosalicylic acid
(w/v) and 10 mM HCl, and the whole procedures were done on ice to
avoid glutathione oxidation. Homogenates were centrifuged at
14,000 g for 10 min at 4 °C and the resulting supernatants stored at
−80 °C. Total glutathione (tGSH) and oxidised glutathione (GSSG)
were measured following the methods described by Griffith (1980)
and Vandeputte et al. (1994) with some modifications (Perez-Jimenez
et al., 2012). Standard curves of reduced glutathione (GSH) and GSSG
were used for tGSH and GSSG calculations, respectively. GSH level was
calculated by subtracting GSSG from tGSH values. Results are expressed
as nmol g−1 tissue. Oxidative stress index (OSI) was calculated as fol-
lows:

OSI ¼ 100� 2 x GSSG=tGSHð Þ:

2.8. Nutrient uptake analysis

Brush bordermembrane vesicles (BBMV)were prepared from pylo-
ric caeca and distal segment (pools of 3 fish) and from proximal seg-
ments (1 fish) as described by Sala-Rabanal et al. (2004). Briefly,
sampleswere homogenized in a hyposmotic buffer (inmM: 100manni-
tol, 2 HEPES, pH 7.4, 100 Osm) to separate mucosa from the muscular
layers. Selective precipitation of the basolateral and mitochondrial
membranes was achieved by addition of MgCl2 to a final concentration
of 10 mM. Subsequent selective centrifugations enabled purification
and concentration of apical enterocyte membranes, which were vesicu-
lated (in mM: 300 mannitol, 20 HEPES, 0.1 MgSO4·7H2O, 4.08 LiN3,
pH 7.4, 320 Osm) using an insulin syringe. Alkaline phosphatase (EC
3.1.3.1) activity, which has been described as a good marker of BBMV,
was determined following Weiser (1973). BBMV from pyloric caeca
and proximal segments were enriched in alkaline phosphatase 7.0
(±1.8) and 9.0 (±2.8) fold, respectively, while BBMV from distal
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segments showed enrichment factors below 5 and were discarded
(Sala-Rabanal et al., 2004).

The capacity to absorb L-arginine, L-alanine, L-glutamine and D-glu-
cose was determined in vesicular suspensions according to the proce-
dure described by Santigosa et al. (2011). Vesicular suspensions were
mixed with incubation buffer (in mM: 250 NaSCN, 100 mannitol, 40
HEPES, 0.1 MgSO4·7H2O, 8.16 LiN3, 0.15 unlabelled nutrient, 0.01 3H-
nutrient, 320 Osm, pH 7.4) for 5 s. The reaction was stopped by adding
cold stop buffer (inmM: 300mannitol, 20HEPES, 0.1MgSO4·7H2O, 4.08
LiN3, 320 Osm, pH 7.4). The resulting mix was filtered under negative
pressure through 0.22-μm cellulose nitrate filters (Millipore, Bedford
MA), previously soaked in cold stop buffer. Filters were washed with
stop buffer and dissolved in Filtron-X scintillation liquid (ITISA S.A.,
Spain). Samples were counted in a scintillation counter (Packard TRI-
CARB 2100 TR) at 20 °C. Radiolabeled nutrients were purchased from
Amersham Pharmacia Biotech (Barcelona, Spain).

Vesicular volumeof BBMVpreparationsweremeasured according to
Sala-Rabanal et al. (2004) to normalize influx values. Briefly, L-alanine
retained inside the vesicles at equilibrium was measured by incubating
BBMV preparation with incubation buffer. After 90 min, the reaction
was stopped and the amount of L-alanine retained (vesicular retention
at equilibrium) was measured as described above. Protein concentra-
tion of different vesicular suspensions was measured using BIORAD®
reagent according to Bradford (1976).

2.9. Statistical analysis

Growth performance, feed utilization, body and liver composition
data were analysed by one-way ANOVA. All other data was analysed
by two-way ANOVA with organs or intestinal portions and diets as
fixed factors. Datawere checked for normal distribution andhomogene-
ity of variances and normalized when appropriate. Significant differ-
ences among means (P b 0.05) were determined by the Tukey
multiple range test. Statistical analysis was performed using SPSS for
Windows version 22 software package.

3. Results

All experimental diets were well accepted by the fish and during the
trial mortality was very low and unaffected by dietary treatments
(Table 3). At the end of the growth trial, weight gain, daily growth
index and feed intake were not affected by dietary treatments. Feed

efficiency and protein efficiency ratio were lower in fish fed the 0.5Gln
diet than the control and 1Gln diets, but no differences in nitrogen re-
tention were observed among dietary groups (Table 3).

At the end of the trial whole-body lipids were higher and ash was
lower than at the start of the trial. At the end of the trial there were
no differences among groups in liver and whole-body composition nor
in hepatosomatic and visceral indexes (Table 4).

Amino acidmetabolism enzyme activitieswere different in liver and
intestine (Table 5). GlNase activity was higher in the intestine than in
the liver, while the opposite was true for ALAT, ASAT, GDH and GSase
activities. With the exception of GSase, diet composition did not affect
the activity of the amino acid metabolism enzymes measured
(Table 5). GSase activity was higher in fish fed diet 0.5Gln than diets
1Gln and 2Gln.

With the exception of SOD, antioxidant enzyme activities were dif-
ferent in liver and intestine (Table 6). GPX andGR activitieswere higher
in the intestine than in the liver and the opposite was true for G6PDH
and CAT activities. Dietary Gln supplementation led to a decrease of
GPX in both tissues.

Higher tGSH, GSH contents were observed in the liver than in the in-
testine, while the opposite was true for GSSG (Table 7). tGSH and GSH
contents were higher in fish fed diets 0.5Gln and 1Gln than the other
diets. In the intestine, but not in the liver, GSH was also higher in fish
fed the 0.5Gln diet than the control. LPO and OSI were higher in the in-
testine than in the liver (Table 7). But, while LPO valueswere unaffected
by diet composition, OSI was higher in the intestine of fish fed diets
0.5Gln and 2Gln than the other diets.

The volume of brush border membrane vesicles (BBMV) were simi-
lar between dietary treatments or intestinal regions (Fig. 1A). Neverthe-
less, to eliminate potential effect of vesicular volume variability on
nutrient uptake within each treatment, influx values were expressed
as intravascular concentration per second of incubation (pmols μL−1-

s−1). L-glutamine, L-arginine and D-glucose influxes were higher in
proximal intestine than in pyloric caeca preparations but were not af-
fected by dietary treatments (Fig. 1B, C, D).

4. Discussion

Previous studies showed that between 35 and 100% dietary
fishmeal can be replaced by a mixture of plant-protein sources
in gilthead sea bream diets without compromising growth perfor-
mance (Gomez-Requeni et al., 2003; Gomez-Requeni et al., 2004;

Table 3
Growth performance and feed utilization of gilthead sea bream fed the experimental diets.

Diets Control 0.5Gln 1Gln 2Gln One-way ANOVA

Initial body weight (IBW), g 12.9 ± 0.002 12.9 ± 0.004 12.9 ± 0.006 12.9 ± 0.005 NS
Final body weight (FBW), g 37.3 ± 1.5 35.2 ± 0.6 37.7 ± 1.8 36.5 ± 0.8 NS
Weight gain (g kg ABW−1§ day−1) 25.5 ± 0.8 24.3 ± 0.3 25.7 ± 1 25.1 ± 0.5 NS
Feed Intake (g kg ABW−1§ day−1) 36.9 ± 2.14 40.2 ± 1.78 36.1 ± 1.38 40.1 ± 2.22 NS
Feed efficiency (g kg ABW−1§ day−1)1 0.69 ± 0.02 bc 0.61 ± 0.02 a 0.71 ± 0.04 c 0.63 ± 0.02 ab ⁎

Daily growth index (%)2 2.6 ± 0.12 2.5 ± 0.05 2.6 ± 0.14 2.6 ± 0.07 NS
Protein efficiency ratio3 1.5 ± 0.05 bc 1.4 ± 0.04 a 1.6 ± 0.10 c 1.4 ± 0.06 ab ⁎

Nitrogen intake (g kg ABW−1§ day−1)4 2.76 ± 0.16 2.85 ± 0.13 2.62 ± 0.10 2.89 ± 0.16 NS
Nitrogen retention (g kg ABW−1§ day−1)5 0.69 ± 0.03 0.61 ± 0.02 0.58 ± 0.09 0.64 ± 0.01 NS
Nitrogen retention (%NI)6 25.0 ± 1.32 21.5 ± 0.90 22.1 ± 2.98 22.1 ± 1.40 NS
Mortality (%) 4.0 ± 4.0 2.7 ± 2.3 1.3 ± 2.3 5.3 ± 4.6 NS

Values presented as mean ± S.D. (n = 3). NS: non-significant (P ≥ 0.05).
Means with different superscript letters are significantly different (P b 0.05).
⁎ P b 0.05.
§ ABW: average body weight (initial body weight + final body weight) / 2.
1 FE: wet weight gain/dry feed intake.
2 DGI: (FBW1/3 − IBW1/3) / (time in days) × 100.
3 PER: wet weight gain/crude protein intake.
4 NI: (N intake × 1000) / (ABW × time in days).
5 NR (g N kg−1 day−1): (FBW × FBN) − (IBW × IBN) / (ABW × time in days).
6 NR (%NI): NR = ((FBW × FBN− IBW × IBN) / NI) × 100.
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Kissil and Lupatsch, 2004; Sitja-Bobadilla et al., 2005; Watson et
al., 2013; Couto et al., 2014). In fact, dietary plant-protein was
even reported to improve gilthead sea bream feed utilization
(Gomez-Requeni et al., 2004; Kissil and Lupatsch, 2004;
Sitja-Bobadilla et al., 2005). On this basis, in the present trial a
practical diet with 50% fishmeal replaced by a mixture of plant in-
gredients was used as control.

Growth of gilthead sea breamwas high and overall performance and
whole-body composition were consistent with previous studies in
gilthead sea bream of the same class of age and size (Gomez-Requeni
et al., 2003; Enes et al., 2008; Peres and Oliva-Teles, 2009;
Perez-Jimenez et al., 2013; Couto et al., 2014). Given that Gln is not an
essential amino acid, though it is considered conditionally-essential
under specific physiological conditions (Lobley et al., 2001; Wu et al.,
2011), it is not surprising that growth performance and whole-body
composition were not affected by dietary Gln supplementation. Similar
results were also previously observed in channel catfish fed Gln sup-
plemented diets (Pohlenz et al., 2012a). In fact, protein efficiency
ratio and feed efficiency were depressed, due to a slight increase of
feed intake, in fish fed the 0.5Gln and 2Gln diets, but not in fish fed
the 1Gln diet. Gomez-Requeni et al. (2003) also observed impaired
feed conversion ratio and nitrogen retention and increased ammonia
excretion in gilthead seabream fed glutamate supplemented diets as
result of a lower dietary IAA/DAA ratio. However this hypothesis

does not hold to explain the depress feed utilization observed in
0.5Gln and 2Gln treatments since the IAA/DAA ratio remained
unaltered.

Despite the above discussion, other studies have reported positive
effects of dietary Gln supplementation to feed utilization and growth
performance in severalfish species. For instance, in red drum (Sciaenops
ocellatus), although growth was not improved, feed efficiency was en-
hanced in Gln supplemented diets (Cheng et al., 2011). In hybrid striped
bass (Morone chrysops × Morone saxatilis; Cheng et al., 2012), hybrid
sturgeon (Qiyou et al., 2011) and Jian carp (Yan and Qiu-Zhou, 2006)
both feed utilization and weight gain improvements were reported
with dietary Gln supplementation. These apparently conflicting results
are not exclusive to fish (Lobley et al., 2001) and seem to reveal species
specific physiological differences that still need to be fully understood
(Pohlenz et al., 2012a). Moreover, the distinct diet formulation strate-
gies used to test AA supplementation in fish may also contribute for
the mention ambiguous results.

In fish, it is not yet clear if Gln is the major energy source of
enterocytes and other rapidly proliferating cells, as it is the case inmam-
mals (Yan and Qiu-Zhou, 2006;Wu et al., 2011). However, and similarly
towhatwas observed in rat (James et al., 1998), gilthead sea breampre-
sented a two-fold lower GSase / GlNase ratio in the intestine than in the
liver, which suggests a high dependency of the intestine on an external
Gln supply. This is also supported by the higher GlNase activity in the

Table 4
Carcass composition (% wet weight), liver composition, hepatosomatic index (HSI) and visceral index (VI) of gilthead sea bream fed the experimental diets.

Diets Initial Control 0.5Gln 1Gln 2Gln One-way ANOVA

Whole-body composition
Dry matter (%) 28.5 29.7 ± 0.4 29.4 ± 0.4 27.5 ± 3.1 29.3 ± 0.4 NS
Ash (%) 6.94 4.4 ± 0.1 4.3 ± 0.1 3.8 ± 0.5 4.2 ± 0.1 NS
Lipid (%) 4.96 8.4 ± 0.1 7.8 ± 0.7 7.5 ± 1.1 7.7 ± 0.3 NS
Protein (%) 18.2 17.3 ± 0.3 16.7 ± 0.3 15.5 ± 1.8 16.7 ± 0.3 NS

Liver composition
Lipids (mg g−1) ND 65.2 ± 14.3 61.1 ± 4.1 71.1 ± 9.1 64.0 ± 9.9 NS
Glycogen (mg g−1) ND 53.7 ± 17.7 71.0 ± 14.3 64.9 ± 17.1 63.6 ± 13.1 NS
Protein (mg g−1) ND 17.4 ± 0.7 17.3 ± 0.7 17.0 ± 1.4 18.4 ± 1.4 NS

Indexes
HSI ND 1.4 ± 0.11 1.4 ± 0.08 1.3 ± 0.16 1.3 ± 0.07 NS
VI ND 7.5 ± 0.15 7.7 ± 0.03 7.6 ± 0.16 7.7 ± 0.17 NS

Values presented as mean ± S.D. (n = 3). NS: non-significant (P N 0.05).

Table 5
Specific activities of hepatic and intestinal ALAT, ASAT, GDH, GlNase and GSase of gilthead sea bream fed the experimental diets.

Organ Liver Intestine

Diets Control 0.5Gln 1Gln 2Gln Control 0.5Gln 1Gln 2Gln

ALAT 331 ± 25 341.8 ± 17 315 ± 56 297 ± 47 78 ± 23 91 ± 39 79 ± 32 90 ± 13
ASAT 970 ± 87 936 ± 73 1004 ± 143 1009 ± 127 364 ± 51 399 ± 166 543 ± 245 397 ± 84
GDH 129 ± 20 118 ± 15 132 ± 20 127 ± 17 69 ± 10 67 ± 27 78 ± 35 86 ± 9
GlNase 1.0 ± 0.3 0.9 ± 0.2 1.2 ± 0.8 1.2 ± 0.3 1.8 ± 1.0 1.7 ± 1.2 1.9 ± 1.2 1.7 ± 1.1
GSase 5.1 ± 1.3 6.2 ± 2.2 5.9 ± 2.2 4.9 ± 1.2 4.6 ± 1.6 6.3 ± 2.6 2.5 ± 0.7 4.0 ± 1.3
Two-way ANOVA

Variance source Diets

Organ Diet Interaction Control 0.5Gln 1Gln 2Gln

ALAT ⁎⁎⁎ NS NS – – – –
ASAT ⁎⁎⁎ NS NS – – – –
GDH ⁎⁎⁎ NS NS – – – –
GlNase ⁎⁎ NS NS – – – –
GSase ⁎ ⁎ NS ab b a a

Values presented as mean± S.D. (n= 9). Enzyme activities expressed asmUmg protein−1 for ALAT, ASAT and GDH and as Umg protein−1 for GlNase and GSase. Two-way ANOVA: NS:
non-significant (P ≥ 0.05).
⁎ P b 0.05.
⁎⁎ P ≤ 0.01.
⁎⁎⁎ P ≤ 0.001.
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intestine compared to the liver, while for the other amino acid catabo-
lism enzymes (ALAT, ASAT, GDH and GSase) the opposite was observed.

On the other hand, both in the liver and the intestine, dietary Gln
supplementation had no effect in GSase and GlNase activities compara-
tively to fish fed the control diet. This may indicate that instead of being
used to fulfil fish energy demand additional glutamine was funnelled
towards other physiological purposes. For instance, it was already re-
ported that dietary Gln supplementation increased digestive enzyme
activities in Jian carp (Yan and Qiu-Zhou, 2006); increased enterocytes
migration in channel catfish (Pohlenz et al., 2012a); enhanced the en-
teric microstructure in Jian carp (Yan and Qiu-Zhou, 2006), red drum
(Cheng et al., 2011), hybrid sturgeon (Zhu et al., 2011) and channel cat-
fish (Pohlenz et al., 2012a); improved antioxidant defence system in hy-
brid sturgeon (Qiyou et al., 2011; Zhu et al., 2011) and in isolated
enterocytes of Jian carp (Chen et al., 2009); enhanced the innate im-
mune system of red drum (Cheng et al., 2012), hybrid sturgeon (Zhu
et al., 2011) and hybrid striped bass (Cheng et al., 2012); and improved

both innate and adaptive immune responses in channel catfish (Pohlenz
et al., 2012b, 2012c).

GlNase and GSase are responsible for the reversible conversion of
Gln to glutamate, which is substrate for ALAT, ASAT and GDH (Wicks
and Randall, 2002). As GlNase and GSase activities were unaffected by
dietary Gln supplementation in both liver and intestine, no significant
differences were also to be expected in the activities of these amino
acid catabolism enzymes. In a previous study in gilthead sea bream
Gomez-Requeni et al. (2003) has also reported few modifications on
the amino acid catabolism enzymes activities in response to the dietary
amino acid profile.

In fish, evidences exist of a positive effect of dietary Gln and gluta-
mate supplementation to the glutathione content of different tissues
as result of the increased glutamate provision for glutathionebiosynthe-
sis (Zhu et al., 2011; Zhao et al., 2015). In the present study, increased
total glutathione (tGSH) and reduced glutathione (GSH) levels were
also observed in both liver and intestine of fish fed Gln supplemented

Table 6
Liver and intestine antioxidant enzymes activity of gilthead sea bream fed the experimental diets.

Organ Liver Intestine

Diets Control 0.5Gln 1Gln 2Gln Control 0.5Gln 1Gln 2Gln

G6PDH 76.4 ± 8.3 b 73.8 ± 11.6 b 58.4 ± 12.2 a 73.5 ± 12.4 ab 9.6 ± 5 13.0 ± 7 9.8 ± 6 9.7 ± 3
CAT 896.9 ± 183.1 952.5 ± 111.2 934.0 ± 190.2 851.2 ± 92.5 62.2 ± 14 57.2 ± 12 66.7 ± 17 60.0 ± 11
GR 9.9 ± 1.5 9.9 ± 0.9 9.8 ± 1.3 9.5 ± 1.2 17.3 ± 6 12.9 ± 5 13.4 ± 5 14.8 ± 2
SOD 139.9 ± 16.1 130.8 ± 15.2 126.9 ± 22.2 129.2 ± 13.5 115 ± 15 a 134 ± 37 ab 156 ± 23 b 135 ± 27 ab

GPX 73.1 ± 10.8 b 55.9 ± 11.7 a 65.3 ± 12.2 ab 56.3 ± 19.7 ab 194 ± 42 b 102 ± 44 a 124 ± 47 a 143 ± 54 ab

Two-way ANOVA

Variance source Diets

Organ Diet Interaction Control 0.5Gln 1Gln 2Gln

G6PDH ⁎⁎⁎ ⁎⁎ ⁎

CAT ⁎⁎⁎ NS NS – – – –
GR ⁎⁎⁎ NS NS – – – –
SOD NS NS ⁎

GPX ⁎⁎⁎ ⁎⁎⁎ ⁎

Values presented asmean± S.D. (n= 9). Enzyme activities expressed asmUmg protein−1 for G6PDH, GR and GPX and as Umg protein−1 for CAT and SOD. Two-way ANOVA: NS: non-
significant (P ≥ 0.05); if interaction was significant, one-way ANOVAwas performed for each organ andmeans in the same linewith different superscript letters are significantly different
(P b 0.05).
⁎ P b 0.05.
⁎⁎ P ≤ 0.01.
⁎⁎⁎ P ≤ 0.001.

Table 7
Liver and intestine total glutathione (tGSH), oxidised glutathione (GSSG), reduced glutathione (GSH), oxidative stress index (OSI) and lipid peroxidation (LPO) levels of gilthead sea bream
fed the experimental diets.

Organ Liver Intestine

Diets Control 0.5Gln 1Gln 2Gln Control 0.5Gln 1Gln 2Gln

tGSH 2542 ± 549 3201 ± 147 2911 ± 405 2857 ± 272 2012 ± 247 2652 ± 345.1 2338 ± 166.1 2121 ± 292.9
GSSG 91.6 ± 19.4 125.4 ± 27.6 118.3 ± 27.8 122.3 ± 42.5 223.0 ± 56 a 328.8 ± 89.8 b 165.8 ± 43.9 a 261.5 ± 99.9 ab

GSH 2451 ± 546 3075 ± 170 2792 ± 385 2735 ± 276 1789 ± 269 2323 ± 362 2172 ± 151 1859 ± 266
OSI 7.46 ± 1.89 7.90 ± 2.03 8.00 ± 1.32 8.63 ± 3.22 22.6 ± 6.8 ab 25.2 ± 7.5 b 14.1 ± 3.4 a 24.6 ± 9.2 b

LPO 12.8 ± 3.6 10.5 ± 1.4 11.4 ± 1.1 11.7 ± 1.4 21.0 ± 3 23.1 ± 2 25.1 ± 7 23.5 ± 5
Two-way ANOVA

Variance source Diets

Organ Diet Interaction Control 0.5Gln 1Gln 2Gln

tGSH ⁎⁎⁎ ⁎⁎⁎ NS a c bc ab
GSSG ⁎⁎⁎ ⁎⁎ ⁎

GSH ⁎⁎⁎ ⁎⁎⁎ NS a c bc ab
OSI ⁎⁎⁎ NS ⁎

LPO ⁎⁎⁎ NS NS – – – –

Values presented asmean± S.D. (n= 9). LPO values expressed as nmolsMDA g−1 tissue andGSH, tGSH andGSSG as nmol g−1 tissue. Two-way ANOVA: NS: non-significant (P ≥ 0.05); if
interaction was significant, one-way ANOVA was performed for each organ and means in the same line with different superscript letters are significantly different (P b 0.05).
⁎ P b 0.05.
⁎⁎ P ≤ 0.01.
⁎⁎⁎ P ≤ 0.001.
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diets, which was particularly evident in fish fed the 0.5Gln and 1Gln
diets.

Superoxide dismutase (SOD) and glutathione peroxidase (GPX) ac-
tivities were reported to increase with dietary Gln supplementation in
hybrid sturgeon (Zhu et al., 2011) and Jian carp enterocytes (Jiang et
al., 2009). Further, in Jian carp enterocytes cultures challenged with
H2O2, the supplementation with Gln restored (Hu et al., 2014) or main-
tained (Chen et al., 2009) SOD and GPX activities. In the present study,
dietary Gln supplementation also enhanced SOD activity in the intes-
tine, but not in the liver of gilthead sea bream. On the other hand, GPX
activity was depressed in both liver and intestine. The reduction of
GPX activity can be explained by a decrease of H2O2 due to the higher
GSH content, which scavenges H2O2 producing GSSG. This was

particularly evident in the intestine of fish fed the 0.5Gln diet, which
presented the lowest GPX activity and the highest GSH and GSSG con-
tents. Despite the differences regarding the antioxidant enzymes activ-
ity and the GSH and GSSG content observed among treatments, the
overall oxidative damage of both liver and intestine was similar
among treatments, as shown by LPO values.

GR is responsible for restoring GSH by reducing GSSG. Even though
an increase of GSSG content was observed in the intestine of fish fed
the 0.5Gln diet no effect was observed in theGR activity. Thismay be re-
lated to the relatively low levels of GSSG comparatively to total GSH,
which could be insufficient to trigger GR activity. Nonetheless, GR activ-
ity was higher in the intestine than in the liver which correlates well
with the levels of GSSG in the two tissues.

Liver is amajor producer and storage organ of GSH, as result of hepa-
tocytes ability to convert methionine to cysteine and to store cysteine, a
limiting amino acid for GSH biosynthesis (Lu, 2000; Ojopagogo et al.,
2013). In opposition, the intestine is a major consumer of GSH, being
supplied with hepatic GSH by the plasma (Wu et al., 2004). This exten-
sive use of GSH by the intestine is related to its susceptibility to oxida-
tive damage, due to the high turnover rates of enterocytes. This fact
may explain the 2-fold higher LPO values observed in the intestine
when compared to the liver.

The present study evidences some differences regarding the antiox-
idant defence mechanism between the liver and intestine of gilthead
sea bream, as it was also previously reported for European sea bass
(Dicentrarchus labrax; Castro et al., 2015), rainbow trout and sturgeon
(Trenzado et al., 2006). Activities of GPX and GR were, respectively,
2.2- and 1.5-fold higher in the intestine than in the liver, while G6PDH
and CAT activities were, respectively, 7- and 15-fold higher in the liver
than in the intestine, and SOD activity was similar in both organs. As ex-
pected, tGSH and GSH contents were higher (1.3- and 1.4-fold, respec-
tively) in the liver, while the GSSG content was higher in the intestine
(2.7- and 2.1-fold, respectively). Both OSI and LPO values were also
higher in the intestine than in the liver, once again denoting a higher ox-
idative stress in the intestine. These results also seem to reveal that the
intestinal antioxidant capacity ismore dependent onGSH than the liver,
since GSH is extensively used both directly, as a H2O2 scavenger, and in-
directly as substrate for GPX.

The absorption capacity study clearly evidenced higher transport ca-
pacity of the proximal intestine relatively to pyloric caeca for the three
molecules tested: Gln, Arg and Glu. In rainbow trout and gilthead sea
bream Santigosa et al. (2011) also observed a shift of transport capacity
from the pyloric caeca to the proximal intestine when 75% of dietary
fishmeal was replaced by plant protein. The authors considered this
shift to represent a delay in the absorption from pyloric caeca to proxi-
mal and/or distal intestine segments, caused by an alteration of the lu-
minal nutrient availability due to the plant protein inclusion in the
diet. In the present trial diets contained only 50% of plant protein and
a similar shift of transport capacity from the pyloric caeca to the proxi-
mal intestine also seems to have occurred. However, given the lack of a
fishmeal-based diet in the present study it is not possible to corroborate
Santigosa et al. (2011) hypothesis.

This is the first study to address the potential of dietary amino acids
supplementation to regulate intestinal absorption capacity of fish. Fish
glucose and amino acid transporters are considered to be similar to
those found inmammals (Collie and Ferraris, 1995) and although trans-
port might to a limited extent occur by passive diffusion and Na+-inde-
pendent transport, there is a predominance of Na+-dependent
transport (Jürss and Bastrop, 1995; Pan et al., 2004; Krogdahl et al.,
2005). In rat, Gln is mainly transported by a Na+-dependent neutral
amino acid system (System B), accounting for 80–90% of total Gln ab-
sorption in the post-prandial or basal state, but also by a Na+-indepen-
dent system (System L), responsible for 10–20%, and by passive
diffusion, with an almost negligible contribution (Pan et al., 2004). In
fish, four Na+-dependent amino acid carrier mechanisms were identi-
fied in eels (Cassano et al., 1990), one of which is a neutral amino acid

Fig. 1. Vesicular volume (A) and intravesicular L-glutamine (B), L-arginine (C) and D-glu-
cose (D) concentration in BBMVs obtained from pyloric caeca (grey) and proximal intes-
tine (black) of gilthead sea bream, 6 h after feeding. Values presented as mean ± S.D.
(n=6). Two-wayANOVA revealednodietary or interaction (Diet ∗ Intestinal portion) sig-
nificant effects; *** indicate significant differences (P b 0.001) between pyloric caeca (PC)
and proximal intestine (PI).
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transport system very similar to the one found in mammalian small in-
testine (Hopfer, 1987). As it shares its main transporter with other neu-
tral amino acids, Gln absortion was shown to be inhibited by L-alanine,
L-serine, L-cystine and L-leucine (Fan et al., 1998; Pan et al., 2004). Gln
absortion by System L may also be inhibited by L-alanine, L-serine and
L-cysteine (Pan et al., 2004). In rat, high doses of dietary Gln supplemen-
tation (30% total dietary nitrogen provided by Gln) were shown to in-
crement up to 75% the absorption capacity of the small intestine
BBMV (Salloumet al., 1990). Our results, however, did not reveal any ef-
fect of dietary Gln supplementation on Gln, Arg or Glu vesicular uptake.

Similarly, Stein et al. (1987), in a study that tested dietary supple-
mentation with seven amino acids (acidic, neutral, basic amino acids
and imino acids) reported that mouse D-glucose uptake is regulated in-
dependently from dietary amino acids. The effects of each amino acids
on the preferential substrates of acidic, neutral, basic amino acids and
imino acids transporters were also evaluated in that study, and it was
concluded that different amino acid transporters are regulated semi-in-
dependently of each other and only in a few cases a substrate was an ef-
fective inducer of its main transporter. Similar results were observed in
other studies (Stein et al., 1987; Ferraris and Diamond, 1989; Salloumet
al., 1990; Wu, 2013).

Thus, it is not surprising that dietary Gln supplementation levels
used in the present trial did not trigger a significant increase in Gln
BBMV absorption capacity, since a possible inductive effect of Gln
might have been weakened by either competitive or inhibitory effects
of other dietary amino acids.

In conclusion, this study showed that growth and feed utilization of
gilthead sea bream juveniles was not affected by the dietary Gln supple-
mentation levels tested. Also, dietary Gln did not modulate intestinal
and hepatic GlNase and GSase enzyme activities or the intestinal ab-
sorption capacity of the animals. However, dietary Gln supplementation
was shown to modulate differently hepatic and intestinal antioxidant
responses, despite not altering the overall oxidative damage.
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This study aims to evaluate the effects of dietary arginine (Arg) surplus on gilthead sea bream growth, intestinal
nutrient absorption capacity, hepatic and intestinal amino acid (AA) metabolism, and oxidative status. For that
purpose a 6 weeks growth trial was performed with gilthead sea bream juveniles fed four isolipidic (18%) and
isoproteic (44%) diets supplementedwith 0, 0.5, 1 and 2%Arg. Dietary Arg did not affectfish growthperformance,
feed and nitrogen utilization, body composition, and activity of themain AA catabolic enzymes in liver and intes-
tine. Similarly, intestinal nutrient absorption capacity, evaluated by intestinal brush border membrane vesicles
technique, was also unaffected by the dietary Arg surplus. On the other hand, enzymatic antioxidant response
was modulated by dietary Arg increment, which led to a reduced glutathione peroxidase activity in the liver
and the intestine and increased superoxide dismutase activity in the intestine, but did not affect the overall
lipid peroxidation values. Some differences in liver and intestine antioxidant enzymatic responses were identi-
fied, with the liver showing higher catalase and glucose-6-phosphate dehydrogenase activities, while the intes-
tine presented higher glutathione peroxidase and glutathione reductase activities. Overall, dietary Arg excess
showed limited potential to enhance gilthead sea breamperformance and intestinal nutrient absorption capacity,
but it was shown to modulate hepatic and intestinal antioxidant defences, without affecting overall lipid perox-
idation.
Statement of relevance: Recently some fish species have been shown to benefit from dietary arginine surplus,
while evidences also exist of an Arg-Lys antagonism in other fish species. This manuscript gives further insight
on the potential of dietary arginine supplementation in gilthead sea bream, a major aquaculture species in the
Mediterranean.

© 2016 Published by Elsevier B.V.
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1. Introduction

In the past decades a great deal of research focused on the develop-
ment ofmore sustainable aquafeeds. It is now feasible to formulate diets
for several carnivorous fish species with substantial amount of protein
of plant origin without impairing growth performance (Oliva-Teles et
al., 2015). For instance, gilthead sea bream (Sparus aurata), a major
aquaculture species in the Mediterranean, has recently been shown to

tolerate a 100% plant protein diet without compromising growth
(Kissil and Lupatsch, 2004; Watson et al., 2013).

However, even if nodecreased performance or pathological signs are
observed in fish fed plant protein-based diets, physiological alterations
may still occur potentially impairing fish immunity and stress re-
sponses. In fact, intestinal inflammation and depressed immune status
due to the anti-nutrients found in plant feedstuffs were reported in
gilthead sea bream fed plant feedstuff-rich diets (Bonaldo et al., 2008;
Kokou et al., 2012; Sitja-Bobadilla et al., 2005). Moreover, disturbances
of the intestinal mucosal structure have also been identified in gilthead
sea bream fed diets including purified saponins and phytosterols, anti-
nutritional factors present in soybean among other feedstuffs (Couto
et al., 2014). This, associatedwith the stressful environment of intensive
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culture conditions and the increasing farmers and consumers concerns
with fish health andwelfare, has driven attention to the potential of nu-
tritional-based health approaches (Kiron, 2012; Oliva-Teles, 2012;
Pohlenz and Gatlin Iii, 2014).

Arginine (Arg) is an indispensable amino acid (IAA) that, besides
being required for protein synthesis, is themost abundant nitrogen car-
rier for tissue proteins and is also essential for the synthesis of biologi-
cally important molecules such as proline, creatine, ornithine,
polyamines, and nitric oxide (NO) (Wu and Morris, 1998). Moreover,
in fish given high Arg doses either by injection or through force-feeding,
Arg was shown to be amore potent insulinotropic than glucose, leading
to increasing titres of insulin (Andoh, 2007; Baños et al., 1999; Lall et al.,
1994; Mommsen et al., 2001; Plisetskaya et al., 1991; Sink and
Lochmann, 2007), insulin-like growth factor 1 (IGF-1), and growth
hormone (GH) (Baños et al., 1999; Lall et al., 1994; Mommsen et al.,
2001).

This remarkable endocrine modulatory capacity of Arg has been
pointed as the main cause for the enhanced growth performance and
protein efficiency observed in channel catfish (Ictalurus punctatus)
(Pohlenz et al., 2014), juvenile Atlantic salmon (Salmo salar)
(Andersen et al., 2013) and hybrid striped bass (Morone
chrysops × Morone saxatilis) (Cheng et al., 2012) fed diets with an Arg
surplus. However, results on dietary Arg surplus effects on fish perfor-
mance are diverse, with studies in black seabream (Acanthopagrus
schlegelii) (Zhou et al., 2012a), European sea bass (Tulli et al., 2007), Jap-
anese flounder (Paralichthys olivaceus) (Alam et al., 2002), red drum
(Sciaenops ocellatus) (Cheng et al., 2011), grouper (Epinephelus coioides)
(Luo et al., 2007) and adult Atlantic salmon (Andersen et al., 2014)
reporting that dietary Arg surplus did not change growth performance
and feed utilization, while studies in rainbow trout (Oncorhynchus
mykiss) (Kaushik and Fauconneau, 1984; Kaushik et al., 1988) and
blunt snout bream (Megalobrama amblycephala) (Ren et al., 2013) re-
ported that dietary Arg excess resulted in growth depression, which
was associated to an Arg-lysine (Lys) antagonism. This antagonism is
yet to be fully understood in fish, although it was suggested to result
from competition between Arg and Lys at intestinal transporters
(Berge et al., 1999; Kaushik et al., 1988), or to an increased ureagenesis
(Kaushik and Fauconneau, 1984). In fact, since the majority of teleosts
are ammoneotelic and lack a fully functional ornithine–urea cycle (Ip
and Chew, 2010; Ip et al., 2001), argininolysis is of major importance
for the overall urea production (Fournier et al., 2003).

Evidences also exist of a protective role of dietary Arg against cell
membranes oxidative damage by reactive oxygen species (ROS) (Ren
et al., 2013).Wang et al. (2015) suggested that dietary Arg decreases ox-
idative damage by elevating fish radical scavenging ability, although
further studies are required to confirm this hypothesis and to fully un-
derstand the potential of dietary Arg supplementation to mitigate fish
oxidative stress. Thus, the present work was performed to evaluate
the effects of a dietary Arg surplus on gilthead sea bream performance,
hepatic and intestinal AA metabolism, and oxidative status. Additional-
ly, an evaluation of the effect of dietary Arg excess on intestinal L-Arg, L-
glutamine and D-glucose absorption capacitywasperformed for thefirst
time in fish.

2. Material and methods

2.1. Diets

Four isolipidic (18%) and isonitrogenous (7%) diets were formulated
with an amino acid profile similar to that of the whole-body of gilthead
sea bream (Kaushik, 1998). Diets were supplemented with 0, 0.5%, 1%
and 2% Arg at the expense of a dispensable amino acid (DAA) mixture.
Ingredients and proximate composition of the experimental diets are
presented in Table 1 and the AA composition of the experimental diets
is presented in Table 2.

2.2. Growth trial

This feeding trial was carried out at the Marine Zoology Station,
Porto University, experimental facilities, in a thermo-regulated water
semi-recirculation system equipped with 24 cylindrical fiberglass

Table 1
Ingredient composition and chemical analysis of the experimental diets.

Control 0.5Arg 1Arg 2Arg

Ingredients (% dry weight)
Fish meala 24 24 24 24
CPSP Gb 5 5 5 5
Soybean mealc 26 26 26 26
Whole wheat meald 13.6 13.6 13.6 13.6
Fish oil 13.6 13.6 13.6 13.6
Vitamin premixe 1 1 1 1
Choline chloride (50%) 0.5 0.5 0.5 0.5
Minerals premixf 1 1 1 1
Binderg 1 1 1 1
Cellulose 5.9 6.5 7.2 8.4
NEAA premixh 6.2 5.0 3.9 1.6
Dibasic calcium phosphate 1.2 1.2 1.2 1.2
Agar 1 1 1 1
L-Arginine 0 0.5 1 2

Chemical analysis (% dry weight)
Dry matter (%) 86.0 87.1 88.1 91.9
Crude protein 45.0 44.4 44.4 43.1
Crude lipid 18.2 18.3 18.0 16.6
Ash 10.7 10.6 10.5 10.3
Gross energy (kJ g−1) 23.0 22.6 22.5 21.8

a Pesquera Centinela, Steam Dried LT, Chile (CP: 72.1%; CL 9.51%). Sorgal, S.A. Ovar,
Portugal.

b Soluble fish protein concentrate, Sopropêche, France (CP: 80.4% DM; GL: 19.7% DM).
c Soybean meal (CP: 51.3%; CL: 2.6%), Sorgal, S.A. Ovar, Portugal.
d Whole wheat meal (CP: 14.1%; CL: 3.2%), Sorgal, S.A. Ovar, Portugal.
e Vitamins (mg kg−1 diet): retinol, 18,000 (IU kg−1 diet); calciferol, 2000 (IU kg−1 di-

et); alpha tocopherol, 35; menadion sodium bis., 10; thiamin, 15; riboflavin, 25; Ca panto-
thenate, 50; nicotinic acid, 200; pyridoxine, 5; folic acid, 10; cyanocobalamin, 0.02; biotin,
1.5; ascorbyl monophosphate, 50; inositol, 400.

f Minerals (mg kg−1 diet): cobalt sulphate, 1.91; copper sulphate, 19.6; iron sulphate,
200; sodium fluoride, 2.21; potassium iodide, 0.78; magnesium oxide, 830; manganese
oxide, 26; sodium selenite, 0.66; zinc oxide, 37.5; dicalcium phosphate, 8.02 (g kg−1 diet);
potassium chloride, 1.15 (g kg−1 diet); sodium chloride, 0.4 (g kg−1 diet).

g Aquacube, (Guar gum, polymethyl carbamide, Manioc starch blend, hydrate calcium
sulphate). Agil, England.

h NEAA Premix composition (g 100−1 g DMNEAA premix): L-alanine: 19.57; L-aspartic
acid: 27.95 g; L-glycine: 22.86 g; L-serine: 13.91 g; L-proline: 15.71 g.

Table 2
Determined amino acid composition (g 16 g−1N) of the experimental dietsa.

Control 0.5Arg 1Arg 2Arg

IAAb

Arginine 6.8 8.0 9.3 11.4
Histidine 2.4 2.7 2.5 2.9
Isoleucine 3.5 3.7 3.8 3.8
Leucine 6.4 6.5 6.7 6.4
Lysine 6.6 6.5 6.2 6.4
Threonine 4.0 4.0 4.1 4.1
Valine 4.6 4.4 4.5 4.5
Methionine 2.3 2.4 2.4 2.3
Phenylalanine 4.0 4.0 4.0 4.1

DAAc

Tyrosine 2.8 3.0 3.2 3.7
Alanine 7.4 7.1 6.8 6.4
Aspartic acid 11.9 11.6 11.2 10.2
Glutamic acid 13.1 13.6 13.7 13.5
Glycine 8.3 7.9 7.2 6.8
Serine 6.2 6.4 6.0 5.7
Proline 6.4 6.8 6.3 6.1

∑ IAA 40.6 42.2 43.4 45.9
∑ DAA 56.0 56.4 54.3 52.4
IAA/DAA 0.73 0.75 0.80 0.88

a Dietary tryptophan and cysteine levels were not determined.
b IAA, indispensable amino acids.
c DAA, dispensable amino acids.

481F. Coutinho et al. / Aquaculture 464 (2016) 480–488



tanks of 100 L capacity. The growth trail followed FELASA category C
recommendations and was conducted according to the European
Union Directive 2010/63/EU on the protection of animals for scientific
purposes. Gilthead sea bream juveniles obtained from a commercial
hatchery (Mariscos de Estero S.A., Huelva, Spain) were submitted to a
quarantine period of twoweeks after the arrival to the experimental fa-
cilities and were then acclimated for one month to the rearing system
and fed a commercial diet (Aquagold 3 mm, Aquasoja, Soja de Portugal,
S.A). Then, 12 groups of 25 fish each with a mean body weight of 13.0 g
were established and the experimental diets randomly assigned to trip-
licate groups of these fish. The trial lasted 6weeks, duringwhich thefish
were fed twice a day to apparent visual satiety, 6 days a week. Utmost
care was taken to assure that all feed supplied was consumed. The
water temperature was maintained at 26 ± 1 °C, salinity averaged
33 ± 2‰ and a photoperiod of 12 h light and 12 h dark was adopted.

2.3. Sampling

Fifteen fish from the initial batch were randomly sampled, eutha-
nized by a lethal dose of anaesthesia (ethylene glycol monophenyl
ether) and pooled for whole-body composition analysis. At the end of
the trial, following one day of feed deprivation, fish from each tank
were slightly anaesthetized (ethylene glycol monophenyl ether,
0.3 ml l−1), bulk weighted, and returned to the same tanks. Fish were
fed for two more days and then, 6 h after the morning meal, 6 fish per
tank were sacrificed by severing the spinal cord. Whole intestine was
isolated and divided into pyloric caeca, proximal and distal intestine.
Distal intestine was distinguished according to visual dissimilarities in
diameter and mucosal thickness. Segments were opened lengthwise,
washed in isosmotic saline solution containing protease inhibitor phe-
nyl-methyl-sulphonyl-fluoride (PMSF 0.2 mM), immediately frozen in
liquid nitrogen and stored at−80 °C until used for the isolation of intes-
tinal brush border membrane vesicles (BBMV) according to Sala-
Rabanal et al. (2004). Following a further day of feed deprivation, 6
fish per tank were sampled and euthanized, by severing the spinal
cord, and whole-fish, liver and viscera weights were recorded for
hepatosomatic (HSI) and visceral (VI) indices calculation. After sam-
pling, liver and intestine (clear of adherent cells) were rapidly frozen
in liquid nitrogen and then stored at−80 °C until determination of en-
zyme activities. Three other fish per tank were euthanized by lethal an-
aesthesia for liver and whole-body composition analysis.

2.4. Analytical methods

2.4.1. Chemical composition
Analysis of the experimental diets and whole-fish were done as fol-

lows: dry matter, by drying samples in an oven at 105 °C until constant
weight; ash, by incineration in amuffle furnace at 450 °C for 16 h; crude
protein content (N × 6.25) by the Kjeldahl method, after acid digestion
using Kjeltec digestion and distillation units (Tecator Systems, Höganäs,
Sweden; models 1015 and 1026, respectively); crude lipid, by petro-
leum ether extraction (SoxTec HT System), and gross energy by direct
combustion of samples in an adiabatic bomb calorimeter (PARR Instru-
ments, Moline, IL, USA; PARR model 1261).

Dietary samples for AA analysis were hydrolyzed for 23 h with 6 N
hydrochloric acid at 112 °C under N2 atmosphere. Samples were then
derivatizedwith phenylisothiocyanate (PITC) reagent before separation
by gradient exchange chromatography (Waters auto sample model 717
plus; Waters binary pumpmodel 1525; Waters dual absorbance detec-
tor model 2487), according to the Pico-Tag method as described by
Cohen et al. (1989). Chromatographic peaks were identified, integrated
and quantified with aWaters Breeze software package by comparing to
known protein hydrolysate AA standards (Pierce NC10180). Norleucine
was used as internal standard. Tryptophan and cysteine were not
measured.

For hepatic glycogen content, a portion of liver was homogenized in
five volumes of ice-cold distilled water and stored at−80 °C until anal-
ysis. Glycogen content was determined by amyloglucosidase hydrolysis
following the method described by Roehrig and Allred (1974). Hepatic
lipids were determined gravimetrically according to Folch et al.
(1957). Hepatic soluble protein concentration was determined accord-
ing to Bradford (1976), using a commercial kit (Sigma protein Kit, cod.
B6916) and bovine serum albumin as standard.

2.4.2. Enzyme activities
Samples of liver and intestine (n = 9) were diluted at 1:9 and 1:4,

respectively, and homogenized at pH 7.8 in ice-cold 100 mM Tris–HCl
buffer containing 0.1 mM EDTA and 0.1% (v/v) Triton X-100. All proce-
dures were performed on ice. Homogenates were centrifuged at
30,000 ×g for 30 min at 4 °C and the resultant supernatants were sepa-
rated in aliquots and stored at−80 °C for further enzyme assays. All en-
zyme activities were measured at 37 °C in a Multiskan GO microplate
reader (Model5111 9200; Thermo Scientific, Nanjing,China).

Glutamate dehydrogenase (GDH; EC 1.4.1.2) and glucose-6-phos-
phate dehydrogenase (G6PDH; EC 1.1.1.49) activities were assayed as
described by Morales et al. (1990). Alanine aminotransferase (ALAT,
EC 2.6.1.2) and aspartate aminotransferase (ASAT, EC 2.6.1.1) activities
were measured using commercial kits from Spinreact, Spain (ALAT/
GPT, ref. 41283; ASAT/GOT, ref. 41273). Enzyme activities were deter-
mined by monitoring the changes in absorbance of NADH or NADP at
340 nm.

Oxidative stress enzymes were analysed as follows: Superoxide dis-
mutase (SOD; EC 1.15.1.1) activity was measured at 550 nm by the
ferricytochrome C method using xanthine/xanthine oxidase as source
of superoxide radicals (McCord and Fridovich, 1969). Catalase (CAT;
EC 1.11.1.6) activity was determined according to Aebi (1984) by mea-
suring the decrease of hydrogen peroxide concentration at 240 nm. Glu-
tathione reductase (GR; EC 1.6.4.2) activity was determined at 340 nm
by measuring the oxidation of NADPH as described by Morales et al.
(2004). Glutathione peroxidase (GPX; EC 1.11.1.9) activity was assayed
as described by Flohé and Günzler (1984). The GSSG generated by GPX
was reduced by GR and NADPH consumption rate was monitored at
340 nm.

For SOD, one unit of enzyme activity was defined as the amount of
enzyme necessary to produce 50% inhibition of the ferricytochrome C
reduction rate. All other enzyme activities were expressed as units
(CAT) or milliunits (GDH, ASAT, ALAT, G6PDH, GPX and GR) per milli-
gram of hepatic soluble protein (specific activity). One unit of enzyme
activity was defined as the amount of enzyme required to transform
1 μmol of substrate per minute under the assay conditions. Protein con-
centration was determined according to Bradford (1976) as described
above.

2.4.3. Lipid peroxidation
Liver and intestine concentrations of thiobarbituric acid reacting

substances was determined as marker of lipid peroxidation (LPO) fol-
lowing the methodology described by Buege and Aust (1978).

2.4.4. Nutrient uptake
Brush bordermembrane vesicles (BBMV)were prepared from pylo-

ric caeca and distal segment (pools of 3 fish) and from proximal seg-
ments (1 fish) as described by Sala-Rabanal et al. (2004). Briefly,
samples were homogenized in hyposmotic buffer (in mM: 100 manni-
tol, 2 HEPES, pH 7.4, 100 Osm) to separate mucosa from the muscular
layers. Selective precipitation of basolateral and mitochondrial mem-
branes was achieved by addition of MgCl2 to a final concentration of
10 mM. Subsequent selective centrifugations enabled purification and
concentration of apical enterocyte membranes, which were vesiculated
(in mM: 300 mannitol, 20 HEPES, 0.1 MgSO4·7H2O, 4.08 LiN3, pH 7.4,
320 Osm) using an insulin syringe (BDMicroFine 1.0ml Insulin Syringe
29G). Alkaline phosphatase (EC 3.1.3.1) activity, which has been
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described as a goodmarker of BBMV, was determined followingWeiser
(1973). BBMV frompyloric caeca and proximal segmentswere enriched
in alkaline phosphatase 9.3 (±2.6) and 7.6 (±2.4) fold, respectively,
while BBMV from distal segments showed enrichment factors below 5
and were discarded (Sala-Rabanal et al., 2004).

The capacity to absorb L-arginine, L-alanine and L-glutamine and D-
glucose were determined in vesicular suspensions according to the pro-
cedure described by Santigosa et al. (2011). Vesicular suspensions were
mixed with incubation buffer (in mM: 250 NaSCN, 100 mannitol, 40
HEPES, 0.1MgSO4·7H2O, 8.16 LiN3, 0.15 unlabeled nutrient, 0.01 3H-nu-
trient, 320Osm, pH 7.4) for 5 s. The reactionwas stopped by adding cold
stop buffer (in mM: 300 mannitol, 20 HEPES, 0.1 MgSO4·7H2O, 4.08
LiN3, 320Osm, pH 7.4). The resultingmixwas rapidly passed under neg-
ative pressure through 0.22 μm cellulose nitrate filters (Millipore, Bed-
ford MA), previously soaked in cold stop buffer. Filters were washed
with stop buffer and dissolved in Filtron-X scintillation liquid (ITISA
S.A., Spain). Samples were counted in a scintillation counter (Packard
TRI-CARB 2100 TR) at 20 °C. Radiolabeled nutrients were purchased
from Amersham Pharmacia Biotech (Barcelona, Spain).

Vesicular volumeof BBMVpreparationsweremeasured according to
Sala-Rabanal et al. (2004) to normalize influx values. Briefly, L-alanine
retained inside the vesicles at equilibrium situation was measured by
incubating BBMV preparation with incubation buffer. After 90 min, the
reaction was stopped and the amount of L-alanine retained (vesicular
retention at equilibrium) was measured as described above. Protein
concentration of different vesicular suspensions was measured using
BIORAD ® reagent according to Bradford (1976).

2.5. Statistical analysis

Growth performance, feed utilization, body and liver composition
data were analysed by one-way ANOVA. All other data was analysed
by two-way ANOVA with organs or intestinal segments and diets as
fixed factors. Datawere checked for normal distribution andhomogene-
ity of variances and normalized when appropriate. Significant differ-
ences among means (P b 0.05) were determined by the Tukey's
multiple range test. Statistical analysis was performed using a SPSS for
Windows version 22 software package.

3. Results

All dietswerewell accepted by thefish and during the trialmortality
was low and not affected by dietary treatments (Table 3). Weight gain,
daily growth index, feed intake, and nitrogen retention were not affect-
ed by dietary treatments (Table 3). At the end of the trial whole-body
lipids were higher and ash content was lower than at the beginning of

the trial. Liver andwhole-body composition, hepatosomatic and visceral
indexes were similar among groups (Table 4). The activities of amino
acid catabolism enzymes were higher in the liver than in the intestine
(Table 5) but were not affected by diet (Table 5).

With the exception of SOD, antioxidant enzymes activities and LPO
values were different in liver and intestine (Table 6). GPX and GR activ-
ities and LPO valueswere higher in the intestine than in the liver and the
opposite was true for G6PDH and CAT activities. Dietary Arg supple-
mentation led to a decrease of GPX activity in both tissues and to an en-
hancement of SOD activity in the intestine (Table 6).

BBMV vesicular volumes were not affected by dietary treatments
and intestinal segments (Fig. 1). To eliminate potential effect of vesicu-
lar volume variability on nutrient uptake within each treatment, AA in-
flux values were expressed as intra-vesicular concentration per second
of incubation (pmols μL−1 s−1). L-Glutamine, L-Arginine and D-Glucose
concentrations in BBMVs were higher in proximal intestine than in py-
loric caeca preparations but were not affected by dietary treatments
(Fig. 1).

4. Discussion

The high growth performance attained in the present study corrob-
orates that gilthead sea bream can copewith highfishmeal replacement
by plant-protein sources without adverse effects on growth once the
IAA requirements are fulfilled (Couto et al., 2014; Gomez-Requeni et
al., 2003, 2004; Kissil and Lupatsch, 2004; Sitja-Bobadilla et al., 2005;
Watson et al., 2013). Dietary supply of an IAA at the requirement level
for a given species guarantees that maximum growth and nitrogen re-
tention will not be compromised by that specific IAA (Bureau and
Encarnação, 2006; Harper, 1956; Kaushik and Seiliez, 2010; Tibaldi
and Kaushik, 2005). Thus, dietary supplementation of an IAA above
the requirement level should not further enhance growth performance
or nitrogen retention (Kaushik and Seiliez, 2010). In this sense, it is not
surprising that in the present study gilthead sea breamgrowth, feed uti-
lization, and nitrogen balance were not affected by dietary Arg levels
above estimated requirements (Kaushik, 1998; Peres and Oliva-Teles,
2009). Similar results were observed in other species, such as in black
sea bream juveniles (Zhou et al., 2012a), European sea bass fingerlings
(Tibaldi et al., 1994) and juveniles (Tulli et al., 2007), Japanese flounder
(Alam et al., 2002), red drum juveniles (Cheng et al., 2011), grouper ju-
veniles (Luo et al., 2007) and adult Atlantic salmon (Andersen et al.,
2014). On the contrary, dietary Arg surplus improved growth and feed
efficiency in hybrid striped bass (Cheng et al., 2012), red drum (Cheng
et al., 2011), channel catfish (Pohlenz et al., 2013, 2014) and juvenile At-
lantic salmon (Andersen et al., 2013). This enhanced performance was
suggested to result from the strong endocrine modulatory capacity of

Table 3
Growth performance and feed utilization of gilthead sea bream fed the experimental diets.

Diets Control 0.5Arg 1Arg 2Arg One-way ANOVA

Final body weight (g) 37.3 ± 1.5 37.9 ± 1.6 36.6 ± 0.7 35.2 ± 2.1 NS
Weight gain (g kgABW−1 day−1) 25.5 ± 0.8 25.8 ± 0.8 25.1 ± 0.4 24.3 ± 1.3 NS
Feed intake (g kgABW−1 day−1) 36.9 ± 2.14 36.2 ± 1.25 37.5 ± 4.29 36.2 ± 1.19 NS
Feed efficiencya 0.69 ± 0.02 0.69 ± 0.02 0.71 ± 0.05 0.67 ± 0.07 NS
Daily growth indexb 2.61 ± 0.12 2.66 ± 0.12 2.55 ± 0.05 2.44 ± 0.17 NS
Protein efficiency ratioc 1.5 ± 0.05 1.6 ± 0.11 1.5 ± 0.15 1.6 ± 0.05 NS
Nitrogen intake (g kgABW−1 day−1)d 2.8 ± 0.16 2.6 ± 0.09 2.7 ± 0.31 2.5 ± 0.08 NS
Nitrogen retention (g kgABW−1 day−1)e 0.69 ± 0.03 0.65 ± 0.03 0.61 ± 0.04 0.63 ± 0.07 NS
Nitrogen retention (%NI)f 25.0 ± 1.32 24.6 ± 1.98 22.8 ± 4.12 25.1 ± 2.23 NS
Mortality (%) 4.0 ± 4.0 1.3 ± 2.3 4.0 ± 4.0 2.7 ± 2.3 NS

Values presented as mean ± S.D. (n = 3). NS: non-significant (P ≥ 0.05).
ABW: average body weight (initial body weight, IBW+ final body weight, FBW) / 2.

a FE: wet weight gain / dry feed intake.
b DGI: (FBW1/3 − IBW1/3) / time in days) × 100.
c PER: wet weight gain / crude protein intake.
d NI: (N intake × 1000) / (ABW × time in days).
e NR (g kg−1 day−1): (FBW × FBN) − (IBW × IBN) / (ABW × time in days); FBN and IBN: final and initial whole-body N content, respectively.
f NR (%NI): NR = ((FBW × FBN− IBW × IBN) / N intake) × 100.
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Arg (Andersen et al., 2013; Pohlenz et al., 2014; Tulli et al., 2007). How-
ever, the potential beneficial effects of dietary Arg surplus in fish are yet
to be elucidated. In fact, it was demonstrated in fish that Arg induces the
release of glucagon (Vega-Rubín de Celis et al., 2004), somatostatin
(Eilertson and Sheridan, 1995), GH and IGF-1 (Baños et al., 1999; Lall
et al., 1994), and insulin (Andoh, 2007; Baños et al., 1999; Lall et al.,
1994; Mommsen et al., 2001; Plisetskaya et al., 1991; Sink and
Lochmann, 2007), besides being a precursor of ornithine, a rate-limiting
AA for polyaminebiosynthesis (Andersen et al., 2013). However, studies
in Atlantic salmon also reported that amoderate dietary Arg surplus did
not affect plasma insulin or GH levels (Lall et al., 1994; Pohlenz et al.,
2013).

Conceivable species-specific differences in the ability to synthetize
Arg (Fournier et al., 2002; Lin et al., 2015) and in the extent by which
Arg is used in multiple synthetic processes (Wu et al., 2011) may help
to explain the different effects of dietary Arg surplus on fish growth per-
formance observed in different studies. For instance, although the en-
zyme pyrroline-5-carboxylate (P5C) reductase was previously shown
to be present in the liver and intestine of rainbow trout (Dabrowski et
al., 2005) little is yet known about the proline–ornithine–arginine path-
way in fish, by which proline is synthetized from Arg via the arginase,
ornithine aminotransferase, and P5C reductase. The absence of specific
dose-response Arg requirement data has also been pointed as a possible
cause for the different results observed in studies evaluating dietary Arg
surplus effects (Fournier et al., 2002; Pohlenz et al., 2014; Zhou et al.,
2010). In fact, Arg requirement studies in fish are still scarce (NRC,
2011) and available data may be affected by a number of factors, such
as themethodological approach (AA deletion, factorial AA requirement,
ideal protein concept), the dietary protein sources used, the AA levels
tested, fish life stage, the response criteria (growth, feed efficiency, ni-
trogen or AA retention), and the mathematical model used (Bureau
and Encarnação, 2006; Cowey, 1995; Shearer, 2000; Zhou et al., 2010).
Accordingly, differences in Arg requirements have been reported,

being Arg the IAA with the highest variation in dietary requirement
among species (Fournier et al., 2002; NRC, 2011). For instance, Berge
et al. (2002) concluded that Arg and Lys requirement levels for Atlantic
salmonwere 20% lower than earlier estimates (Berge et al., 1997, 1998).
On the other hand, Buentello and Gatlin (2000) reported that Arg re-
quirements of channel catfish were 33% higher when glycine was used
to replace glutamic acid in the diets.

Evidences of adverse effects to growth performance and feed effi-
ciency related to dietary Arg surplus also exist for a number of fish spe-
cies, such as golden pompano (Trachinotus ovatus) (Lin et al., 2015),
rainbow trout (Fournier et al., 2003; Kaushik and Fauconneau, 1984;
Kaushik et al., 1988), cobia (Rachycentron canadum) (Van Nguyen et
al., 2014), silver perch (Bidyanus bidyanus) (Ngamsnae et al., 1999), hy-
brid Clarias (Clarias gariepinus × Clarias microcephalus) (Singh and
Khan, 2007), Nile tilapia (Oriochromis niloticus) (Santiago and Lovell,
1988), black sea bream (Zhou et al., 2011), yellow grouper (Epinephelus
awoara) (Zhou et al., 2012a), blunt snout bream (Ren et al., 2013) and
Indian major carp (Labeo rohita) (Abidi and Khan, 2009). In some of
these studies, the negative effects of dietary Arg excess were suggested
to result from an antagonism between dietary Arg and Lys levels (Berge
et al., 1999, 2002; Kaushik et al., 1988; Santiago and Lovell, 1988; Zhou
et al., 2011). Although an Arg-Lys antagonism is yet to be fully demon-
strated in fish, evidences of reduced intestinal Lys uptake due to excess
Arg exist for rainbow trout (Kaushik et al., 1988), Atlantic salmon (Berge
et al., 1999) and blunt snout bream (Ren et al., 2013). Itwas further sug-
gested that this Arg-Lys antagonism occurs mainly at the post-absorp-
tive metabolic level (Davies et al., 1997; Kaushik and Fauconneau,
1984), similarly to what is known to occur in rats and poultry (Luo et
al., 2004). In fact dietary Lys surplus was reported to reduce urea pro-
duction in fish, as result of a Lys inhibitory action on arginase, blocking
the Arg hydrolysis to ornithine and urea (Kaushik and Fauconneau,
1984, Berge et al., 2002). Dietary Arg supplementation circumvents
this inhibition (Berge et al., 1998, 2002). This also agrees with the linear

Table 4
Whole-body composition (% wet weight), liver composition (mg g−1 wet weight), hepatosomatic index (HSI) and visceral index (VI) of gilthead sea bream fed the experimental diets.

Diets Initial Control 0.5Arg 1Arg 2Arg One-way ANOVA

Whole-body composition
Dry matter 28.5 29.7 ± 0.4 29.5 ± 0.57 29.0 ± 1.18 29.2 ± 0.56 NS
Ash 6.94 4.4 ± 0.1 4.4 ± 0.26 4.1 ± 0.33 4.2 ± 0.29 NS
Lipid 4.96 8.4 ± 0.1 8.4 ± 0.95 8.7 ± 0.45 8.2 ± 0.72 NS
Protein 18.2 17.3 ± 0.3 16.6 ± 0.13 16.2 ± 0.82 16.9 ± 0.63 NS

Liver composition
Lipids ND 65.2 ± 14.3 65.2 ± 14.3 69.8 ± 6.2 77.7 ± 15.2 NS
Glycogen ND 53.7 ± 17.7 57.2 ± 21.6 58.5 ± 17.0 48.3 ± 18.7 NS
Protein ND 17.4 ± 0.7 18.5 ± 1.7 18.2 ± 1.2 18.9 ± 1.8 NS

Indexes
HSI ND 1.4 ± 0.11 1.4 ± 0.02 1.3 ± 0.19 1.3 ± 0.14 NS
VI ND 7.5 ± 0.15 8.0 ± 0.07 7.7 ± 0.69 7.7 ± 0.34 NS

Values presented as mean ± S.D. (n = 3). ND: not determined. NS: non-significant (P ≥ 0.05).

Table 5
Specific activities (mU mg protein − 1) of hepatic and intestinal ALAT, ASAT and GDH of gilthead sea bream fed the experimental diets.

Organ Liver Intestine

Diets Control 0.5Arg 1Arg 2Arg Control 0.5Arg 1Arg 2Arg

ALAT 331 ± 25 298 ± 84 273 ± 87 299 ± 59 78 ± 23 91 ± 26 65 ± 40 82 ± 12
ASAT 970 ± 87 915 ± 110 958 ± 164 965 ± 98 364 ± 51 454 ± 79 437 ± 149 433 ± 152
GDH 129 ± 20 121 ± 12 125 ± 43 118 ± 8 69 ± 10 77 ± 24 60 ± 43 79 ± 20

Two-way ANOVA

Variance source Diets

Organ Diet Interaction Control 0.5Arg 1Arg 2Arg

ALAT *** NS NS – – – –
ASAT *** NS NS – – – –
GDH *** NS NS – – – –

Values presented as mean ± S.D. (n = 9). Two-way ANOVA: NS: non-significant (P ≥ 0.05); ***P b 0.001.
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correlation observed between dietary Arg intake and urea-N excretion
as result of an increased argininolysis (Fournier et al., 2003;
Gouillou-Coustans et al., 2002).

In studies where no antagonism between Arg and Lys was evi-
denced, some negative effects of dietary Arg surplus were still observed
andwere reported to result from a toxic effect of the dietary Arg excess,
and to be related to extra energy expenditure toward deamination and
ammonia excretion (Ren et al., 2013; Zhou et al., 2012b; Zhou et al.,
2015). In the present study, however, gilthead sea bream showed iden-
tical growth performance and liver and whole-body composition de-
spite the different Arg-Lys ratio tested (between 1.0 and 1.8), which
suggest that no Arg-Lys antagonism or Arg toxic effect should have oc-
curred. These results are similar towhatwas reported for juvenile grou-
per (Luo et al., 2007), Nile tilapia (Yue et al., 2015), Japanese flounder
(Alam et al., 2002) fed dietary Arg above the requirement level.

Dietary Arg surplus did not affect GDH, ALAT and ASAT activities,
both in liver and intestine, which is in accordance with the similar
whole-body nitrogen retention of the different groups. Accordingly,
diets with an Arg surplus led to increased hepatic arginase activity and
urea excretion in European sea bass but did not altered hepatic GDH ac-
tivity (Tulli et al., 2007). The role of dietary protein level and IAA profile
on the regulation of the main AA catabolism enzymes has been studied
in some fish species. Some authors reported a limited responsiveness in
gilthead sea bream (Coutinho et al., 2016; Gomez-Requeni et al., 2003)
and in other fish species (Guerreiro et al., 2012; Peres and Oliva-Teles,
2008), while other authors reported an adaptive response to either die-
tary protein level (Coutinho et al., 2015; Fournier et al., 2003) or IAA
profile (Fournier et al., 2003; Peres and Oliva-Teles, 2005, 2006, 2007).
Further, the higher activities of the key enzymes involved in AA catabo-
lism observed in the present study in the liver comparatively to the in-
testine of gilthead sea bream confirm the liver as major organ of AA
metabolism (Cowey and Walton, 1989).

Recently, dietary Arg below optimum level for grass carpwas shown
to increase muscle protein oxidation and lipid peroxidation, as conse-
quence of a decrease of GSH content and CAT, GPX and SOD activities
and gene expression (Wang et al., 2015). Although the pathways by
which dietary Arg modulates the antioxidant enzymes activity is still
not fully understood, Wang et al. (2015) observed that dietary Arg sup-
plementation was positively correlated with the expression of several
antioxidant-related signalling molecules, being NO and Nrf2 the most
relevant. Similarly, the maintenance of muscle GSH content was also

shown to be partially dependent on Arg regulation of the glutamate-
cysteine ligase (GCL) expression, a rate-limiting enzyme for GSH bio-
synthesis (Wang et al., 2015). Despite these evidences, it is still unclear
how a dietary Arg excess affects fish oxidative status. While a dietary
Arg surplus decreased blood malondialdehyde (MDA) concentration
and SOD, CAT, and GPX activities in yellow catfish (Zhou et al., 2015),
in grass carp it increased muscle MDA and protein carbonyl content
and decreased CAT and SOD activity and GSH content (Wang et al.,
2015). In the present study, dietary Arg also modulated gilthead sea
bream enzymatic antioxidant response, by reducing GPX activity in
the liver and intestine and by increasing SOD activity in the intestine.
However, the overall LPO in both tissues was not affected by dietary
Arg level.

Oxidative damage in the intestinewas higher than in the liver, as ev-
idenced by the higher LPO values observed in the intestine. This con-
firms previous results in this species (Coutinho et al., 2016) as well as
in European sea bass (Castro et al., 2015), rainbow trout and sturgeon
(Trenzado et al., 2006). GPX and GR activities, which are dependent
on reduced and oxidised GSH provision, respectively, were higher in
the intestine than in the liver, while the liver showed higher G6PDH
and CAT activities. These results confirm that gilthead sea bream intes-
tinal antioxidant capacity seemsmore dependent on GSH than the liver
as previously observed by Coutinho et al. (2016).

The evaluation of intestinal absorption capacity of D-Glu, L-Arg, and
L-Gln confirms a regionalization of intestinal nutrient transporters,
with absorption capacity being higher in the proximal intestine than
in the pyloric caeca. This agrees with previous observations in gilthead
sea bream (Coutinho et al., 2016; Santigosa et al., 2011), but it is con-
trary to what was reported for rainbow trout, cod, largemouth bass,
and striped bass (Buddington and Diamond, 1987). According to
Santigosa et al. (2011) the higher absorption capacity in the proximal
intestine may indicate a delay of nutrient absorption from the pyloric
caeca to the proximal intestine as result of high plant protein inclusion
in the diets. However, the absence of a fishmeal-based control diet in
the present study does not allow to corroborate this hypothesis.

In fish, as in mammals, glucose and AA are predominantly
transported by Na+-dependent transport through the intestinal brush
border membane, although nutrients may also be transported, to a
limitted extent, by passive diffusion or Na+-independent transport
(Collie and Ferraris, 1995; Jürss and Bastrop, 1995; Krogdahl et al.,
2005; Pan et al., 2004). Evidences exist of four different Na+-dependent

Table 6
Liver and intestine antioxidant enzymes activity and lipid peroxidation (LPO) levels of gilthead sea bream fed the experimental diets.

Organ Liver Intestine

Diets Control 0.5Arg 1Arg 2Arg Control 0.5Arg 1Arg 2Arg

G6PDH 76.4 ± 8.3 78.7 ± 14 75.8 ± 11.6 64.1 ± 6.4 9.6 ± 5.1 8.8 ± 5.8 9.8 ± 11.0 12.3 ± 7.6
CAT 897 ± 183 836 ± 94 880 ± 182 832 ± 152 62.2 ± 14 59.5 ± 14 62.7 ± 12 66.1 ± 11
GR 9.9 ± 1.5 9.4 ± 0.6 9.8 ± 1.3 8.9 ± 1.0 17.3 ± 5.7 12.1 ± 1.8 20.2 ± 10.3 15.7 ± 4.8
SOD 140 ± 16 121 ± 25 126 ± 30 125 ± 21 115 ± 15 a 116 ± 33 a 187 ± 60 b 149 ± 38 ab
GPX 73.1 ± 10.8 59.1 ± 16.3 63.2 ± 10.7 67.9 ± 6.7 194 ± 42 139 ± 39 120 ± 65 153 ± 36
LPO 12.8 ± 3.6 11.5 ± 0.8 12.7 ± 2.6 11.3 ± 1.9 21.0 ± 3.1 20.6 ± 2.6 23.4 ± 6.6 17.8 ± 2.6

Two-way ANOVA

Variance source Diets

Organ Diet Interaction Control 0.5Arg 1Arg 2Arg

G6PDH *** NS *
CAT *** NS NS – – – –
GR *** NS NS – – – –
SOD NS * **
GPX *** ** NS b a a ab
LPO *** NS NS – – – –

Values presented as mean± S.D. (n= 9). Enzyme activities expressed asmUmg protein−1 for G6PDH, GR and GPX, as Umg protein−1 for CAT and SOD and as nmols MDA g−1 tissue for
LPO. Two-way ANOVA: NS: non-significant (P ≥ 0.05); *P b 0.05; **P b 0.01; ***P b 0.001; if interaction was significant, one-way ANOVA was performed for each organ and means in the
same line with different superscript letters are significantly different (P b 0.05).
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AA transporters in fish, which are specific for acidic, neutral, and basic
amino acids, and for imino acids (Cassano et al., 1990). Despite the ap-
parent specificity of the Na+-dependent AA transporters, studies in
mammals revealed that the majority of AA are not effective inducers
of their specific main transporters. For instance Arg, which is a basic
AA, is the second-best inducer of acidic AA transporters, while aspartate,
an acidic AA, is the best inducer of basic AA transporters (Ferraris and

Diamond, 1989; Salloum et al., 1990; Stein et al., 1987; Wu, 2013).
Moreover, several AA share the same transporter but present distinct af-
finities to that transporter, consequently some AAmay inhibit other AA
transporter. This is the case of Gln, which transport is inhibited by L-al-
anine, L-serine, L-cysteine and L-leucine (Fan et al., 1998; Pan et al.,
2004). In European sea bass cross-inhibition experiments revealed
that glycine, alanine, and methionine share the same Na+-dependent
transporter, and mutual inhibition of alanine and methionine transport
by glycine occurs (Balocco et al., 1993).

Given the complexity of AA transporters regulation by dietary AA, it
is not surprising that in the present study no alteration of the BBMVs L-
Arg and L-Gln absorption capacity was observed independently of the
dietary Arg level tested. Similarly, neither an improvement of Arg up-
take nor an antagonism between Arg-Lys was observed in a recent
study investigating the intestinal Arg-Lys interaction in Pacific Bluefin
tuna (Thunnus orientalis), regardless of the Arg levels tested
(Martinez-Montano et al., 2013). The fact that dietary Arg did not mod-
ify BBMVs D-glucose absorption capacity was also to be expected since
evidences inmouse indicate that D-glucose transport through the intes-
tinal brush bordermembrane is not regulated by dietary AA (Stein et al.,
1987). These results are in line with a previous study in gilthead sea
bream that showed that dietary Gln supplementation also did not mod-
ify L-Gln, L-Arg and D-glucose uptake by BBMVs (Coutinho et al., 2016).

In summary, results of the present study suggest that dietary Arg ex-
cess has limited potential to enhance growth performance, feed utiliza-
tion, and D-glucose, L-Arg and L-Gln intestinal absorption capacity of
gilthead sea bream juveniles. Moreover, dietary Arg modulated hepatic
and intestinal enzymatic antioxidant responses, although lipid peroxi-
dation was not affected.
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A B S T R A C T

This study aimed to evaluate the effects of dietary methionine (Met) and taurine (Tau) supplementation on
growth performance, feed utilization, and oxidative status of European sea bass juveniles. For that purpose, a 12-
week growth trial was performed to test four isolipidic (18%) and isonitrogenous (6.7%) practical diets, con-
taining 82% of the protein from plant origin and 18% from fish meal. Diets were formulated to have a Met level
below (LMet) or above (HMet) requirements and were supplemented or not with 1% Tau (LMetTau and
HMetTau). No dietary Met or Tau effects were observed on growth, feed utilization, and whole-body compo-
sition. Increasing dietary Met level led to increased catalase (CAT) and glutathione peroxidase (GPX) activities in
the liver and total (tGSH) and reduced (GSH) glutathione in the intestine, while decreasing glutathione reductase
(GR) and GPX activities in the intestine. Most of these effects were only observed in fish fed diets not supple-
mented with Tau. Dietary Tau supplementation decreased intestinal tGSH, GSH and oxidised (GSSH) glutathione
content, the activity of GPX both in liver and intestine, and glucose-6-phosphate dehydrogenase (G6PDH) ac-
tivity in the liver. Dietary Tau supplementation also affected hepatic CAT and intestinal GR activities, but effects
were dependent of the dietary Met level. Overall, European sea bass seems to cope well with a plant-protein rich
diet without Met or Tau supplementation. Both dietary Met and Tau were shown to modulate fish antioxidant
response but without altering the oxidative damage level.

1. Introduction

The increased demand and cost of fishmeal (FM) and the increased
awareness of the industry for the need to improve aquaculture sus-
tainability led to significant progress on reducing aquafeeds de-
pendency on finite marine-harvested resources (Tacon and Hasan,
2011). Plant feedstuffs have been used to replace FM due to its more
constant availability and composition and lower costs, despite pre-
senting amino acid (AA) imbalances, antinutritional factors, and lower
protein content, digestibility and palatability than FM (Gatlin et al.,
2007; Hardy, 2010). Nonetheless, in most intensively reared fish, a
good proportion of the dietary FM may be replaced by plant protein

sources (Oliva-Teles et al., 2015). Higher replacement levels usually
require dietary supplementation with limiting AA, mainly methionine
(Met) and lysine (Lys), so that growth rates, feed efficiency, and sur-
vival are not compromised (Kaushik et al., 2004; Kaushik et al., 1995; Li
et al., 2009; Medale and Kaushik, 2009).

Besides being required for protein synthesis Met is also a methyl
donor for several methylation reactions, including DNA, and a pre-
cursor of polyamines (spermine and spermidine), L-carnitine, and cy-
steine (Cys) (Espe et al., 2011; Finkelstein, 2000; Schuhmacher and
Gropp, 1998). Moreover, the oxidation of Met residues via the me-
thionine sulfoxide reductase system also acts as scavenger of reactive
oxygen species (ROS), thus protecting cells from oxidative stress (Feng
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et al., 2011; Métayer et al., 2008; Weissbach et al., 2005).
The conditionally indispensable amino acid (CIAA) Cys is the main

limiting AA for glutathione (GSH) synthesis, an important antioxidant
molecule that acts as cofactor of glutathione peroxidase (GPX) on ROS
reduction (Lu, 2000; Wu et al., 2004). Being a Cys precursor, Met can
indirectly affect GSH generation with repercussions on cells oxidative
status (Li et al., 2007; Métayer et al., 2008; Wu et al., 2004). In fact,
previous observations in mammals revealed that an increase of oxida-
tive stress, with consequent reduction of GSH, led to an enhancement of
Met transsulfuration in order to meet Cys demand for GSH synthesis
(Finkelstein, 2000).

Taurine (Tau), which also acts indirectly as antioxidant, is also
synthesized from Cys through several enzymatic reactions, with cy-
steine sulfinate decarboxylase (CSD) appearing to be the rate-limiting
enzyme in this process (Jacobsen and Smith, 1968; Lu, 2000). The
ability of fish to synthetize Tau seems to increase with fish development
and to vary between species, with accumulating evidences indicating
that several marine finfish species are unable to or have limited capa-
city to synthesize Tau (Kim et al., 2005; Salze and Davis, 2015;
Yokoyama et al., 2001), which explains why Tau is now considered a
CIAA (Salze and Davis, 2015) or even an IAA in some fish species (Goto
et al., 2001; Kim et al., 2005).

Tau is an amino sulfonic acid, which is not incorporated into pro-
teins, but is an abundant free-AA in animal tissues. Likewise, Tau is
found in relatively high concentrations in FM and especially in soluble
fish protein concentrate, but is almost negligible in plant feedstuffs,
with for instance soy beans not containing detectable levels of Tau
(Spitze et al., 2003). Consequently, plant feedstuffs based diets for
marine fish may need to be supplemented with Tau to guarantee that
fish growth performance, survival, and disease resistance are not
compromised (Goto et al., 2001; Kim et al., 2008; Matsunari et al.,
2008; Oliva-Teles, 2012; Park et al., 2002; Takagi et al., 2010, 2011).

Taurine is known to play an important role in a wide variety of
physiological functions, including cell membrane stabilization, mod-
ulation of calcium levels, anti-oxidation, anti-inflammation, osmor-
egulation and bile acid conjugation (Huxtable, 1992; Salze and Davis,
2015). In some marine fish fed a low FM feeds, a nutritional disease
known as “green liver syndrome” has been reported, resulting from
both a decreased excretion of Tau-conjugated bile pigment and an
overproduction of hemolytic biliverdin (Sakai et al., 1990; Takagi et al.,
2006; Takagi et al., 2005). In such cases, a dietay Tau supplementation
has been found to be beneficial. In another species such as the totoaba
(Totoaba macdonaldi), supplementation of 1% Tau to a diet with 60%
FM replaced by soy protein concentrate was shown to restore lipid
peroxidation levels and to increase catalase activity and the activity of
key enzymes of the intermediary metabolism to the levels observed in
fish fed the FM control diet (Bañuelos-Vargas et al., 2014).

European sea bass, a major marine finfish species of interest for the
European aquaculture, was previously shown to grow well on a diet
with an almost total replacement of dietary FM protein (95%) by a
plant protein mixture supplemented with Lys but without Tau supple-
mentation (Kaushik et al., 2004). Even though in Martinez et al. (2004)
European sea bass fry were reported to have a dietary Tau requirement
of 0.2%, in other fish species the ability to synthesize Tau has been
shown to increase with the development stage, associated with the
progressive increment of CSD activity (Kim et al., 2005; Yokoyama
et al., 2001). In this sense it seems plausible to consider that European
sea bass juveniles must at least have some Tau biosynthesis capacity.

In the context of developing low-FM feeds, understanding the
linkage between Met, Cys and Tau, and their physiological roles,
especially at the oxidative status level, deserves our attention.
Therefore, the present study aimed at evaluating the effect of Met and
Tau supplementation to a practical plant-based diet on growth perfor-
mance, body composition, and oxidative status in juvenile European sea
bass, a major marine finfish species of interest for the European aqua-
culture.

2. Material and methods

2.1. Diets

Four practical diets were formulated to be isolipidic (18%) and
isonitrogenous (6.7%), and to contain 18% protein from fishmeal (FM)
and 82% protein provided by a mixture of plant feedstuffs. One diet
(LMet diet) included Met below and another (HMet diet) above the
established Met requirement for European sea bass (Tulli et al., 2010).
Two other diets were formulated identical to the previous ones, but
supplemented with 1% L-Tau (diets LMetTau and HMetTau, respec-
tively). Care was taken to guarantee that all other dietary AA met the
requirements for the species (Kaushik, 1998). Dietary ingredients were
finely ground, well mixed, and dry pelleted through a 2.0 mm die in a
pellet mill (California Pellet Mill, CPM Crawfordsville, IN, USA). Pellets
were dried in an oven at 50 °C for 24 h and then stored in airtight bags
until use. Ingredients and proximate composition of the experimental
diets are presented in Table 1, and the AA composition of the experi-
mental diets is presented in Table 2.

2.2. Growth trial

This experiment was directed by trained scientists (following
FELASA category C recommendations) and was conducted according to
the European Union Directive 2010/63/EU on the use of animals for

Table 1
Ingredient composition and proximate analysis of the experimental diets.

LMet LMetTau HMet HMetTau

Ingredients (% dry weight)
Fish meala 8.0 8.0 8.0 8.0
Soybean mealb 22.6 23.2 22.4 22.4
Wheat mealc 20.3 19.8 20.3 20.0
Corn gluten meald 15.0 15.0 15.0 15.0
Wheat gluten meale 5.0 5.0 5.0 5.0
Fish oil 14.8 14.8 14.8 14.8
Pea protein concentratef 4.0 2.9 4.0 3.2
CPSPg 2.0 2.0 2.0 2.0
Dibasic calcium phosphate 3.8 3.8 3.8 3.8
Vitamins premixh 1.0 1.0 1.0 1.0
Choline chloride (50%) 0.5 0.5 0.5 0.5
Minerals premixi 1.0 1.0 1.0 1.0
Binderj 1.0 1.0 1.0 1.0
Agar 1.0 1.0 1.0 1.0
L-Methioninek – – 0.26 0.26
Taurinek – 1.0 – 1.0

Proximate analysis (% dry weight)
Dry matter (%) 90.5 93.0 90.6 92.1
Protein 42.4 43.3 43.4 43.6
Crude fat 18.0 17.8 17.6 17.8
Ash 8.9 9.1 9.1 9.2
Gross energy (kJ g−1) 22.5 22.7 22.4 22.7

a Pesquera Centinela, Steam Dried LT, Chile (CP: 71.0%; CL 11.3%). Sorgal, S.A. Ovar,
Portugal.

b Soybean meal (CP: 56.4%; CL:2.5%), Sorgal, S.A. Ovar, Portugal.
c Wheat meal (CP: 11.5%; CL: 3.2%), Sorgal, S.A. Ovar, Portugal.
d Corn gluten meal (CP: 80.1%; CL: 4.1%), Sorgal, S.A. Ovar, Portugal.
e Wheat gluten meal CP: 84.8%; GL: 1.7%), Sorgal, S.A. Ovar, Portugal.
f Pea protein concentrate (CP: 84.0%; GL: 2.7%), Cosucra, Belgium.
g Soluble fish protein concentrate, Sopropêche, France (CP: 80.4% DM; GL: 15.7%

DM).
h Vitamins (mg kg−1 diet): retinol, 18,000 (IU kg−1 diet); calciferol, 2000 (IU kg−1

diet); alpha tocopherol, 35; menadion sodium bis., 10; thiamin, 15; riboflavin, 25; Ca
pantothenate, 50; nicotinic acid, 200; pyridoxine, 5; folic acid, 10; cyanocobalamin, 0.02;
biotin, 1.5; ascorbyl monophosphate, 50; inositol, 400.

i Minerals (mg kg−1 diet): cobalt sulphate, 1.91; copper sulphate, 19.6; iron sulphate,
200; sodium fluoride, 2.21; potassium iodide, 0.78; magnesium oxide, 830; manganese
oxide, 26; sodium selenite, 0.66; zinc oxide, 37.5; dicalcium phosphate, 8.02 (g kg−1

diet); potassium chloride, 1.15 (g kg−1 diet); sodium chloride, 0.4 (g kg−1 diet).
j Aquacube. Agil, UK.
k Feed-grade amino acids, Sorgal, S.A. Ovar, Portugal.
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scientific purposes. The growth trial was performed at the Marine
Zoology Station, University of Porto, with European sea bass juveniles
provided by IPMA/CRIPSul, Olhão, Portugal. Prior to the beginning of
the trial fish were acclimated for 15 days to the experimental system
and fed a commercial diet (Aquagold 3 mm, Aquasoja, Soja de Portugal,
S.A). Thereafter, 12 groups of 14 fish with 6.9 ± 1.5 g mean body
weight were randomly distributed into 12 cylindrical fibreglass tanks of
100 L capacity within a thermo-regulated semi-recirculation water
system supplied with filtered seawater at a flow rate of 2.5–3.0 L min−1

and the experimental diets randomly assigned to triplicate groups of
fish. During the trial water temperature was kept constant at
23.0 ± 1.0 °C, salinity averaged 35 ± 1‰, oxygen averaged
7–7.5 mg L−1, ammonia and nitrite levels were kept around zero
mg L−1 and a photoperiod of 12 h light and 12 h dark was adopted.
Fish were hand-fed to apparent visual satiation twice a day, 6 days a
week, during 85 days. Utmost care was taken that all feed supplied was
consumed, and feed intake and mortality were daily recorded.

2.3. Sampling

Twelve fish from the initial batch were randomly sampled, eu-
thanized by a lethal dose of anaesthesia (0.3 mg/L of ethylene glycol
monophenyl ether) and pooled for whole-body composition analysis. At
the end of the trial, 4 h after the morning meal, six fish per tank were
euthanized by severing the spinal cord, and whole-fish, liver, and vis-
cera weights were recorded for hepatosomatic index (HSI) and visceral
index (VI) calculations. After sampling, liver and intestine (clear of
adherent cells) from those fish were rapidly frozen in liquid nitrogen
and then stored at−80 °C until determination of enzyme activities. The
carcass of three fish (without the liver) per tank were used for whole-
body composition analysis.

2.4. Analytical methods

2.4.1. Chemical composition
Analysis of the experimental diets and whole-fish were done as

follows: dry matter, by drying samples in an oven at 105 °C until con-
stant weight; ash, by incineration in a muffle furnace at 450 °C for 16 h;
crude protein content (N × 6.25) by the Kjeldahl method, after acid
digestion using Kjeltec digestion and distillation units (Tecator Systems,
Höganäs, Sweden; models 1015 and 1026, respectively); crude lipid, by
petroleum ether extraction (SoxTec HT System); and gross energy by
direct combustion of samples in an adiabatic bomb calorimeter (PARR
Instruments, Moline, IL, USA; PARR model 1261).

Dietary samples for AA analysis were hydrolysed for 23 h with 6 N

hydrochloric acid at 112 °C under N2 atmosphere. Samples were then
derivatized with phenylisothiocyanate (PITC) reagent before separation
by gradient exchange chromatography (Waters auto sample model 717
plus; Waters binary pump model 1525; Waters dual absorbance de-
tector model 2487), according to the Pico-Tag method as described by
Cohen et al. (1989). Chromatographic peaks were identified, in-
tegrated, and quantified with a Waters Breeze software package by
comparing to known protein hydrolysate AA standards (Pierce
NC10180). Norleucine was used as internal standard. Tryptophan was
determined according to Spies (1967).

2.4.2. Enzyme activities
Samples of liver and intestine (n= 9 per treatment) were diluted at

1:9 and 1:4, respectively, and homogenized at pH 7.8 in ice-cold
100 mM Tris–HCl buffer containing 0.1 mM EDTA and 0.1% (v/v)
Triton X-100. All procedures were performed on ice. Homogenates were
centrifuged at 30,000 ×g for 30 min at 4 °C and the resultant super-
natants were separated in aliquots and stored at −80 °C for further
enzyme assays. All enzyme activities were measured at 37 °C in a
Multiskan GO microplate reader (Model5111 9200; Thermo Scientific,
Nanjing, China).

Oxidative stress enzymes were analysed as follows: superoxide
dismutase (SOD; EC 1.15.1.1) activity was measured at 550 nm by the
ferricytochrome C method using xanthine/xanthine oxidase as source of
superoxide radicals (McCord and Fridovich, 1969); catalase (CAT; EC
1.11.1.6) activity was determined according to Aebi (1984) by mea-
suring the decrease of hydrogen peroxide concentration at 240 nm;
glutathione reductase (GR; EC 1.6.4.2) activity was determined at
340 nm by measuring the oxidation of NADPH as described by Morales
et al. (1990); glutathione peroxidase (GPX; EC 1.11.1.9) activity was
assayed as described by Flohé and Günzler (1984); the oxidised glu-
tathione (GSSG) generated by GPX was reduced by GR and the NADPH
consumption rate was monitored at 340 nm. Glucose-6-phosphate de-
hydrogenase (G6PDH; EC 1.1.1.49) activity was assayed as described by
Morales et al. (1990) by monitoring the changes in absorbance of NADP
at 340 nm. Protein concentration was determined according to
Bradford (1976), using a commercial kit (Sigma protein Kit, cod.
B6916) and bovine serum albumin as standard.

For SOD, one unit of enzyme activity was defined as the amount of
enzyme necessary to produce 50% inhibition of the ferricytochrome C
reduction rate. All other enzyme activities were expressed as units
(CAT) or milliunits (G6PDH, GPX and GR) per milligram of hepatic
soluble protein (specific activity). One unit of enzyme activity was
defined as the amount of enzyme required to transform 1 μmol of
substrate per minute under the assay conditions.

2.4.3. Lipid peroxidation
Hepatic and intestinal concentrations of thiobarbituric acid reacting

substances were determined as marker of lipid peroxidation (LPO)
following the methodology described by Buege and Aust (1978).

2.4.4. Total and oxidised glutathione
A portion of liver and intestine was homogenized (1:9 and 1:5, re-

spectively) in ice-cold solution containing 1.3% 5-sulfosalicylic acid (w/
v) and 10 mM HCl, and the whole procedures were undertaken on ice to
avoid glutathione oxidation. Homogenates were centrifuged at 14,000g
for 10 min at 4 °C and the resulting supernatants stored at −80 °C.
Total glutathione (tGSH) and oxidised glutathione (GSSG) were mea-
sured following the methods described by Griffith (1980) and
Vandeputte et al. (1994) with some modifications (Perez-Jimenez et al.,
2012). Standard curves of reduced glutathione (GSH) and GSSG were
used for tGSH and GSSG calculations, respectively. GSH level was cal-
culated by subtracting GSSG from tGSH values. Results are expressed as
nmol g−1 tissue. The oxidative stress index (OSI) was calculated as
follows:

Table 2
Determined amino acid composition (% Diet) of the experimental diets.

LMet LMetTau HMet HMetTau

Methionine 0.74 0.75 0.96 0.98
Arginine 2.77 2.84 2.83 2.78
Histidine 0.98 1.02 1.00 1.00
Isoleucine 1.84 1.92 1.76 1.83
Leucine 4.08 4.31 3.93 4.03
Lysine 2.22 2.30 2.34 2.33
Threonine 1.63 1.67 1.58 1.58
Valine 2.19 1.89 1.97 2.01
Phenylalanine 2.46 2.67 2.64 2.61
Taurine 0.14 1.24 0.13 1.24
Tyrosine 1.67 1.68 1.77 1.70
Alanine 2.73 2.82 2.66 2.74
Aspartic acid 3.83 3.87 3.74 3.83
Glutamic acid 6.24 6.30 6.26 6.11
Glycine 3.12 2.99 2.84 2.91
Serine 2.22 2.29 2.34 2.27
Proline 2.24 2.41 2.15 2.37
Cysteine 0.59 0.65 0.62 0.65
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= × ×OSI 100 (2 GSSG tGSH)

2.5. Statistical analysis

Growth performance, feed utilization, and whole-body composition
data were analysed by two-way ANOVA, with dietary Met and Tau as
fixed factors. Oxidative stress related parameters were analysed for the
dietary Met and Tau effects by two-way ANOVA for liver and intestine
separately. Fish were used as statistical units (n = 9) after verifying the
absence of a tank effect through a three-way nested ANOVAs, with Met
and Tau as fixed factors and the tank as aleatory factor. In the two-way
ANOVA, if an interaction was significant, dietary Met and Tau effects
were analysed by one-way ANOVA for each Tau or Met levels, respec-
tively. All data were checked for normal distribution and homogeneity
of variances and normalised when appropriate. Significant differences
among means (P < 0.05) were determined by the Tukey's multiple
range test. Statistical analysis was performed using SPSS for Windows
version 22 software package.

3. Results

All experimental diets were well accepted by the fish and during the
trial mortality was very low and unaffected by dietary treatments
(Table 3). Weight gain, daily growth index, feed intake, feed efficiency
and nitrogen retention were not affected by dietary Met or Tau
(Table 3). At the end of the trial, there were no differences among
groups on whole-body composition, HSI, and VI, except for the ash
content that was higher in fish fed the high Met diets (Table 4).

The activities of liver and intestine antioxidant enzymes are pre-
sented in Table 5. The liver presented substantially higher G6PDH ac-
tivity than the intestine, while the intestine showed higher CAT, SOD,
GR and GPX activities. In the liver, GR and SOD activities were not
affected by diets, while dietary Tau supplementation decreased G6PDH
and GPX activities. CAT activity was also decreased by Tau supple-
mentation in high Met diets, but the inverse was observed for the low
Met diets. High dietary Met increased GPX activity and this effect was
counteracted by dietary Tau supplementation. In the intestine, diets did
not affect G6PDH, CAT and SOD activities. High dietary Met and Tau
decreased GR and GPX activities, although Tau had the opposite effect
in the high Met diets.

Data on liver and intestine tGSH, GSH, GSSG and LPO contents and
OSI are presented in Table 6. All parameters were higher in the liver
than in the intestine except for LPO, which was higher in the intestine.
In the liver, none of these parameters was affected by diet composition.

In the intestine, OSI and LPO were also unaffected by diet composition.
On the contrary, the intestinal tGSH and GSH contents increased with
dietary Met, while dietary Tau decreased tGSH, GSH and GSSG content.

4. Discussion

European sea bass is known to accept and grow well with feeds
containing high levels of plant ingredients (Oliva-Teles et al., 2015). In
fact, it was already shown that it can cope with up to 95% fishmeal
protein replacement by a mixture of plant feedstuffs provided that the
dietary indispensable amino acids (IAA) profile is met (Kaushik et al.,
2004). The present study corroborates these observations, as growth
performance and feed/nitrogen utilization of fish fed an 8% FM diet
(corresponding to 5.7% protein) were similar to that of previous studies
in European sea bass fed high fishmeal diets (Enes et al., 2006; Moreira
et al., 2008; Peres and Oliva-Teles, 1999, 2005; Tulli et al., 2010).

All fish as other animals are recognised to have a dietary need for
both Met and total sulphur AA (TSAA; Met + Cys) (Wilson, 2002). For
European sea bass, Met requirement for maximum growth was esti-
mated to be 1.3% (35 g fish; Thebault et al., 1985) or 0.9% of the diet
(Hidalgo et al., 1987), corresponding to a TSAA level of 1.9 to 2.2%,
respectively. More recently, Tulli et al. (2010) estimated Met require-
ment to be 0.8–0.9% of the diet and TSAA requirement to be 1.2–1.3%
of the diet (13 g European sea bass), and observed no depression of
growth or N retention at the highest Met and TSAA levels tested (1.6%
and 2.0% of the diet, respectively).

In the present study, although the Met level of the LMet diet (0.75%
diet) was lower than the reported Met requirement for this species,
growth and feed utilization was not affected, indicating that fish were
able to overcome this apparent marginal Met deficiency. Feed intake
between dietary treatments was also not affected, and given that one
primary consequence of feeding fish a diet with IAA imbalances is the
reduction in voluntary feed intake (de la Higuera, 2001), this result also
attests for the absence of a severe IAA deficiency. These results could
also indicate a higher efficiency of Met utilization in fish fed marginal
deficient Met diets (Encarnação et al., 2004; Peres and Oliva-Teles,
2008; Rodehutscord et al., 1997). Furthermore, dietary Cys level may
also have contributed to spare Met through the reduction of Met
transsulfuration (Fukagawa, 2006). As Met is an irreversible precursor
of Cys, and TSAA requirements can be met by Met alone or by a com-
bination of Met and Cys (Baker, 2006), circa 40% to 60% of the dietary
Met requirements, on a weight basis, can be spared by Cys, under
adequate TSAA levels (Abidi and Khan, 2011; Farhat and Khan, 2014;
Goff and Gatlin, 2004; Griffin et al., 1994; Harding et al., 1977; Nguyen
and Davis, 2009; NRC, 2011; Wilson, 2002).

Table 3
Growth performance and feed utilization of European sea bass fed the experimental diets.

Diets LMet LMetTau HMet HMetTau 2-Way ANOVA

Met Tau Met ∗ Tau

Final body weight (g) 26.5 ± 1.1 25.9 ± 2.8 24.6 ± 3.5 28.4 ± 2.7 NS NS NS
Weight gain (g kg ABW−1 day−1) 13.8 ± 0.3 13.5 ± 0.9 13.1 ± 1.2 14.3 ± 0.7 NS NS NS
Feed Intake (g kg ABW−1 day−1) 18.9 ± 0.9 19.0 ± 0.8 19.2 ± 0.5 19.4 ± 0.5 NS NS NS
Feed efficiencya 0.73 ± 0.04 0.71 ± 0.07 0.69 ± 0.07 0.74 ± 0.05 NS NS NS
Daily growth indexb 1.27 ± 0.05 1.23 ± 0.13 1.18 ± 0.17 1.34 ± 0.11 NS NS NS
Protein efficiency ratioc 1.7 ± 0.1 1.7 ± 0.2 1.6 ± 0.2 1.7 ± 0.1 NS NS NS
Nitrogen intake (g kg ABW−1 day−1)d 1.3 ± 0.06 1.3 ± 0.06 1.3 ± 0.03 1.4 ± 0.04 NS NS NS
Nitrogen retention (g kg ABW−1 day−1)e 0.37 ± 0.01 0.37 ± 0.03 0.36 ± 0.04 0.39 ± 0.03 NS NS NS
Mortality (%) 2.4 ± 4.1 4.8 ± 4.1 2.4 ± 4.1 2.4 ± 4.1 NS NS NS

Values presented as mean ± S.D. (n = 3). NS: non-significant (P ≥ 0.05).
ABW: average body weight (initial body weight, IBW + final body weight, FBW)/2.

a Feed efficiency: wet weight gain/dry feed intake.
b Daily growth index: (FBW1/3 − IBW1/3)/time in days) × 100.
c Protein efficiency ratio: wet weight gain/crude protein intake.
d Nitrogen intake: (N intake × 1000) / (ABW x time in days).
e Nitrogen retention: (FBW × FBN)− (IBW× IBN) /(ABW × time in days); FBN and IBN: final and initial whole-body N content, respectively.
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Indeed, in the present study, even though Met level was possibly
provided at sub-adequate levels in the LMet diet, TSAA was 1.36% of
the diet, well above the estimated requirement for the species (TSAA
1.2–1.3% of the diet; Tulli et al. (2010)). This is a practical consequence
of using plant feedstuffs in diet formulation, as the majority of plant
feedstuffs have low Met:Cys ratios (NRC, 2011). In dose-response stu-
dies, dietary Met and TSAA requirements are usually estimated using
diets devoid of Cys (Goff and Gatlin, 2004; Harding et al., 1977) or with
low Cys levels, from 0.04 to 0.4% (Abidi and Khan, 2011; Farhat and
Khan, 2014; Griffin et al., 1994; Nguyen and Davis, 2009; Tulli et al.,
2010). Thus, a substantial amount of the established Met requirements
may be driven for Cys synthesis (Abidi and Khan, 2011; Baker, 2006;
Figueiredo-Silva et al., 2015). Consequently, in diets with adequate Cys
level the real Met requirement may in fact be lower than the published
values. With Met being the first limiting AA in several plant feedstuffs,
re-establishing Met requirement in practical diets, which may have high
Cys content, would be of major interest for European sea bass aqua-
culture industry.

Animal feedstuffs, including FM, are recognised as relatively rich in
Tau compared to plant feedstuffs (Spitze et al., 2003). Thus, Tau would
be of limited concern in FM-based diets. However, Tau supplementation
to low fishmeal or all-plant diets was shown to enhance fish perfor-
mance in some species (Koven et al., 2016; Li et al., 2016), while not in
others (Kim et al., 2008).

In European sea bass fry, a 0.2% Tau supplementation of a FM-based

diet (60% of the diet), including 15.6% soybean meal, there was an
enhanced growth performance and feed efficiency (Martinez et al.,
2004). In another study with the same species, 1% Tau supplementation
of a low-FM diet (25% of the diet) did not improve growth and feed
utilization (Feidantsis et al., 2014). As mentioned earlier, it was pre-
viously reported that juvenile European sea bass were able to cope with
a low-FM diet (5% DM) without Tau supplementation (Kaushik et al.,
2004). Likewise, in the present study dietary Tau supplementation did
not induce any enhancement in growth or feed utilization of sea bass
juveniles fed a diet with only 8% FM. The apparent contradictory re-
sults between fry and juveniles may be related to European sea bass
capacity of endogenous Tau biosynthesis throughout its life stages. In-
deed, previous studies suggest that the ability to synthesize Tau varies
according to the development stage, due to the progressive increment of
cysteine sulfinate decarboxylase (CSD) activity (Kim et al., 2005;
Yokoyama et al., 2001).

Tau can be synthesized from Cys, and the activity of CSD may be the
rate-limiting step of Tau biosynthesis from Cys and, therefore, the main
determinant of the extent of endogenous Tau production in fish (Goto
et al., 2003; Yokoyama et al., 2001). In fact, CSD activity was pre-
viously shown to have a wide variability among fish species and to lack
in fast growing carnivorous such as yellowtail (Seriola quinqueradiata),
and bluefin tuna (Thunnus thynnus) and skipjack tuna (Katsuwonus pe-
lamis) (Yokoyama et al., 2001). In the current study dietary Tau sup-
plementation did not improve European sea bass growth performance,

Table 4
Whole-body composition (% wet weight), hepatosomatic index (HSI) and visceral index (VI) of European sea bass fed the experimental diets.

Diets Initial LMet LMetTau HMet HMetTau 2-Way ANOVA

Met Tau Met ∗ Tau

Whole-body composition
Dry matter 31 32 ± 0.7 32 ± 0.9 32 ± 0.8 32 ± 1.0 NS NS NS
Ash 6 4.6 ± 0.1 4.5 ± 0.1 4.8 ± 0.2 4.7 ± 0.2 * NS NS
Lipid 11 11 ± 0.7 11 ± 0.6 11 ± 1.5 11 ± 1.1 NS NS NS
Protein 17 17 ± 0.2 17 ± 0.4 17 ± 0.4 17 ± 0.4 NS NS NS

Indexes
HSI ND 1.3 ± 0.17 1.4 ± 0.22 1.5 ± 0.24 1.4 ± 0.22 NS NS NS
VI ND 17 ± 2.2 15 ± 2.7 15 ± 2.7 15 ± 2.4 NS NS NS

Values presented as mean ± S.D. (n = 3). Two-way ANOVA: NS - non-significant (P≥ 0.05); *P < 0.05. ND: not determined.

Table 5
Liver and intestine antioxidant enzymes activity levels of European sea bass fed the experimental diets.

Organ Liver Intestine

Diets LMet LMetTau HMet HMetTau LMet LMetTau HMet HMetTau

G6PDH 318 ± 47 263 ± 49 295 ± 74 255 ± 53 2.1 ± 1.3 1.2 ± 0.8 1.0 ± 0.9 1.0 ± 0.7
CAT 177 ± 9a, A 213 ± 26B 287 ± 15b, B 231 ± 30A 348 ± 55 347 ± 23 314 ± 50 363 ± 56
GR 3.6 ± 1.1 3.7 ± 0.9 4.0 ± 0.9 2.9 ± 0.6 52 ± 2b, B 47 ± 52A 43 ± 72a, A 51 ± 5B

SOD 86 ± 18 83 ± 23 101 ± 27 77 ± 25 342 ± 70 317 ± 103 297 ± 38 280 ± 66
GPX 25 ± 5 17 ± 7 32 ± 8 25 ± 8 74 ± 15b, B 46 ± 8A 46 ± 5a 53 ± 7

Two-waya ANOVA Liver Intestine

Met Tau Met ∗ Tau Met Tau Met ∗ Tau

G6PDH NS * NS NS NS NS
CAT *** NS *** NS NS NS
GR NS NS NS NS NS **
SOD NS NS NS NS NS NS
GPX ** ** NS ** ** ***

Values presented as mean ± S.D. (n= 9). Enzyme activities expressed as mU mg protein−1 for glucose-6-phosphate dehydrogenase (G6PDH), glutathione reductase (GR) and glu-
tathione peroxidase (GPX), and as U mg protein−1 for catalase (CAT) and superoxide dismutase (SOD). NS - non-significant (P ≥ 0.05); *P < 0.05; **P < 0.01; ***P < 0.001.
If interaction was significant, dietary Met and Tau effects were analysed by one-way ANOVA for each Tau and Met levels, respectively; means in the same line with different small or
capital letters indicate significant differences (P < 0.05) for Met or Tau levels, respectively; means with no letters are not significantly different (P > 0.05).

a Two-way ANOVA on dietary Met and Tau effects.
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suggesting that Tau biosynthetic pathway should present some activity
in this species, an aspect which deserves further investigation.

Dietary Met and Tau supplementation also had no significant effects
on HSI, VI, and whole-body composition, also suggesting that the LMet
diet was not deficient in either Met or Tau. Similarly, Tulli et al. (2010)
reported that European sea bass whole body N content was little af-
fected by dietary Met level, while in common dentex (Dentex dentex)
Tau was shown to have little effects on whole-body, muscle and liver
proximate composition (Chatzifotis et al., 2008).

The intestine usually has a higher GPX and GR activities and GSSG
content than the liver, while the liver shows higher CAT activity and
tGSH and GSH contents, with similar SOD activity in both organs
(Castro et al., 2015; Coutinho et al., 2016; Trenzado et al., 2006). We
observe here that European sea bass show higher activity of all anti-
oxidative stress enzymes and lower glutathione content in the intestine
than in the liver, suggesting that the diets used induced some oxidative
stress in the intestine. According to Castro et al. (2015), diet compo-
sition affects oxidative stress of European sea bass in a tissue-related
manner and the intestine is strongly responsive to dietary oil/fatty acid
source. In the study of Castro et al. (2015) diets were FM-based
(64.5–86.5% FM) while in the present study diets only included 8% FM.
The high oxidative-stress enzyme activity observed in the intestine may
possibly be explained by the need to counteract the high oxidation
potential induced by these more extreme diets. Indeed, in a previous
study with European sea bass, fish fed a 70% plant protein diet pre-
sented higher LPO content and SOD and CAT activities and lower GPX
activity in the liver than fish fed a fish meal based diet, indicating that
high dietary plant protein increased superoxide anion production
(Guerreiro et al., 2015).

As generally observed, intestine also presented higher LPO values
than liver. Accordingly, 2-fold higher LPO values were previously ob-
served in the intestine of European sea bass fed a FM-based diet (Castro
et al., 2015). This is justified by the high exposure of intestine to oxi-
dative damage, due to enterocytes high turnover rates (Castro et al.,
2015; Coutinho et al., 2016).

Liver is the main GSH producer and storage organ (Lu, 2000;
Ojopagogo et al., 2013) and supplies other tissues including the intes-
tine (Wu et al., 2004). This function is related to the ability of liver to
convert Met to Cys, a rate-limiting AA for GSH biosynthesis (Lu, 2000;
Ojopagogo et al., 2013). In fish, dietary Met or methionine hydroxy

analogue (MHA) led to an increase in serum (Xiao et al., 2012) and
hepatic GSH (Feng et al., 2011; Fontagné-Dicharry et al., 2017). In-
terestingly, Keembiyehetty and Gatlin (1995) reported that in juvenile
sunshine bass the increase in hepatic GSH was even higher with Met
supplemented diets than when supplemented with GSH in equal-sul-
phur basis. Accordingly, in the present study dietary Met supple-
mentation increased tGSH and GSH contents in the intestine, although
such effect was not observed in the liver.

An increase in dietary Met also led to an increase in GPX and CAT
activities in the liver, but only in the diets without Tau supplementation
for the latter. In gilthead seabream, dietary Met supplementation also
led to an increase in GPX, SOD and CAT activities (Perez-Jimenez et al.,
2012) and in juvenile Jian carp (Cyprinus carpio var. Jian) optimum
dietary MHA increased CAT, GPX, SOD, and GR activities in muscle,
serum, hepatopancreas, and intestine (except for SOD in muscle) (Feng
et al., 2011; Xiao et al., 2012). Such an induction of antioxidant en-
zymes activity by dietary Met is reportedly associated with the role of
Met as a methyl donor for DNA methylation, similarly to what has been
observed in rats (Feng et al., 2011; Seneviratne et al., 1999; Xiao et al.,
2012).

In the intestine, the LMet diet promoted a generalised higher ac-
tivity of antioxidant enzymes, with GPX and GR activities being sig-
nificantly reduced with further Met and Tau supplementation. Such
results reveal that the low dietary Met and Tau levels increased the
intestine's susceptibility to oxidative damage, attesting for these AA
involvement in anti-oxidative processes (Métayer et al., 2008; Salze and
Davis, 2015).

In the liver, dietary Tau supplementation led to a decrease of GPX
activity while in the intestine such effect was only noticed in the LMet
diets. Tau also affected CAT activity in the liver, but results were de-
pendent on the dietary Met level. Nonetheless, no differences in LPO
values were noticed neither in liver or intestine. This balancing of CAT
by dietary Tau, leading to a more intermediate activity, and the
downregulation of GPX activity, agree with the previously mentioned
Tau role in the reduction of oxidants production in the first place (Jong
et al., 2012; Salze and Davis, 2015), thereby reducing the need for high
antioxidant enzymes activities. It is interesting to note that while in the
liver Tau supplementation to the HMet diet led to a decrease of CAT and
GPX activities, the opposite occurred in the intestine for GPX and GR
activities. Moreover, dietary Tau decreased tGSH, GSH and GSSG

Table 6
Liver and intestine total glutathione (tGSH), reduced glutathione (GSH), oxidised glutathione (GSSG), oxidative stress index (OSI) and lipid peroxidation (LPO) levels of European sea bass
fed the experimental diets.

Organ Liver Intestine

Diets LMet LMetTau HMet HMetTau LMet LMetTau HMet HMetTau

tGSH 1566 ± 355 1609 ± 235 1563 ± 355 1270 ± 262 811 ± 186 638 ± 216 1103 ± 251 795 ± 298
GSH 1391 ± 382 1439 ± 235 1389 ± 356 1103 ± 293 755 ± 177 596 ± 217 1039 ± 242 747 ± 289
GSSG 175 ± 53 170 ± 42 174 ± 47 167 ± 50 57 ± 11 42 ± 5 64 ± 14 47 ± 12
OSI 24 ± 11 21 ± 6 23 ± 7 28 ± 11 14 ± 2 14 ± 4 12 ± 2 13 ± 3
LPO 17 ± 2 16 ± 4 17 ± 3 19 ± 4 27 ± 3 26 ± 3 26 ± 3 26 ± 3

Two-waya ANOVA Liver Intestine

Met Tau Met*Tau Met Tau Met*Tau

tGSH NS NS NS * * NS
GSH NS NS NS * * NS
GSSG NS NS NS NS *** NS
OSI NS NS NS NS NS NS
LPO NS NS NS NS NS NS

Values presented as mean ± S.D. (n = 9). Lipid peroxidation (LPO) values expressed as nmols MDA g−1 tissue; total glutathione (tGSH), reduced glutathione (GSH) and oxidised
glutathione (GSSG) as nmol g−1 tissue; and oxidative stress index (OSI) as percentage.
NS - non-significant (P ≥ 0.05); * P < 0.05; *** P < 0.001.

a Two-way ANOVA on dietary Met and Tau effects.
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contents in the intestine, which is contrary to the effects observed for
the lower dietary Met level in GPX and GR activities, the two main
enzymes that use GSH as subtract.

Dietary Tau supplementation was reported to increase glucose
phosphorylation and hepatic G6PDH activity in totoaba (Bañuelos-
Vargas et al., 2014), but the opposite was observed in the present study.
G6PDH is the main supplier of reducing power (NADPH) for both li-
pogenesis and antioxidant response, being crucial for normal CAT
functioning and GR activity, which is responsible for GSH regeneration
from GSSG (Morales et al., 2004; Perez-Jimenez et al., 2012; Scott et al.,
1991). Thus, this reduction of G6PDH activity is apparently contra-
dictory to the observed CAT and GR activities. A significant decrease of
G6PDH activity would potentially decrease CAT and GR activities, as
well as GSH and GSSG contents in the liver, which did not occur.

Precise quantitative data on antioxidant effects of Tau in fish are
scarce and the mechanisms underlying Tau antioxidant activity are yet
to be fully understood (Hansen and Grunnet, 2013; Jong et al., 2012). It
is however possible that Tau antioxidant action is also influenced by
GSH, since Tau and GSH are reported to interplay in the mitochondria,
regulating oxidation and possibly ROS generation (Hansen and
Grunnet, 2013).

Despite the effects of Tau on the activity of some oxidative enzymes
in liver and intestine, both OSI and LPO values were maintained, re-
vealing that the cellular redox state and oxidative damage remained
unchanged. In another study in European sea bass, LPO values were
also unaffected by dietary Tau (Feidantsis et al., 2014), while in totoaba
(Bañuelos-Vargas et al., 2014) and yellow catfish (Pelteobagrus fulvi-
draco) (Li et al., 2016) Tau decreased LPO values in the liver and serum,
respectively.

Overall, results of the present study indicate that European sea bass
juveniles perform well with a plant feedstuff based diet with a Met level
12% below the established requirement for the species and without Tau
supplementation. Dietary Met and Tau supplementation to the diet
modulate both hepatic and intestinal antioxidant response, but do not
affect overall liver and intestine oxidative status.
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5.1 General conclusions 

 

 Gilthead seabream growth performance and feed utilization were not improved 

by dietary Gln supplementation,  

 The fact that dietary Gln supplementation did not affect gilthead seabream whole-

body and liver composition, hepatic and intestinal GSase, GlNase, ALAT, ASAT 

and GDH activities, suggests that additional Gln was funnelled towards 

physiological purposes other than protein synthesis and AA catabolism.  

 The dietary Gln surplus seemed to be used at the antioxidant defence level. This 

is supported by the increased tGSH and GSH levels observed in both liver and 

intestine, and by the enhanced SOD activity and GSSG content in the intestine 

of fish fed Gln supplemented diets. In the intestine, Gln supplementation also 

decreased GPX activity, supposedly as result of the enhanced ROS scavenging 

action of GSH, as supported by the increased GSSG content. Interestingly, these 

effects were more significant for the lower dietary Gln supplementation level 

(0.5%) and decreased with further Gln supplementation, indicating that other 

pathways involving Gln must have been enhanced in fish fed the higher Gln 

supplementation levels. 

 As expected, gilthead seabream liver presented higher ALAT, ASAT, GDH and 

GSase activities than the intestine, as the liver is the major organ for AA 

conversion and metabolism. The intestine showed higher GlNase activity and 

lower GSase / GlNase ratio than the liver, which is in agreement with the high 

use of Gln as energy source in the intestine. 

 As anticipated, growth, feed utilization, and nitrogen balance of gilthead sea 

bream were not affected by dietary Arg levels above established requirement. 

Despite the dietary Arg surplus and different Arg-Lys ratios tested no adverse 

effects to fish performance and whole-body composition were evidenced, 

suggesting that, within the levels tested, no toxic effect due to an Arg excess or 

Arg-Lys antagonism occurred. 

 Similarly to what was observed with Gln supplementation, dietary Arg modulated 

gilthead sea bream enzymatic antioxidant response, reducing GPX activity in the 

liver and the intestine, and increasing SOD activity in the intestine, while 

maintaining the overall oxidative damage in both tissues.  
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 Data of the Gln and Arg supplementation studies evidenced some differences 

between liver and intestine main antioxidant defence mechanisms in gilthead sea 

bream, corroborating previous reports for other fish species (Trenzado et al., 

2006; Castro et al., 2015). The intestine was more susceptible to oxidative 

damage, having a 2-fold higher LPO values than the liver, higher GSSG content, 

and higher GPX and GR activities. On the other hand, the liver presented higher 

G6PDH and CAT activities and tGSH and GSH contents. SOD activity values 

were similar in both organs. These differences reveal that, compared to the liver, 

the intestine antioxidant defence was more dependent on GSH provision. 

 Dietary Gln and Arg supplementation failed to modify intestinal Gln and Arg 

uptake capacity. This is not surprising, given that distinct AA share the same 

brush border membrane transporters; are subject to cross-inhibition and 

induction of transporters; and usually a specific AA is not an effective inducer of 

its main transporter.  

 European sea bass juveniles were shown to cope well with a high-plant-protein 

diet containing only 17.5% of the protein from fish origin (8% FM plus 2% soluble 

fish protein concentrate, on a dietary dry matter basis) and a Met level 12% below 

the establish requirement without compromising growth, feed and nitrogen 

utilisation.  

 As the diets had a dietary total sulphur AA (TSAA) level (1.36% of the diet) above 

the establish requirement (TSAA 1.2-1.3% of the diet; Tulli et al., 2010), some 

Met sparing must have occurred by reducing its transsulfuration into Cys. This 

seems to indicate that dietary Met requirements may be over-estimated and 

further studies to fine tune such requirements should be performed, using diets 

with an adequate TSAA level and an adequate Cys level, thus allowing to better 

establish specific Met requirements, without considering the need of Met to 

synthetize Cys. 

 European sea bass juveniles performed adequately with the high-plant-protein 

diet without Tau supplementation. Moreover, supplementing the diet with 1% Tau 

did not improve fish performance, making it plausible to consider that European 

sea bass juveniles are capable of synthesising Tau at a sufficient rate to meet 

requirements. 

 European sea bass showed higher CAT and SOD activities and lower tGSH, 

GSH, and GSSG contents in the intestine than in the liver. This might have been 
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caused by an increase of ROS generation in the intestine as a consequence of 

feeding fish a high-plant-protein diet. Still, the LPO values were less than 2-fold 

higher in the intestine than in the liver, as it is usually observed, suggesting that 

intestinal oxidative damage was kept at normal levels. 

 As expected, dietary Met supplementation increased tGSH and GSH contents, 

although this effect was only noticed in the intestine. Since the liver is the main 

GSH producer and storage organ, and is also responsible for supplying the 

intestine with GSH through the plasma (Wu et al., 2004), it is possible that the 

increased intestinal GSH content was originated in the liver. 

 Dietary Met and Tau supplementation affected differently the antioxidant 

enzymes activity in the liver: Met supplementation increased GPX and CAT 

activities, while Tau supplementation decreased GPX activity and increased or 

decreased CAT activity in the low and high dietary Met level, respectively.  

 The fact that dietary Tau supplementation decreased tGSH, GSH, and GSSG 

contents in the intestine, without altering OSI and LPO values, also supports the 

assumption that Tau exerts its antioxidant action by avoiding ROS generation. 

 In the intestine, both Met and Tau supplementation to diets with low Tau or Met 

levels, respectively, decreased GPX and GR activities, without affecting LPO 

values. These results indicate that fish fed the lower dietary Met and Tau level 

needed to increase its intestinal antioxidant enzymatic activity to avoid oxidative 

damage. This increased antioxidant enzyme activity was no longer required 

under adequate Met or Tau dietary provision, further attesting the important 

antioxidant role of these AA. 
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5.2 Final considerations 

 

Evidence exist that dietary Gln or Arg supplementation improves growth performance 

and feed utilization of some fish species (Yan and Qiu-Zhou, 2006; Cheng et al., 2011; 

Qiyou et al., 2011; Cheng et al., 2012; Andersen et al., 2013; Pohlenz et al., 2013, 2014). 

However, such effects were not observed in other species (Tibaldi et al., 1994; Alam et 

al., 2002; Luo et al., 2007; Tulli et al., 2007; Cheng et al., 2011; Pohlenz et al., 2012a; 

Zhou et al., 2012a; Andersen et al., 2014), including gilthead sea bream (this thesis), 

which could be indicative of species specific physiological differences.   

This thesis also showed that European sea bass fed a plant-protein based diet (82.5% 

of the protein from plant origin) with a Met level 12% below the established requirement 

(Tulli et al., 2010), grew the same as fish fed Met and Tau supplemented diets. Present 

results also provide further evidences that European sea bass may be produced with 

diets almost devoid of FM (90-95% protein replacement), without Tau supplementation 

(Kaushik et al., 2004; Torrecillas et al., 2017). Accordingly to other fish species, this study 

showed that it is possible to reduce dietary Met level below estimated requirement level, 

provided that diets have an adequate TSAA level (Harding et al., 1977; Griffin et al., 

1994; Goff and Gatlin, 2004; Nguyen and Davis, 2009; Abidi and Khan, 2011; Farhat and 

Khan, 2014; Klatt et al., 2016; Poppi et al., 2017). Contrarily to what was observed in 

other marine fish species, Tau supplementation to plant-based diets did not ameliorate 

fish growth performance (Park et al., 2002; Kim et al., 2005; Matsunari et al., 2005; 

Lunger et al., 2007; Chatzifotis et al., 2008; Takagi et al., 2006; Takagi et al., 2008; 

Takagi et al., 2010; Enterria et al., 2011; Lim et al., 2013; Jirsa et al., 2014; Khaoian et 

al., 2014; Hien et al., 2015; Wu et al., 2015; Koven et al., 2016).  

These seemingly contradictory results, between studies or fish species, regarding dietary 

Gln, Arg, or Tau supplementation capacity to enhance fish growth performance and feed 

utilization may be due to different feed formulations or to species specific differences in 

metabolic use of these AA and in the endogenous capacity to synthesize Tau. Given that 

the AA tested, as dietary supplements, also did not modify fish whole-body composition 

and AA metabolism (only analysed in Gln and Arg studies), it may be concluded that 

each AA surplus should have been driven to other physiological processes rather than 

energy production, protein synthesis, gluconeogenesis or lipogenesis. This assumption 

is, at least in part, corroborated by the effects of these AA in the antioxidant responses 

in both gilthead sea bream and European sea bass. 

Interestingly, Gln and Arg supplementation had very similar effects on antioxidant 

enzymes activities, decreasing GPX activity in both liver and intestine, and increasing 
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SOD activity in the intestine. Additionally, and as expected given Gln role as GSH 

precursor, Gln supplementation enhanced liver and intestine tGSH and GSH levels. GSH 

was not measured in the Arg supplementation study, due to the absence of a direct Arg 

role in GSH production. However, the similarities in the antioxidant enzymes activities 

with dietary Gln and Arg, suggest that Arg may also have been converted to ornithine by 

arginase and then originate Glu, through ornithine transaminase. Thus, it is plausible to 

consider that the identical Gln and Arg effects on antioxidant enzymes activities might 

also imply the conversion of both AA to Glu, the direct precursor of GSH. To confirm this 

hypothesis, further studies should measure arginase, ornithine transaminase activities 

and glutathione synthetase activities and determine liver and intestine GSH contents. 

Dietary Met was also shown to act as a GSH precursor in European sea bass, increasing 

tGSH and GSH contents in the intestine of fish fed the Met supplemented diets. 

Additionally, Met may have also acted as methyl donor for DNA methylation, increasing 

GPX and CAT activities in the liver (Seneviratne et al., 1999; Feng et al., 2011; Xiao et 

al., 2012).  

Moreover, dietary Met supplementation modulated antioxidant enzymes activities in both 

liver and intestine without, however, affecting their oxidative damage, as it was also 

observed with Tau supplementation. Nonetheless, contrary to Met, Tau supplementation 

effects consisted mainly on a reduction of antioxidant enzymes activities in both liver and 

intestine, besides also reducing tGSH, GSH, and GSSG contents in the intestine. 

Although such effects may seem negative for fish health, the fact that the overall 

oxidative damage was maintained agrees with the reported Tau role in directly reducing 

ROS production (Jong et al., 2012; Salze and Davis, 2015), therefore avoiding an 

increase of GSH levels and antioxidant enzymes activities.  

The higher GPX and GR activities observed in the intestine of European sea bass fed 

the unsupplemented diet, when compared to fish fed Met or Tau supplemented diets, 

seems to indicate that both Met and Tau supplementation decreased fish susceptibility 

to oxidative damage, thus reducing the need for a high GPX and GR activities. 

Additionally, the unusually higher SOD and CAT activities observed in the intestine when 

compared to the liver, in contrast to what is generally observed (Castro et al., 2015), is 

indicative of increased ROS generation in the intestine due to the use of high-plant-

protein diets (Guerreiro et al., 2015). Given the increasing use of plant-feedstuffs based 

diets in aquafeeds, this aspect deserves further investigation.  

Overall, this thesis demonstrated that dietary Gln and Arg supplementation in diets for 

gilthead sea bream or Met and Tau supplementation in diets for European sea bass 
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modulate fish antioxidant response. In addition, this work provides evidence that 

European sea bass can be produced on a diet with 82.5% of plant protein and a Met 

level 12% below the established requirement (0.8-0.9% of the diet; Tulli et al. 2010) 

without negative effects on growth performance.  

 

5.3 Future prospects 

 

Since Gln and Arg utilization are known to increase under malnutrition, stress or 

disease conditions (Lobley et al., 2001; Aragão et al., 2008; Costas et al., 2008; Wu et 

al., 2011), further studies with these AA should consider the use of more challenging 

diets and more stressful rearing conditions, besides evaluating these AA effects in fish 

immunobiology and intestinal structure and metabolism, particularly in the case of dietary 

Gln supplementation.  

It would also be important to re-evaluate European sea bass dietary Met 

requirements using diets with adequate TSAA levels and practical Cys levels, and to 

evaluate dietary Tau requirements, in different development stages, due to the reported 

progressive increment of CSD activity (Yokoyama et al., 2001; Martinez et al., 2004; Kim 

et al., 2005), and taking into account the dietary concentration of its precursors (Cys or 

Met). Moreover, given Met and Tau roles in European sea bass antioxidant response, 

further studies are required to elucidate the mechanisms underlying such actions, 

namely: Met regulation of the antioxidant enzymes production, through the supply of 

methyl groups for DNA methylation (Seneviratne et al., 1999; Feng et al., 2011; Xiao et 

al., 2012); the formation of the “methionine sulfoxide reductase” (MSR) system that 

protects functional residues from ROS (Levine et al., 2000; Métayer et al., 2008);  and 

Tau regulation of mitochondrial electron donors accumulation, which inhibits the 

diversion of electrons to oxygen, preventing superoxide formation (Jong et al., 2012; 

Salze and Davis, 2015).  

Finally, since Gln (Lobley et al., 2001; Cheng et al., 2011, Cheng et al., 2012; Zhu 

et al., 2011; Pohlenz et al., 2012b; Hu et al., 2015; Zhang et al., 2017;), Arg (Buentello 

and Gatlin, 1999; Yue et al., 2015; Zhang et al., 2017), Tau (Salze and Davis, 2015) and 

Met (Kuang et al., 2012; Machado et al., 2015; Pan et al., 2016) have been reported to 

intervene in several aspects of fish immune response, it would also be important to 

access these AA potential to enhance fish disease resistance and to attenuate the 

oxidative damage induced by the inflammatory response (Kuang et al., 2012; Pan et al., 

2016). 
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