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Abstract 

Aquaculture raises several concerns about environmental welfare and sustainability. To 

increase the current knowledge of the control of glucose homeostasis in carnivorous fish, we 

studied the effect of metformin, an anti-diabetic drug for humans, on serum metabolites, and 

rate-limiting enzymes in key pathways and lipogenic factors in the liver of gilthead sea bream 

(Sparus aurata). Our findings showed that metformin improved glucose homeostasis in S. 

aurata by counteracting glucose-dependent activation on key enzymes in glycolysis and the 

citric acid cycle, and the expression of lipogenic factors. In addition to advance in the 

characterization of the intermediary metabolism of a carnivorous and glucose intolerant fish, 

the results of this study suggest that metformin reduced gluconeogenesis by decreasing hepatic 

transdeamination and amino acid entrance into the citric acid cycle and their subsequent use as 

gluconeogenic substrates. To induce a protein-sparing effect in S. aurata by boosting 

conversion of carbohydrates into lipids, an additional aim of this thesis was to study the effect 

of chitosan-tripolyphosphate (TPP) nanoparticles complexed with a plasmid expressing the N-

terminus of hamster SREBP1a (pSG5-SREBP1a) by periodical intraperitoneal injection (every 

4 weeks; 3 doses in total) to S. aurata fed diets differing in macronutrient composition. 

Following 70 days of treatment, chitosan-TPP-pSG5-SREBP1a nanoparticles hugely up-

regulated SREBP1a mRNA levels in the liver of S. aurata. Consistent with improved 

conversion of dietary carbohydrates into lipids, overexpression of SREBP1a in the liver 

increased serum triglycerides and cholesterol as well as hepatic glucose oxidation via 

glycolysis and the pentose phosphate pathway, while not affecting gluconeogenesis and 

transamination. Furthermore, up-regulation of SREBP1a significantly increased weight gain, 

specific growth rate and protein efficiency ratio, while decreased feed conversion ratio even in 

fish fed a low protein-high carbohydrate diet. In addition to show that chitosan-TPP-DNA 

nanoparticles constitute an efficient method to express exogenous genes in fish avoiding the 

use of genetically modified organisms, the results of this study support that periodical 

administration of chitosan-TPP-DNA nanoparticles to overexpress SREBP1a in the liver 

enhanced growth performance of S. aurata through a mechanism that enabled protein sparing 

by enhancing metabolization of dietary carbohydrates in a carnivorous glucose intolerant fish. 
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Resumen 

La acuicultura plantea importantes retos ambientales y de sostenibilidad. Para 

profundizar en el conocimiento del control de la homeostasis de glucosa en peces carnívoros, 

hemos estudiado el efecto de metformina, fármaco antidiabético para humanos, sobre 

metabolitos, enzimas clave y factores lipogénicos en hígado de dorada (Sparus aurata). El 

tratamiento con metformina mejoró la homeostasis de glucosa en S. aurata, contrarrestando la 

activación dependiente de glucosa de enzimas clave en glucólisis y ciclo del ácido cítrico, y la 

expresión de factores lipogénicos. Además de avanzar en la caracterización del metabolismo 

intermediario de un pez carnívoro intolerante a glucosa, nuestros resultados sugieren que la 

metformina redujo la gluconeogénesis al disminuir transdesaminación hepática y la entrada de 

aminoácidos al ciclo del ácido cítrico para su uso como sustratos gluconeogénicos. Para ahorrar 

proteína en S. aurata promoviendo la conversión de carbohidratos en lípidos, un objetivo 

adicional de esta tesis fue estudiar el efecto de nanopartículas de quitosano-tripolifosfato (TPP) 

encapsulando un plásmido de expresión del extremo N-terminal de SREBP1a de hámster 

(pSG5-SREBP1a), mediante inyecciones intraperitoneales periódicas (cada 4 semanas; 3 dosis 

en total) a doradas alimentadas con diferentes dietas. Tras 70 días, la administración de 

nanopartículas de quitosano-TPP-pSG5-SREBP1a aumentó considerablemente la expresión de 

SREBP1a en hígado. Consistentemente con una mayor conversión de carbohidratos de la dieta 

en lípidos, la sobreexpresión hepática de SREBP1a aumentó triglicéridos y colesterol séricos, 

así como la oxidación hepática de glucosa mediante glucólisis y la vía de las pentosas fosfato, 

sin afectar la gluconeogénesis ni la transaminación. Además, la expresíon de SREBP1a 

aumentó significativamente el peso, la tasa de crecimiento específico y el índice de eficiencia 

proteica, mientras que disminuyó el índice de conversión alimenticia, incluso en peces 

alimentados con una dieta baja en proteínas y alta en carbohidratos. Además de demostrar que 

las nanopartículas de quitosano constituyen un método eficiente para expresar genes exógenos 

en peces evitando el uso de organismos genéticamente modificados, nuestros resultados 

indican que la administración periódica de quitosano-TPP-DNA para sobreexpresar SREBP1a 

en hígado mejoró el crecimiento de S. aurata, ahorrando proteína mediante la inducción de la 

metabolización de los carbohidratos de la dieta en un pez carnívoro intolerante a la glucosa. 
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1.1. Aquaculture 

1.1.1. History and Development of Aquaculture 

Aquaculture, the controlled cultivation of aquatic organisms, has a rich and diverse 

history that spans thousands of years. From its humble beginnings in ancient civilizations to 

the sophisticated operations of the modern era, the evolution of aquaculture mirrors humanity's 

relentless pursuit of sustainable food sources and economic development. Ancient civilizations, 

such as the Egyptians, Chinese, and Romans, were among the first to practice rudimentary 

forms of aquaculture. Evidence suggests that the ancient Egyptians reared fish in managed 

ponds along the Nile River, while the Chinese cultivated common carp in artificial ponds as 

early as 2000 BC. These early practices laid the foundation for the development of aquaculture 

techniques that would later revolutionize food production. Throughout the Middle Ages, 

monasteries in Europe maintained fish ponds to supplement their diets during periods of 

fasting. The monks' meticulous management of these ponds contributed to the sustainable 

production of fish, highlighting the integration of aquaculture with agricultural practices (Smith 

& Peterson, 2019). 

The advent of the Industrial Revolution in the 19th century brought significant 

advancements to aquaculture. Steam-powered pumps were introduced for water circulation, 

improving oxygen levels and enhancing fish growth rates. Furthermore, the use of artificial 

fertilizers revolutionized pond management, boosting productivity and paving the way for 

more intensive aquaculture practices. The 20th century marked a turning point in the history of 

aquaculture, with rapid technological advancements and scientific innovations driving its 

expansion. Researchers in Japan played a pivotal role in the development of intensive 

aquaculture techniques, particularly in the farming of salmon and trout. These breakthroughs 

revolutionized the global aquaculture industry, leading to the widespread adoption of modern 

production methods. Today, aquaculture is a thriving and dynamic industry that encompasses 

a wide range of species and production systems. From freshwater ponds to offshore fish farms, 

aquaculture plays a vital role in meeting the world's growing demand for seafood. However, 

the industry faces numerous challenges, including disease management, environmental 

sustainability, and genetic improvement of cultured species (Engle et al., 2022). 

 

1.1.2. Culture of Sparus aurata 

Aquaculture encompasses the cultivation of a wide variety of aquatic species, ranging 
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from finfish to shellfish and aquatic plants. The selection of species for aquaculture depends 

on factors such as market demand, environmental suitability, and technological feasibility. 

Gilthead sea bream, also known simply as sea bream, is a highly valued marine fish 

species in aquaculture. Native to the Mediterranean Sea and the Eastern Atlantic Ocean, 

gilthead sea bream has been cultured for centuries due to its delicious taste, fast growth rate, 

and adaptability to captivity. In recent years, there has been a significant increase in the global 

production of gilthead sea bream, driven by growing demand and advancements in aquaculture 

technology (Mhalhel et al., 2023). Specifically, S. aurata is nowadays one of the most cultured 

marine fishes in Europe, peaking at about 40.5 % of total European marine fish production in 

2021 (https://www.fao.org/fishery/en/fishstat). As a carnivorous fish, S. aurata makes efficient 

use of dietary protein for using amino acids as catabolic substrates to produce energy and the 

synthesis of new proteins. On the contrary, the supply of high carbohydrate-low protein diets 

markedly reduces growth performance due to the low ability of carnivorous fish to metabolize 

glucose (Metón et al., 1999; Fernández et al., 2007). However, we previously showed that S. 

aurata tolerates partial substitution of dietary protein by carbohydrates through a metabolic 

adaptation in the liver that involves enhanced glucose oxidation, decreased gluconeogenesis 

and weaker transamination capacity (Metón et al., 1999; Metón et al., 2000a; Metón et al., 

2000b; Caseras et al., 2002; Fernández et al., 2007; Silva-Marrero et al., 2019). This metabolic 

flexibility allows for the formulation of cost-effective diets with lower protein content, thereby 

reducing production costs and environmental impacts associated with excessive protein intake 

(Pateiro et al., 2020). 

However, despite its nutritional versatility, gilthead sea bream still faces challenges 

related to protein utilization and carbohydrate metabolism. Inefficient utilization of dietary 

carbohydrates can lead to metabolic disorders and impaired growth performance in cultured 

fish. Therefore, optimizing the expression of key genes involved in carbohydrate metabolism 

is essential for maximizing the use of dietary carbohydrates and minimizing protein 

requirements in gilthead sea bream aquaculture (Feidantsis et al., 2018). 

 

1.1.3. Environmental Impacts of Aquaculture 

Aquaculture, while offering significant benefits in terms of food production and 

economic development, also poses various environmental challenges. The expansion of 

aquaculture operations can lead to environmental degradation, including habitat destruction, 
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pollution, and the introduction of invasive species. Studying the relationship between the 

substances excreted by cultured fish and water pollution is an important topic in environmental 

biology. For example, nitrogenous waste produced from the supply of high-protein diets to 

carnivorous fish in culture can lead to water eutrophication and promote excessive growth of 

microorganisms such as microbes and algae, which in turn can cause hypoxic waters and 

subsequent impairment of marine ecosystems. Furthermore, chemicals used in the fish farming 

process can also act as water pollutants. For instance, aquaculture operations can contribute to 

water pollution through the discharge of excess nutrients, antibiotics, and chemical additives 

into aquatic ecosystems. Intensive fish farming can result in the accumulation of organic waste 

and uneaten feed, leading to eutrophication and algal blooms. Additionally, the use of 

antibiotics and pesticides in aquaculture can pose risks to aquatic organisms and human health 

through the development of antibiotic-resistant bacteria and the contamination of water sources 

(Fernández et al., 2007; Ahmad et al., 2022). 

Another primary environmental impact of aquaculture is habitat modification and loss. 

The conversion of natural ecosystems, such as mangroves, wetlands, and estuaries, into 

aquaculture facilities can disrupt fragile habitats and alter ecosystem dynamics. Clearing 

mangrove forests for shrimp farming, for example, not only destroys vital breeding grounds 

for marine species but also increases vulnerability to coastal erosion and storm damage 

(Talijančić et al., 2019). 

In addition, a significant part of total fish production is derived to produce fishmeal and 

fish oil, which constitute highly nutritious and digestible ingredients for aquafeeds. Therefore, 

steady growing of the aquculture sector and the subsequent need for aquafeed production 

results in unsustainable pressure on capture fisheries, which in turn are often overexploited 

(Naylor et al., 2009). 

The escape of farmed fish into the wild can have significant ecological consequences, 

particularly for native fish populations. Intermixing between escaped farmed fish and wild 

populations can lead to genetic dilution, loss of genetic diversity, and potential disruption of 

local adaptation. Furthermore, escaped farmed fish may compete with native species for 

resources and habitat, further exacerbating biodiversity loss and ecosystem disruption 

(Alvanou et al., 2023). 

The translocation of non-native species for aquaculture purposes can introduce invasive 

species into new environments, posing threats to native biodiversity and ecosystem stability. 
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Invasive species may outcompete native organisms, alter food webs, and disrupt ecosystem 

functions, leading to cascading effects on ecosystem health and resilience (Arechavala-Lopez 

et al., 2018). 

To mitigate the environmental impacts of aquaculture, effective effluent management 

and waste treatment strategies are essential. Implementing best management practices, such as 

site selection, waste recycling, and nutrient management, can minimize nutrient loading and 

reduce the risk of water pollution. Additionally, the development of innovative wastewater 

treatment technologies, such as biofiltration and constructed wetlands, can help mitigate the 

environmental footprint of aquaculture operations (Bradbury et al., 2020). 

 

1.1.4. Advances in Aquaculture Technology 

Aquaculture technology has undergone significant advancements in recent decades, 

revolutionizing the industry and enhancing its efficiency, productivity, and sustainability. From 

innovative breeding techniques to precision aquafeed formulations, these technological 

developments have played a crucial role in meeting the growing global demand for seafood 

while minimizing environmental impacts. 

 

Selective Breeding and Genetic Improvement 

One of the most significant advances in aquaculture technology is the application of 

selective breeding and genetic improvement programs to enhance the performance and 

resilience of cultured species. By selectively breeding individuals with desirable traits such as 

fast growth, disease resistance, and efficient feed conversion, aquaculture producers can 

develop genetically superior strains that outperform their wild counterparts. Furthermore, the 

use of molecular tools, such as marker-assisted selection and genomic selection, has 

accelerated the pace of genetic improvement, allowing for more precise and targeted breeding 

strategies (Shah & Mraz, 2020). 

 

Precision Nutrition and Feed Management 

Advances in aquafeed formulation and feed management have revolutionized the way 

fish nutrition is optimized in aquaculture. Precision nutrition approaches take into account the 

specific nutrient requirements of different life stages and physiological conditions of cultured 
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species, allowing for tailored feed formulations that maximize growth performance and 

minimize environmental impacts. Additionally, the integration of alternative feed ingredients, 

such as plant-based proteins and single-cell proteins, reduces reliance on marine resources and 

enhances the sustainability of aquafeed production (Kumar et al., 2018). 

 

Environmental Monitoring and Management 

Technological innovations in environmental monitoring and management have 

improved the sustainability and resilience of aquaculture operations. Real-time monitoring 

systems allow for continuous assessment of water quality parameters, such as temperature, 

dissolved oxygen, and nutrient levels, enabling prompt response to environmental fluctuations 

and potential hazards. Furthermore, the use of predictive modeling and remote sensing 

technologies facilitates proactive decision-making and risk management, optimizing 

production efficiency while minimizing environmental impacts (Antonucci & Costa, 2020). 

 

Integrated Aquaculture Systems 

Integrated aquaculture systems, such as aquaponics and integrated multitrophic 

aquaculture (IMTA), capitalize on synergies between different aquaculture species and 

production systems to maximize resource utilization and minimize waste generation. In 

aquaponic systems, fish farming and hydroponic crop production are integrated in a symbiotic 

relationship, where fish waste serves as nutrient-rich fertilizer for plant growth, and plants help 

purify the water for fish. Similarly, IMTA systems combine the cultivation of multiple species, 

such as finfish, shellfish, and seaweeds, to create a balanced ecosystem that enhances overall 

productivity and environmental sustainability (Iber & Kasan, 2021). 

 

1.1.5. Challenges and Opportunities in Aquaculture 

Aquaculture faces a myriad of challenges and opportunities as it strives to meet the 

growing global demand for seafood while ensuring sustainability, environmental stewardship, 

and economic viability. From disease management to market volatility, these challenges 

present complex obstacles that require innovative solutions. However, amidst these challenges 

lie opportunities for technological innovation, scientific advancement, and strategic 

collaboration that can propel the aquaculture industry forward. 
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Aquaculture operations are subject to various regulatory requirements and standards 

aimed at ensuring food safety, animal welfare, and environmental protection. Compliance with 

regulatory frameworks, certification schemes, and international standards can be complex and 

costly, particularly for small-scale producers and developing countries. Streamlining 

regulatory processes, enhancing transparency, and fostering international cooperation are 

crucial for facilitating sustainable aquaculture development (Ottinger et al., 2018). 

 

Challenges 

Environmental Sustainability: Aquaculture can have adverse environmental impacts, 

including habitat degradation, water pollution, and biodiversity loss. Balancing the need for 

increased food production with environmental sustainability requires innovative approaches to 

minimize resource use, waste generation, and ecosystem disruption. Implementing best 

management practices, adopting eco-friendly production systems, and promoting responsible 

aquaculture practices are essential for achieving environmental sustainability goals 

(Kurniawan et al., 2021). Research in the field of aquaculture has highlighted the necessity of 

enhancing our understanding of the molecular and metabolic characteristics of cultured fish, 

particularly carnivorous species. This knowledge is crucial for optimizing diet formulation and 

maximizing the efficient utilization of dietary nutrients. In recent years, there has been growing 

interest in the molecular mechanisms underlying nutrient metabolism and utilization in fish 

species raised in aquaculture systems. This interest stems from the need to develop sustainable 

aquafeeds that promote optimal growth, health, and nutrient utilization while minimizing 

environmental impacts. Several studies have emphasized the importance of investigating the 

specific dietary requirements and metabolic pathways of carnivorous fish species. 

Understanding the molecular basis of nutrient metabolism is essential for formulating diets that 

meet specific nutritional requirements and support the physiological functions. Furthermore, 

advances in omics technologies, such as genomics, transcriptomics, proteomics, and 

metabolomics, have provided valuable tools for studying the molecular and metabolic 

responses of cultured fish to dietary interventions. These approaches enable researchers to 

identify key genes, proteins, and metabolic pathways involved in nutrient digestion, absorption, 

transport, and utilization, thereby facilitating the development of targeted nutritional strategies 

for improving feed efficiency and fish performance (Babaei et al., 2016; Silva-Marrero et al., 

2019). 

Overall, continued research into the molecular and metabolic features of cultured fish, 
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with a focus on carnivorous species, is essential for advancing our understanding of fish 

nutrition and aquafeed formulation. By elucidating the intricate mechanisms governing nutrient 

utilization in these species, we can enhance the sustainability and profitability of aquaculture 

operations while minimizing environmental impacts. 

Disease Management: Disease outbreaks pose a significant threat to aquaculture 

production, leading to massive economic losses and environmental degradation. Common 

diseases affecting aquaculture species include viral, bacterial, and parasitic infections. 

Developing effective disease prevention and control measures, such as vaccination, biosecurity 

protocols, and genetic resistance breeding, is essential for mitigating disease risks and ensuring 

the long-term sustainability of aquaculture operations (Aich et al., 2020). 

Market Volatility: Aquaculture markets are subject to fluctuating demand, price 

volatility, and trade uncertainties, posing challenges for producers, investors, and stakeholders. 

Adapting to changing market conditions, diversifying product portfolios, and exploring niche 

markets can help mitigate the risks associated with market volatility and enhance the resilience 

of aquaculture enterprises (Sievers et al., 2022). 

 

Opportunities 

Technological Innovation: Advances in aquaculture technology, such as selective 

breeding, precision nutrition, and environmental monitoring, offer opportunities to improve 

production efficiency, reduce environmental impacts, and enhance product quality. Investing 

in research and development, fostering collaboration between academia, industry, and 

government, and adopting innovative technologies can unlock new opportunities for 

sustainable aquaculture growth (López-Pedrouso et al., 2020).  

Market Expansion: Growing consumer demand for sustainable and nutritious seafood 

presents opportunities for aquaculture producers to expand their market reach and diversify 

product offerings. Investing in value-added products, branding, and marketing strategies that 

emphasize sustainability, traceability, and quality can help differentiate aquaculture products 

in the global marketplace and capture new market segments (Karim et al., 2020).  

Collaboration and Partnerships: Collaborative initiatives and partnerships between 

governments, industry stakeholders, non-governmental organizations, and research institutions 

can drive collective action towards addressing common challenges and achieving shared goals 

in aquaculture development. Establishing platforms for knowledge sharing, capacity building, 
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and technology transfer can foster innovation, facilitate information exchange, and promote 

sustainable aquaculture practices worldwide (Tan et al., 2023).  

Sustainable Investment: Increasing investment in sustainable aquaculture projects and 

initiatives can stimulate economic growth, create employment opportunities, and alleviate 

poverty in rural and coastal communities. Encouraging responsible investment practices, 

promoting public-private partnerships, and leveraging innovative financing mechanisms, such 

as impact investing and green bonds, can mobilize capital towards environmentally and socially 

responsible aquaculture development (Ateweberhan et al., 2018). Overall, aquaculture 

represents a vital component of the global food system, providing nutritious seafood, 

generating income and employment, and supporting livelihoods in coastal communities. By 

adopting sustainable practices and embracing technological advancements, aquaculture can 

continue to thrive while minimizing its environmental footprint and contributing to food 

security and economic development (Bandara, 2018). 

 

1.2. Carbohydrate Metabolism in Fish 

1.2.1. Carbohydrate Metabolism in Carnivorous Fish 

Carbohydrate metabolism plays a crucial role in the nutrition and growth of fish species, 

including S. aurata, which is of great interest in aquaculture due to its economic importance. 

Carnivorous fish, such as S. aurata, use more efficiently amino acids than carbohydrates to 

produce energy. Indeed, dietary carbohydrates and free sugars are metabolized markedly 

slower than in mammals, and give rise to prolonged hyperglycemia (Polakof et al., 2012). 

Dysregulation of rate-limiting enzymes in glycolysis-gluconeogenesis that control the hepatic 

flux through the glucose/glucose-6-phosphate (Glu-6-P) substrate cycle, glucokinase (GCK) 

and glucose-6-phosphatase (G6PC), was hypothesized to play a major role in glucose 

intolerance of carnivorous fish. In this regard, S. aurata GCK exhibits lower affinity for glucose 

than rat GCK and delayed postprandial stimulation of GCK mRNA levels in the liver (Caseras 

et al., 2000). On the other hand, the content of dietary carbohydrate fails to regulate the hepatic 

expression of G6PC, which in turn is poorly repressed by insulin (Panserat et al., 2000; Panserat 

et al., 2001; Caseras et al., 2002). 

Unlike terrestrial animals, fish exhibit a wide range of strategies for carbohydrate 

utilization due to their diverse habitats and dietary preferences. The process of carbohydrate 

digestion begins in the fish's digestive tract, where enzymes such as amylase break down 
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complex carbohydrates into simpler sugars like glucose, which can be absorbed through the 

intestinal wall. Once absorbed, glucose can be oxidized for energy production or stored as 

glycogen in the liver and muscles for later use (Phan et al., 2021). Additionally, some fish 

species have the ability to convert excess glucose into lipids through de novo lipogenesis, which 

serves as an energy reserve during periods of fasting or low carbohydrate availability (Wang 

et al., 2019). The efficiency of carbohydrate digestion and utilization in fish varies depending 

on factors such as species, diet composition, and environmental conditions, highlighting the 

adaptability of these organisms to diverse ecological niches. Understanding the mechanisms 

underlying carbohydrate metabolism in fish is essential for optimizing their nutrition and 

enhancing their productivity in aquaculture settings (Lu et al., 2018). Although fishes exhibit 

glucose intolerance, particularly carnivorous fish, they possess various enzymatic mechanisms 

for digesting dietary carbohydrates, including α-amylase and other carbohydrases, allowing 

utilization of dietary carbohydrates for energy and metabolic processes. Different tissues in 

fish, such as liver, muscle, and adipose tissue, exhibit varying metabolic pathways for utilizing 

carbohydrates. Better knowledge of tissue-specific mechanisms is essential for optimizing 

dietary formulations in aquaculture. Key genes involved in carbohydrate metabolism, such as 

those encoding for enzymes in glycolysis, gluconeogenesis, and glycogen synthesis pathways, 

are subject to regulation based on dietary carbohydrate levels and other environmental factors 

(Younus et al., 2020). 

 

1.2.2. Carbohydrate Digestion and Absorption in Fish 

Carbohydrates are essential macronutrients for fish, providing energy for various 

physiological functions, including growth, reproduction, and locomotion. In fish, carbohydrate 

digestion begins in the oral cavity with mechanical breakdown by chewing and salivary 

amylase secretion. Upon reaching the stomach, carbohydrates encounter acidic conditions that 

partially hydrolyze complex polysaccharides. The main site of carbohydrate digestion in fish 

is the intestine, where pancreatic amylase and intestinal carbohydrases break down 

carbohydrates into absorbable monosaccharides (Moraes & de Almeida, 2020). 

Once carbohydrates are broken down into monosaccharides such as glucose, fructose, 

and galactose, they are absorbed across the intestinal epithelium into the bloodstream. 

Absorption occurs via specific transport mechanisms, including sodium-dependent glucose 

transporters (SGLTs) and facilitative glucose transporters (GLUTs), ensuring efficient uptake 

of glucose for energy metabolism and other cellular processes (Zhou et al., 2022). 
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Several factors influence carbohydrate digestion and absorption in fish, including diet 

composition, feeding frequency, water temperature, and intestinal health. High dietary fiber 

content, for example, may decrease carbohydrate digestibility and absorption, while optimal 

water temperature can enhance enzymatic activity and nutrient uptake efficiency (Moraes & 

de Almeida, 2020). 

Gilthead sea bream, like many marine teleosts, have evolved specialized adaptations 

for carbohydrate digestion and absorption. Their short and relatively simple digestive tract, 

coupled with efficient carbohydrase production, enables rapid digestion and absorption of 

carbohydrates from various dietary sources, including plant-based ingredients (Talijančić et al., 

2019). Understanding the mechanisms of carbohydrate digestion and absorption in gilthead sea 

bream is essential for formulating aquafeeds that maximize nutrient utilization and minimize 

environmental impacts. By optimizing dietary carbohydrate sources and processing techniques, 

aquaculture practitioners can enhance the growth performance and overall health of gilthead 

sea bream while reducing production costs and ecological footprint (Arechavala-Lopez et al., 

2018). 

 

1.2.3. Importance for Aquaculture Sustainability 

Carbohydrate metabolism is a critical aspect of fish physiology and nutrition, 

particularly in species cultivated for aquaculture purposes (Basto-Silva et al., 2022), such as 

gilthead sea bream. . Carbohydrates are a significant source of energy for fish and play a crucial 

role in supporting various metabolic processes, including growth, reproduction, and immune 

function. In aquaculture, the efficient utilization of dietary carbohydrates can significantly 

impact feed formulation, production costs, and environmental sustainability (Zhang et al., 

2020). Species like gilthead sea bream have unique metabolic requirements and dietary 

preferences, particularly regarding carbohydrate utilization. These species have evolved 

specialized mechanisms to digest, absorb, and metabolize carbohydrates efficiently, making it 

imperative to tailor aquafeeds to meet their specific nutritional needs (Thomas et al., 2021). By 

understanding the molecular mechanisms underlying carbohydrate metabolism in species like 

gilthead sea bream, aquaculture practitioners can develop targeted strategies to optimize 

carbohydrate utilization. This includes identifying key genes involved in carbohydrate 

metabolism pathways and manipulating their expression to enhance the efficiency of 

carbohydrate utilization while sparing protein (Phan et al., 2021). Optimizing the expression 

of key genes involved in carbohydrate metabolism can have significant implications for 
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aquaculture sustainability. By sparing protein utilization and increasing the use of dietary 

carbohydrates, aquaculture operations can reduce reliance on expensive protein sources, such 

as fishmeal, leading to improved economic and environmental sustainability (Maulu et al., 

2021). Efficient utilization of dietary carbohydrates not only improves production efficiency 

but also contributes to aquaculture sustainability. By reducing reliance on expensive protein 

sources such as fishmeal and minimizing environmental impacts associated with excess 

nitrogen excretion, optimized carbohydrate utilization can enhance the economic and 

ecological sustainability of aquaculture operations (Maulu et al., 2021). 

 

1.2.4. Tissue Utilization of Carbohydrates in Fish 

Liver Metabolism 

The liver plays a central role in carbohydrate metabolism in fish, serving as a hub for 

glucose homeostasis and glycogen storage. Upon ingestion of dietary carbohydrates, the liver 

uptakes glucose from the bloodstream and regulates its utilization through glycolysis, 

gluconeogenesis, and glycogen synthesis pathways. During periods of high energy demand, 

the liver can mobilize glycogen stores to supply glucose to other tissues. 

Among the macronutrients, acetyl-CoA derived from carbohydrates typically plays a 

significant role in de novo lipogenesis (DNL) within the liver (Figure 1). Upon entering the 

cytosol, glucose undergoes phosphorylation by GCK to form Glu-6-P. Glu-6-P serves as the 

initial substrate for various metabolic pathways including glycogenesis, glycolysis, and the 

pentose phosphate pathway (PPP). The oxidation of glucose through glycolysis and PPP results 

in the production of pyruvate, which can be further metabolized into acetyl-CoA and NADPH, 

both of which are pivotal for DNL. 

In glycolysis, key rate-limiting steps are mediated by enzymes such as GCK, which 

initiates phosphorylation of glucose, 6-phosphofructo-1-kinase (PFK), responsible for 

converting hepatic fructose-6-phosphate (Fru-6-P) into fructose-1,6-bisphosphate, and 

pyruvate kinase L/R (PK), facilitating the conversion of phosphoenolpyruvate (PEP) into 

pyruvate. Conversely, G6PC and fructose-1,6-bisphosphatase (FBP) catalyze reactions 

opposite to those catalyzed by GCK and PFK, respectively (Feidantsis et al., 2018). 

The enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB1) plays a 

crucial role in regulating glycolysis by converting Fru-6-P into fructose 2,6-bisphosphate (Fru-
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2,6-P2), a potent allosteric activator of PFK and inhibitor of FBP. 

Pyruvate, produced by glycolysis in the cytosol, is transported into the mitochondria 

where it is converted into acetyl-CoA by pyruvate dehydrogenase. Acetyl-CoA, upon 

conversion into citrate, can undergo further oxidation in the Krebs cycle. Key rate-limiting 

reactions in the Krebs cycle are mediated by enzymes such as citrate synthase, isocitrate 

dehydrogenase (IDH), and oxoglutarate dehydrogenase (OGDH) (Wang et al., 2019). 

Additionally, citrate formed in the mitochondria can be transported back into the 

cytosol, where it is converted into acetyl-CoA to contribute to DNL. In the PPP, Glu-6-P is 

acted upon by two pivotal enzymes, glucose-6-phosphate dehydrogenase (G6PD) and 

phosphogluconate dehydrogenase (PGD), which generate NADPH, an essential cofactor for 

DNL (Feidantsis et al., 2018). 

 

 

Figure 1. Schematic overview of hepatic glycolysis, gluconeogenesis and the Krebs cycle. GCK, 
glucokinase; G6PC, glucose-6-phosphatase, catalytic subunit 1; G6PD, glucose-6-phosphate 

dehydrogenase; PGD, 6-phosphogluconate dehydrogenase; PFKFB1, 6-phosphofructo-2- 
kinase/fructose-2,6-bisphosphatase; FBP, fructose 1,6-bisphosphatase; PFK, phosphofructokinase, 
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liver type; PCK1, phosphoenolpyruvate carboxykinase; PK, pyruvate kinase L/R; ALT, alanine 
transaminase; AST, aspartate transaminase; OGDH, α-ketoglutarate dehydrogenase; IDH, isocitrate 

dehydrogenase. 

 

Muscle Energy Production 

Muscle tissue in fish utilizes carbohydrates primarily for energy production during 

swimming and locomotion. Glycolysis, the breakdown of glucose into pyruvate, generates ATP 

to fuel muscle contraction. Additionally, fish muscle can store small amounts of glycogen for 

immediate energy needs, although it relies predominantly on aerobic metabolism to sustain 

prolonged activity (Soengas et al., 2019). 

 

Adipose Tissue Function 

While adipose tissue in fish is relatively less prominent compared to mammals, it also 

participates in carbohydrate metabolism by storing excess energy in the form of lipids. During 

periods of carbohydrate abundance, adipose tissue can convert surplus glucose into fatty acids 

through de novo lipogenesis, contributing to energy storage and body condition (Salmerón, 

2018). 

 

Regulation of Carbohydrate Utilization 

The tissue-specific utilization of carbohydrates in fish is tightly regulated by hormonal 

and nutritional signals, including insulin, glucagon, and dietary carbohydrate availability. 

Hormones such as insulin promote glucose uptake and utilization in insulin-sensitive tissues 

like liver and muscle, whereas glucagon stimulates glycogen breakdown and gluconeogenesis 

during fasting or low-carbohydrate conditions (Song et al., 2019). 

 

1.2.5. Regulation of Carbohydrate Metabolism Genes in Gilthead Sea Bream 

The regulation of carbohydrate metabolism genes plays a critical role in determining 

the utilization of dietary carbohydrates in fish. Through a comprehensive analysis of genomic 

and transcriptomic data, several candidate genes have emerged as central players in the 

regulation of carbohydrate metabolism pathways in S. aurata. One such gene is G6PD, which 

catalyzes the first and rate-limiting step of the PPP. This pathway plays a crucial role in 

generating NADPH, an essential cofactor in numerous biosynthetic processes and antioxidant 
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defense mechanisms. The expression of G6PD is tightly regulated to meet the dynamic 

metabolic demands of the organism. Another noteworthy gene is PFK, a key enzyme in 

glycolysis that catalyzes the conversion of Fru-6-P to fructose-1,6-bisphosphate. PFK is known 

to be allosterically regulated by various metabolites, hormones, and signaling pathways, 

thereby serving as a central node for coordinating glycolytic flux with cellular energy status 

and metabolic signaling. Additionally, GCK, an enzyme responsible for phosphorylating 

glucose to Glu-6-P in the liver and pancreatic β-cells, emerges as a critical regulator of glucose 

homeostasis. GCK activity is tightly regulated by glucose concentration and allosteric 

modulators, enabling precise control of glucose uptake and utilization in response to changing 

metabolic demands. 

Furthermore, PK, the enzyme catalyzing the final step of glycolysis, has been identified 

as a key regulator of carbohydrate metabolism. PK exists in multiple isoforms with tissue-

specific expression patterns, allowing fine-tuning of glycolytic flux and energy production 

according to the metabolic requirements of different tissues (Metón et al., 2000; Caseras et al., 

2002; Metón et al., 2004). 

The expression of carbohydrate metabolism genes in gilthead sea bream is tightly 

regulated at the transcriptional level by various transcription factors and regulatory elements. 

For example, transcription factors such as sterol regulatory element-binding proteins (SREBPs) 

and carbohydrate-responsive element-binding protein (ChREBP) can directly bind to gene 

promoters and modulate their expression in response to dietary carbohydrate levels (Xie et al., 

2021). 

Dietary carbohydrates play a crucial role in regulating the expression of carbohydrate 

metabolism genes in gilthead sea bream. High-carbohydrate diets can up-regulate the 

expression of genes involved in glycolysis and glycogen synthesis, while low-carbohydrate 

diets may stimulate gluconeogenic gene expression to maintain blood glucose levels. 

Additionally, other dietary components such as fatty acids and amino acids can also influence 

the expression of carbohydrate metabolism genes through complex metabolic interactions 

(Zhang et al., 2020). Environmental factors such as water temperature, salinity, and 

photoperiod can impact the expression of carbohydrate metabolism genes in gilthead sea bream 

by influencing metabolic rates and energy requirements. Furthermore, hormonal signals such 

as insulin, glucagon, and cortisol play crucial roles in coordinating carbohydrate metabolism 

gene expression in response to physiological states and external stimuli (Xie et al., 2021). 
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1.2.6. Effects of Dietary Carbohydrates on Gilthead Sea Bream Production 

Dietary carbohydrates are essential macronutrients for fish, providing energy for 

growth, metabolism, and various physiological functions.  

The inclusion of dietary carbohydrates in gilthead sea bream feeds can significantly 

influence growth performance parameters, including feed conversion ratio (FCR), specific 

growth rate (SGR), and final body weight. Studies have shown that partial replacement of 

dietary protein by carbohydrates keeping dietary carbohydrates below 20 % can promote 

optimal or suboptimal growth and development in gilthead sea bream and reduce nitrogen 

losses to the ambient waters, leading to more sustainable and efficient production. However, 

high levels of dietary carbohydrates have been associated with reduced growth rates and feed 

efficiency in some cases, potentially due to the limited ability of fish to efficiently utilize 

carbohydrates. Conversely, moderate levels of dietary carbohydrates, particularly those derived 

from digestible sources such as starches, have been shown to support optimal growth 

performance in gilthead sea bream. Furthermore, the interaction between dietary carbohydrates 

and other nutrients, such as proteins and lipids, can also influence growth performance. For 

instance, balanced ratios of carbohydrates to proteins have been linked to improved growth 

rates and feed utilization efficiency. Additionally, the inclusion of certain types of 

carbohydrates, such as prebiotic fibers, may exert positive effects on gut health and nutrient 

absorption, further enhancing growth performance (Metón et al., 1999; Fernández et al., 2007; 

Ashry et al., 2021). 

Nutrient utilization efficiency plays a pivotal role in determining the growth 

performance and overall production of gilthead sea bream. Carbohydrates, as a major dietary 

component, significantly influence the utilization of other nutrients in fish diets. Studies have 

shown that the inclusion of carbohydrates in the diet of gilthead sea bream can affect various 

aspects of nutrient utilization efficiency, including protein sparing, lipid metabolism, and 

energy utilization. Dietary carbohydrates contribute to overall nutrient utilization efficiency in 

gilthead sea bream by providing readily available energy substrates for metabolic processes. 

Carbohydrate-rich diets can spare protein utilization for growth and tissue maintenance, 

leading to improved protein efficiency and reduced nitrogen excretion in aquaculture systems 

(Metón et al., 2006; Egea et al., 2008; Basto-Silva et al., 2022). 

Carbohydrates play a multifaceted role in the metabolism of these fish, influencing 
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various biochemical pathways that ultimately determine growth, energy utilization, and overall 

performance. One significant aspect is the interplay between dietary carbohydrates and the 

glycolytic pathway. Carbohydrates serve as a primary energy source, undergoing glycolysis to 

produce pyruvate, a key metabolite. The regulation of enzymes involved in glycolysis, such as 

GCK and PFK, is crucial for optimizing energy production and utilization in sea bream. 

Moreover, the carbohydrate metabolism in fish involves intricate interactions with the PPP and 

the citric acid cycle. These pathways not only contribute to energy generation but also play 

essential roles in biosynthetic processes, including the synthesis of nucleotides, amino acids, 

and lipids. Increasing knowledge about how dietary carbohydrates influence the flux through 

these pathways can provide insights into enhancing growth and nutrient utilization efficiency. 

Additionally, dietary carbohydrates influence the hepatic glycogen synthesis and 

gluconeogenesis pathways in sea bream. The balance between glycogen storage and 

mobilization is vital for maintaining blood glucose levels and meeting the energy demands of 

various physiological processes. Modulating these pathways through dietary interventions can 

impact glucose homeostasis and metabolic flexibility in response to changing environmental 

conditions (Rito et al., 2018; Salgado et al., 2004). Furthermore, dietary carbohydrates can 

affect lipid metabolism in gilthead sea bream, influencing pathways such as lipogenesis, 

lipolysis, and fatty acid oxidation. The availability of carbohydrates can alter the carbon flux 

towards lipid synthesis or oxidation, thereby influencing lipid deposition and composition in 

the tissues. Understanding the interplay between carbohydrate and lipid metabolism is crucial 

for optimizing feed formulations to achieve desirable growth performance and flesh quality 

(Anemaet et al., 2008). 

 

Hepatic and Muscle Glycogen Storage 

The hepatic and muscle glycogen storage play crucial roles in the energy metabolism 

of S. aurata and are significantly influenced by dietary carbohydrate composition. Hepatic 

glycogen serves as a readily mobilizable energy source during periods of increased metabolic 

demand, while muscle glycogen primarily supports locomotor activity and sustained 

swimming performance. Variations in dietary carbohydrate levels and sources can profoundly 

impact the glycogen storage capacity of both liver and muscle tissues in gilthead sea bream. 

High dietary carbohydrate levels often lead to elevated hepatic glycogen reserves, facilitating 

rapid energy release, while moderate carbohydrate diets may optimize muscle glycogen 

deposition, promoting enhanced endurance and growth performance. Unraveling the interplay 
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between dietary carbohydrates and glycogen metabolism is essential for optimizing the 

production efficiency and physiological well-being of gilthead sea bream in aquaculture 

systems (Salgado et al., 2012; González et al., 2012). 

 

1.3. Lipid Metabolism in Fish 

Lipid metabolism plays a crucial role in energy storage, membrane structure, and 

cellular signaling in fish. Regulation of lipid metabolism is an essential process for optimizing 

dietary nutrient utilization and improving production outcomes in aquaculture species like S. 

aurata. 

 

1.3.1. Lipid Digestion and Absorption 

Lipid digestion and absorption are fundamental processes in the utilization of dietary 

lipids by fish (Ayisi et al., 2018). Lipid digestion in fish begins in the stomach, where gastric 

lipases hydrolyze dietary triglycerides into free fatty acids and monoglycerides. These lipolytic 

enzymes are secreted by gastric glands and act on the ester bonds of triglycerides, releasing 

fatty acids that are more readily absorbed by the intestinal epithelium. Gastric lipolysis is 

particularly important in carnivorous fish species like gilthead sea bream, which consume lipid-

rich diets consisting of fish meal and fish oil (Xie et al., 2020). Following gastric lipolysis, lipid 

digestion continues in the intestine, where bile salts secreted by the gallbladder emulsify lipid 

droplets into smaller micelles. This emulsification process increases the surface area of lipids, 

facilitating the action of pancreatic lipases and enhancing lipid hydrolysis. The emulsified 

lipids, along with bile salts, form mixed micelles that transport lipid digestion products to the 

surface of enterocytes for absorption (Guo et al., 2019). 

Once emulsified, lipid digestion products are absorbed by enterocytes lining the 

intestinal epithelium. Free fatty acids, monoglycerides, and other lipid digestion products 

diffuse across the apical membrane of enterocytes and are re-esterified into triglycerides within 

the cell. These newly synthesized triglycerides, along with cholesterol and other lipids, are 

packaged into chylomicrons, which are released into the lymphatic system and transported to 

the bloodstream (Chen et al., 2020). Chylomicrons, large lipoprotein particles containing 

dietary lipids, are transported via the lymphatic system and eventually enter the bloodstream, 

where they deliver lipids to peripheral tissues for utilization or storage. In fish, lipids serve as 

a crucial energy source for metabolic processes, including growth, reproduction, and 
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swimming activity. Additionally, lipids are incorporated into cell membranes, used as 

precursors for hormone synthesis, and stored as energy reserves in adipose tissue and liver (Sun 

et al., 2020c). 

Several factors can influence lipid digestion and absorption in fish, including diet 

composition, feeding frequency, and fish size. High-fat diets containing lipid sources with 

different fatty acid compositions can affect the efficiency of lipid digestion and absorption in 

fish. Additionally, environmental factors such as water temperature can influence the activity 

of digestive enzymes and the rate of lipid metabolism in fish (Lai et al., 2021). 

 

1.3.2. Lipid Transport and Storage 

In fish, lipid transport and storage mechanisms are essential for regulating energy 

balance and maintaining physiological functions. Lipoproteins, such as chylomicrons, very-

low-density lipoproteins (VLDLs), low-density lipoproteins (LDLs), and high-density 

lipoproteins (HDLs), serve as vehicles for transporting lipids, including triglycerides, 

cholesterol, and phospholipids, to peripheral tissues. These lipoprotein particles vary in size, 

density, and lipid composition, reflecting their different roles in lipid metabolism and 

homeostasis (Wang et al., 2018). 

Chylomicrons, synthesized in the intestine, transport dietary lipids from the intestine to 

peripheral tissues, such as liver, muscle, and adipose tissue. Once chylomicrons deliver their 

lipid cargo to tissues, they undergo lipolysis by lipoprotein lipase (LPL), releasing free fatty 

acids for cellular uptake. Meanwhile, the liver synthesizes VLDLs, which transport 

endogenous lipids, primarily triglycerides synthesized from dietary carbohydrates, to 

peripheral tissues. Similar to chylomicrons, VLDLs are metabolized by LPL, releasing fatty 

acids for energy production or storage (Ayisi et al., 2018). 

Adipose tissue and liver are major sites of lipid storage in fish, serving as reservoirs of 

energy for periods of fasting or high-energy demands. Adipose tissue stores excess dietary 

lipids in the form of triglycerides within adipocytes, while the liver stores both exogenous and 

endogenous lipids in hepatocytes. Lipid uptake by adipose tissue and liver is regulated by 

hormonal signals, such as insulin and glucagon, as well as by nutritional status and metabolic 

demands (Cao et al., 2019). 

Once taken up by adipose tissue and liver, lipids are stored as triglycerides in lipid 
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droplets or lipid vacuoles within cells. These intracellular lipid stores serve as a reservoir of 

energy for cellular metabolism and physiological functions. During periods of energy deficit, 

lipids stored in adipose tissue and liver are mobilized through lipolysis and beta-oxidation, 

providing a source of fatty acids for energy production in mitochondria (Zhang et al., 2018). 

The transport and storage of lipids in fish are tightly regulated by hormonal signals, 

including insulin, glucagon, and adipokines, as well as by nutrient availability and metabolic 

demands. Hormones such as insulin promote lipid storage by stimulating lipogenesis and 

inhibiting lipolysis, whereas glucagon and adipokines promote lipid mobilization and oxidation 

by activating lipolysis and beta-oxidation pathways (Chen et al., 2018). 

 

1.3.3. Lipid Oxidation and Energy Production 

Lipid oxidation is a fundamental process in fish metabolism, essential for energy 

production, maintaining metabolic homeostasis, and supporting various physiological 

functions. The primary pathway for lipid oxidation in fish is beta-oxidation, which occurs in 

the mitochondria and peroxisomes of cells. During beta-oxidation, fatty acids are sequentially 

cleaved into two-carbon units forming part of acetyl-CoA. This process involves a series of 

enzymatic reactions, including oxidation, hydration, dehydrogenation, and thiolysis, resulting 

in the production of acetyl-CoA, NADH, and FADH2. These metabolic intermediates enter the 

citric acid cycle (Krebs cycle) to generate ATP, the primary energy currency of cells (Hematyar 

et al., 2019). 

Lipid oxidation and beta-oxidation pathways in fish are tightly regulated by various 

factors, including hormonal signals, nutrient availability, and metabolic demands. Hormones 

such as glucagon and catecholamines promote lipid mobilization and oxidation by activating 

lipolytic enzymes and increasing fatty acid transport into mitochondria. Conversely, hormones 

such as insulin and leptin inhibit lipid oxidation by promoting lipid storage and suppressing 

lipolytic pathways (Yin et al., 2019b). 

Fish exhibit metabolic flexibility in their substrate preferences for energy production, 

depending on dietary nutrient composition and physiological conditions. Under normal feeding 

conditions, fish predominantly utilize lipids as a source of energy, sparing protein for growth 

and tissue maintenance. However, during periods of fasting or high metabolic demand, fish 

may switch to alternative energy substrates, such as carbohydrates or amino acids, to meet their 
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energy needs (Shi et al., 2018). 

Optimal lipid oxidation is essential for supporting growth performance and production 

outcomes in aquaculture. Efficient lipid oxidation ensures the utilization of dietary lipids as an 

energy source, promoting growth and protein sparing. Imbalances in lipid oxidation, such as 

impaired beta-oxidation or excessive lipid accumulation, can lead to metabolic disorders, 

reduced growth rates, and compromised production efficiency in fish (Guo et al., 2019). 

Environmental factors, such as water temperature, oxygen levels, and stocking density, can 

influence lipid oxidation rates and metabolic rates in fish. Additionally, dietary factors, 

including lipid content, fatty acid composition, and carbohydrate-to-lipid ratio, can affect lipid 

metabolism and energy utilization in fish. Optimizing environmental conditions and dietary 

nutrient profiles can enhance lipid oxidation efficiency and improve growth performance in 

aquaculture (Abeyrathne et al., 2021). 

 

1.3.4. Lipid Synthesis and Regulation 

Lipid synthesis and regulation processes are vital for the maintenance of energy balance 

and growth in fish. Lipogenesis is the process of endogenous lipid synthesis, which begins with 

the synthesis of fatty acids in the mitochondria. Acetyl-CoA, derived from the oxidative 

decarboxylation of pyruvate in carbohydrate metabolism or from the oxidative degradation of 

some amino acids, is the carbon source required to initiate the fatty acid synthesis process. 

Fatty acid synthesis requires the formation of malonyl-CoA, the product of the carboxylation 

of acetyl-CoA by acetyl-CoA carboxylase (ACC). Malonyl-CoA is subsequently condensed 

with another molecule of acetyl-CoA by the action of fatty acid synthase (FASN), a 

macroprotein complex that allows the successive addition of 2 carbons to a growing chain, 

which through this pathway can reach up to 18 carbon atoms in length (Xie et al., 2021). 

The process of fatty acid formation is a sequential process in which, at each of its steps, 

NADPH is utilized to condense a molecule of malonyl-CoA and extend the forming chain by 

two carbon atoms. The pathways through which the necessary NADPH for FASN to function 

and elongate the chain can be generated include the PPP, controlled by G6PD and 6-

phosphogluconate dehydrogenase (6PGD), and the enzyme malic or malate dehydrogenase 

(MDH). In fish, it has been described that the main source of NADPH generation is the PPP 

and particularly the enzyme G6PD (Ayisi et al., 2018). 

In trout and tilapia, the main lipogenic organ is the liver, tissue from which lipids are 



Introduction  

27 
 

exported to other tissues where they are stored or utilized. However, the importance of the 

lipogenic process in metabolism largely depends on the species and their dietary habits, so 

studies not only focus on the liver but have also been conducted in other tissues such as adipose 

or skeletal muscle. It is important to consider that dietary habits regulate lipid synthesis in 

different ways. For example, alanine is the main carbon source used in trout for fatty acid 

synthesis, so the incorporation of protein into the diet has a lipogenic effect, while a higher 

proportion of lipids relative to proteins tends to decrease lipid synthesis (Monroig et al., 2018). 

Fish, like other animals, have the ability to elongate and add unsaturations to saturated 

fatty acids of 16 and 18 carbons synthesized by the action of FASN. The first step of this 

process involves the production of palmitoleic acid (16:1n-7) and oleic acid (18:1n-9) in an 

aerobic process, which requires NADPH and O2 and occurs in the endoplasmic reticulum 

through a complex system involving NADPH-cytochrome b5 reductase, cytochrome b5, and 

desaturases such as stearoyl Δ9 fatty acid desaturase (SCD), whose activity and transcriptional 

modulation have been described in various studies conducted in fish. The conventional 

microsomal elongation pathway, which acts on the products of the desaturation process, is 

capable of generating several species of longer fatty acids, highlighting fatty acids 18:1n-7, 

20:1n-9, 22:1n-9, and 24:1n-9 (Wang et al., 2023). 

However, through endogenous molecular mechanisms, vertebrates cannot efficiently 

introduce additional double bonds to oleic acid to produce linoleic acid (18:2n-6) and alpha-

linolenic acid (18:3n-3), which are produced by Δ12 and Δ15 desaturases in other organisms. 

Therefore, these fatty acids, which in turn are precursors of long-chain (LC) ω-6 and ω-3 

polyunsaturated fatty acids (PUFA), such as arachidonic acid, eicosapentaenoic acid (EPA), 

and docosahexaenoic acid (DHA), are essential for vertebrates, including fish, and must be 

consumed in the diet. The process through LC-PUFA, with important functions in animal 

metabolism, are formed, occurs thanks to the action of Δ6 and Δ5 desaturases, and elongation 

processes in which several elongases with affinity for different substrates act (Figure 2). 

However, vertebrates, including bony fish, can only convert a small portion of linoleic acid and 

alpha-linolenic acid to LC-PUFA, such as EPA and DHA, and at insufficient rates to cover 

physiological demands. Nevertheless, the process of adding double bonds and elongating LC-

PUFAs seems strongly influenced by animals' adaptation processes to the diet they consume. 

Freshwater fish and salmonids have greater capacity of converting n-3 and n-6 C18 PUFA into 

highly unsaturated LC-PUFA than marine fish. The high content of LC-PUFA in microalgae 

and other organisms in the natural diet of marine fish, the trophic level in the food chain and 
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diadromy may have determined divergent evolution and limited ability to biosynthesize LC-

PUFA (Castro et al., 2016; Vagner & Santigosa, 2011). Marine fish and seafood are the main 

source of n-3 LC-PUFA, such as EPA and DHA in the human diet (Tocher et al., 2019; Osmond 

& Colombo, 2019), so understanding this process is of great interest to aquaculture production. 

Multiple studies have been conducted to understand the effectiveness of this process in various 

species of fish for human consumption and the possibility of substituting fish oil with other 

sources of essential fatty acids in the diet (Torres et al., 2020). 

Figure 2. Synthetic pathway of C20 and C22 polyunsaturated fatty acids from n-3 and n-6 18-carbon 
precursors. Desaturase activities: Δ4, Δ5, Δ6, Δ6*, Δ8, Δ9, Δ12, and Δ15. The Δ6* desaturase 

enzyme, which acts on 24-carbon fatty acids, may or may not be the same enzyme (Δ6) that acts on 
18-carbon fatty acids depending on the species. 

The synthesis process of other lipid metabolism components, such as cholesterol, 
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sphingolipids, or phospholipids, is poorly studied in fish. However, thanks to the use of new 

technologies such as microarrays to analyze gene expression patterns, there are studies that 

reveal the presence and modulation of transcription of enzymes involved in lipid metabolism 

pathways in fish. The de novo synthesis process of phospholipids is very similar to that of 

terrestrial mammals, although certain evidence suggests that some fish larvae have a limited 

capacity for their synthesis, which could be related to the abundance of these components in 

the natural diets of fish (Balbuena-Pecino et al., 2019). 

The formation of triglycerides involves the sequential esterification of two fatty acids 

with glycerol-3-phosphate, the cleavage of a phosphate group, and the esterification of a third 

fatty acid through the sequential action of the enzymes glycerol-3-phosphate acyltransferase 

(GPAT), 1-acyl-sn-glycerol-3-phosphate acyltransferase (AGPAT), phosphatidate 

phosphatase, and diacylglycerol acyltransferase (DGAT). During feeding, excess fatty acids 

are exported from the liver forming part of VLDLs, accumulating as triglycerides in storage 

tissues such as adipose tissue, muscle, and between the skin and muscle. Additionally, the 

process of triglyceride accumulation in the liver may be relevant in some fish species (Ofori-

Mensah et al., 2020). 

 

Regulation of Lipogenesis 

Lipogenesis is tightly regulated by hormonal signals, nutrient availability, and gene 

expression. Insulin, a hormone secreted by the pancreas in response to elevated blood glucose 

levels, promotes lipogenesis by activating key enzymes such as ACC and FAS. Conversely, 

glucagon and catecholamines inhibit lipogenesis and promote lipid mobilization by activating 

lipolytic pathways. Nutrient availability, particularly the availability of dietary carbohydrates 

and fatty acids, also influences the rate of lipogenesis in fish (Feidantsis et al., 2018). 

The expression of key genes involved in lipogenesis is regulated at the transcriptional 

level by a number of transcription factors and co-regulators including sterol regulatory 

element-binding proteins (SREBPs), which are considered major transcription factors in the 

regulation of the expression of lipogenic genes (Eberlé et al., 2004), the nuclear receptor family 

of peroxisome proliferator activated receptors (PPARs) and the liver X receptor (LXR) 

(Sánchez-Gurmaches et al., 2013). 

SREBPs comprise a family of transcription factors with a pivotal role in the 

transcriptional regulation of genes controlling cellular lipid biosynthesis (DeBose-Boyd & Ye, 
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2018; Bertolio et al., 2019). Newly synthesized SREBP precursors remain anchored to the 

membrane of the endoplasmic reticulum, where the C-terminus of the protein associates with 

a sterol sensor, the SREBP-cleavage activating protein (Scap), which in turn interacts with the 

insulin-induced gene protein (Insig) (Edwards et al., 2000; Inoue & Sato, 2013). Decreased 

cellular levels of sterol drives the SREBP/Scap complex to the Golgi apparatus, where site-1 

and site-2 proteases release the N-terminus of SREBPs, which constitute transcriptionally 

active basic-helix-loop-helix leucine zippers (bHLH-Zip) that dimerize, translocate to the 

nucleus and transactivate target genes by binding to sterol regulatory elements (SRE) (Brown 

& Goldstein, 1997; Horton et al., 2003; Torno et al., 2018). Alternate promoters in the srebf1 

gene generate SREBP1a and SREBP1c in mammals, while srebf2 encodes for SREBP2 

(Shimano et al., 2017). SREBP1c primarily transactivates genes required for the biosynthesis 

of fatty acids and triglycerides, while SREBP2 transactivate genes associated to cholesterol 

biosynthesis (Shimano et al., 2017; Horton et al., 2002). Compared to SREBP1c, the presence 

of a longer N-terminal transactivation domain in SREBP1a confers to this protein stronger 

transcriptional activity, being a potent activator of all SREBP-responsive genes (Pai et al., 

1998; Shimano et al., 1997; Horton et al., 1998). In addition to the effects of SREBP1 isoforms 

on the control of lipid biosynthesis (DeBose-Boyd & Ye, 2018; Bertolio et al., 2019; Shimano 

et al., 2017), SREBP1 is also involved in the transcriptional activation of glucose metabolism 

related-genes. Thus, SREBP1c mediates insulin-dependent up-regulation of hexokinase II and 

GCK by transactivating both gene promoters in the mammalian liver (Foretz et al., 1999; 

Gosmain et al., 2004; Kim et al., 2004; Gosmain et al., 2005). Moreover, SREBP1a 

overexpression decreases gluconeogenesis by suppressing PCK1 and G6PC transcription 

mediated by hepatocyte nuclear factor-4 in the liver of transgenic mice (Yamamoto et al., 

2004). Similarly as in mammals, SREBP1 up-regulates the transcription of GCK and PFKFB1 

by binding to SRE boxes located in their respective gene promoters in S. aurata (Metón et al., 

2006; Egea et al., 2008). 

 

Dietary Influence on Lipid Synthesis 

The composition of the diet, particularly the ratio of carbohydrates to lipids, can 

influence the rate of lipid synthesis in fish. High-carbohydrate diets stimulate lipogenic gene 

expression and promote fatty acid synthesis, whereas high-lipid diets suppress lipogenesis and 

promote lipid oxidation. Additionally, dietary fatty acid composition, particularly the presence 

of essential fatty acids such as omega-3 and omega-6 fatty acids, can influence the rate of lipid 
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synthesis and tissue lipid composition in fish (Sánchez-Nuño et al., 2018).  By controlling the 

expression of key genes involved in lipogenesis, researchers can manipulate the partitioning of 

dietary nutrients towards lipid synthesis or oxidation, thereby optimizing energy utilization and 

growth efficiency in fish (Carvalho et al., 2021). 

 

1.3.5. Lipid Metabolism and Growth Performance 

Lipid metabolism plays a crucial role in the growth performance of fish, including S. 

aurata, in aquaculture settings. Lipids serve as a dense energy source in fish, providing more 

than twice the energy content per gram compared to proteins and carbohydrates. Efficient lipid 

metabolism enables fish to store excess energy in adipose tissue and liver during periods of 

abundance and mobilize stored lipids for energy production during periods of fasting or high 

metabolic demand. Optimal lipid metabolism ensures a continuous energy supply for growth 

and physiological functions, contributing to improved growth performance in fish (Li et al., 

2019). 

Fish growth performance is closely linked to feed conversion efficiency, which is 

influenced by the utilization of dietary nutrients, including lipids. Efficient lipid metabolism 

allows fish to utilize dietary lipids for growth rather than energy production, thereby improving 

feed conversion ratios and growth rates. Conversely, imbalances in lipid metabolism, such as 

excessive lipid deposition or impaired lipid utilization, can lead to reduced growth efficiency 

and increased feed wastage in aquaculture systems (Liu et al., 2018). 

The composition of dietary lipids can influence tissue development and growth 

performance in fish. Essential fatty acids, such as omega-3 and omega-6 fatty acids, play 

critical roles in membrane structure, cellular signaling, and tissue growth. Balanced dietary 

lipid profiles containing optimal levels of essential fatty acids promote tissue development and 

growth in fish, leading to improved growth performance and overall health (Guo et al., 2019). 

Hormonal signals, such as insulin-like growth factors (IGFs) and insulin, play key roles 

in regulating both growth and lipid metabolism in fish. IGFs and GH promote growth by 

stimulating protein synthesis and cell proliferation, while insulin regulates nutrient uptake and 

energy metabolism, including lipid synthesis and storage. Hormonal dysregulation, resulting 

from genetic factors or environmental stressors, can impair growth performance and lipid 

metabolism in fish (Chen et al., 2020). 
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Lipid metabolism is a complex and tightly regulated process that plays a critical role in 

energy homeostasis, growth regulation, and production performance in fish. Optimizing lipid 

metabolism in fish has significant implications for aquaculture production, including improved 

growth performance, feed efficiency, and production sustainability. By controlling the 

expression of key genes involved in lipid metabolism, researchers can develop strategies to 

enhance growth performance and minimize environmental impacts, aligning with the goals of 

sustainable aquaculture production (Silva-Marrero et al., 2019). 

 

1.4. Amino Acid Metabolism in Fish 

1.4.1. Amino Acid Absorption and Transport 

Amino acid absorption and transport are fundamental processes in amino acid 

metabolism in fish, directly influencing protein synthesis and growth performance (Teodósio 

et al., 2022). Amino acid absorption in fish primarily occurs in the intestine, where dietary 

proteins are hydrolyzed into amino acids by digestive enzymes. Amino acids are then 

transported across the intestinal epithelium into the bloodstream, where they are distributed to 

various tissues for protein synthesis and other metabolic processes. The efficiency of amino 

acid absorption depends on factors such as the composition of the diet, intestinal morphology, 

and the activity of transporters on the enterocyte membrane (Fabrikov et al., 2020). Amino acid 

transport across the intestinal epithelium is mediated by specific transporters located on the 

apical and basolateral membranes of enterocytes. These transporters facilitate the uptake of 

amino acids from the intestinal lumen into enterocytes and their release into the bloodstream. 

The two main families of amino acid transporters in fish are the sodium-dependent neutral 

amino acid transporters (SNATs) and the proton-coupled amino acid transporters (PATs), 

which play key roles in amino acid absorption and distribution (Iaconisi et al., 2019). 

The expression and activity of amino acid transporters in the intestine are regulated by 

various factors, including dietary amino acid levels, hormonal signals, and metabolic demands. 

Hormones such as insulin and glucagon, as well as amino acids themselves, can modulate the 

expression and function of amino acid transporters, thereby regulating the rate of amino acid 

absorption. Additionally, nutrient-sensing pathways such as the mechanistic target of 

rapamycin (mTOR) pathway may also influence amino acid transporter activity in response to 

changes in nutritional status (Kaya Öztürk et al., 2020). 

Efficient amino acid absorption and transport are essential for supporting protein 



Introduction  

33 
 

synthesis and growth in fish. Optimal amino acid utilization ensures that dietary protein is 

efficiently utilized for tissue growth and maintenance, leading to improved growth 

performance and feed efficiency. By controlling the expression of key genes involved in amino 

acid absorption and transport, researchers can enhance nutrient utilization and growth 

outcomes in aquaculture (Paulino et al., 2022). 

 

1.4.2. Protein Synthesis and Turnover 

Protein synthesis is the process by which amino acids are assembled into polypeptide 

chains according to the genetic code encoded in mRNA molecules. Protein synthesis occurs in 

ribosomes, where amino acids are linked together in a sequence dictated by the mRNA 

template. The initiation of protein synthesis involves the binding of initiator tRNA to the start 

codon on the mRNA molecule, followed by the elongation and termination phases, which 

involve the addition of amino acids to the growing polypeptide chain and the release of the 

completed protein, respectively (Sáez-Arteaga et al., 2022). 

Protein synthesis is tightly regulated by various factors, including nutrient availability, 

hormonal signals, and cellular energy status. Hormones such as insulin and IGFs play key roles 

in stimulating protein synthesis by activating signaling pathways such as the mTOR pathway, 

which promotes ribosome biogenesis and translation initiation. Conversely, conditions of 

nutrient deprivation or energy deficiency can suppress protein synthesis to conserve resources 

and maintain cellular homeostasis (Feidantsis et al., 2018). 

Protein turnover encompasses the processes of protein degradation and renewal, which 

are essential for maintaining cellular integrity and function. In fish, protein turnover occurs via 

proteolytic pathways such as the ubiquitin-proteasome system and the autophagy-lysosome 

pathway. These pathways target damaged or misfolded proteins for degradation, allowing for 

the recycling of amino acids and the synthesis of new proteins to replace damaged ones. Protein 

turnover rates can vary depending on factors such as tissue type, growth stage, and 

environmental conditions (Blasco et al., 2021). 

Optimal protein synthesis and turnover are crucial for supporting growth performance 

and nutrient utilization in fish. Efficient protein synthesis ensures that dietary amino acids are 

utilized for tissue growth and maintenance, while protein turnover allows for the removal of 

damaged proteins and the recycling of amino acids for protein synthesis. By modulating the 

expression of key genes involved in protein synthesis and turnover, researchers can enhance 
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growth rates and production outcomes in aquaculture. 

 

1.4.3. Amino Acid Catabolism and Energy Production 

Amino acid catabolism is a vital process in amino acid metabolism in fish, playing a 

significant role in energy production and metabolic homeostasis. Amino acid catabolism 

involves the breakdown of amino acids into intermediates that can be used for energy 

production or converted into other metabolites. The main pathways of amino acid catabolism 

in fish include transamination, deamination, and oxidative decarboxylation. Transamination 

reactions transfer amino groups from amino acids to α-keto acids, giving rise to the formation 

of new amino acids and keto acids. Deamination reactions remove amino groups from amino 

acids, forming ammonia or ammonium ions, which are then excreted or converted into less 

toxic compounds. Oxidative decarboxylation reactions oxidize amino acids to produce acetyl-

CoA or intermediates of the Krebs cycle for energy production (Fabrikov et al., 2020). 

Amino acid catabolism contributes to energy production in fish by generating ATP 

through the oxidation of amino acid carbon skeletons. Amino acids can be converted into 

acetyl-CoA, which enters the Krebs cycle to produce reducing equivalents (NADH and 

FADH2) and ATP through oxidative phosphorylation. Additionally, amino acids can be 

converted into intermediates of the glycolytic pathway or the PPP, providing alternative routes 

for ATP synthesis. The efficiency of energy production from amino acid catabolism depends 

on factors such as the availability of oxygen, the metabolic state of the organism, and the 

specific amino acids being catabolized (Fabrikov et al., 2020). 

The catabolism of amino acids is tightly regulated to maintain metabolic homeostasis 

and prevent the accumulation of toxic intermediates. Glucagon and cortisol stimulate amino 

acid catabolism during fasting or stress conditions to provide energy for vital functions. 

Additionally, nutrient availability and metabolic demands influence the rate of amino acid 

catabolism, with high-energy demands leading to increased catabolic activity. Enzymes 

involved in amino acid catabolism are regulated by factors such as substrate availability, 

allosteric regulation, and post-translational modifications (Paulino et al., 2022). 

Optimizing amino acid catabolism is essential for maximizing nutrient utilization and 

growth performance in aquaculture species as well as developing strategies to enhance energy 

production and metabolic efficiency in fish. Additionally, by controlling the expression of key 

genes involved in amino acid catabolism, aquaculture practitioners can modulate nutrient 
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partitioning and improve the utilization of alternative nutrients, such as carbohydrates, leading 

to improved growth outcomes and production efficiency infish. 

 

1.4.4. Regulation of Amino Acid Metabolism 

Hormones play a pivotal role in regulating amino acid metabolism in fish. Insulin, for 

example, acts as an anabolic hormone that stimulates amino acid uptake and protein synthesis 

in tissues, promoting growth and protein accretion. Conversely, catabolic hormones such as 

glucagon and cortisol enhance amino acid mobilization from tissues and stimulate amino acid 

catabolism during periods of fasting or stress. Hormonal regulation of amino acid metabolism 

ensures a dynamic balance between anabolic and catabolic processes to meet the metabolic 

demands of the organism (Pulido-Rodriguez et al., 2021). 

Nutrient sensing pathways, such as the mTOR pathway, play a critical role in regulating 

amino acid metabolism in response to nutrient availability. Activation of the mTOR pathway 

promotes protein synthesis and inhibits protein degradation, thereby coordinating amino acid 

utilization with cellular growth and proliferation. Additionally, nutrient-sensing kinases such 

as AMP-activated protein kinase (AMPK) and sirtuins can modulate amino acid metabolism 

in response to changes in cellular energy status, ensuring metabolic flexibility and adaptation 

to environmental conditions (Basto-Silva et al., 2021). 

Transcriptional regulation plays a central role in controlling the expression of genes 

involved in amino acid metabolism. Transcription factors such as activating transcription factor 

4 (ATF4) and CCAAT/enhancer-binding protein beta (C/EBPβ) can modulate the expression 

of genes encoding enzymes involved in amino acid synthesis, catabolism, and transport in 

response to cellular stress or nutrient availability. Additionally, microRNAs (miRNAs) and 

long non-coding RNAs (lncRNAs) can post-transcriptionally regulate the expression of genes 

involved in amino acid metabolism, fine-tuning metabolic responses to changing 

environmental conditions (Ramos-Pinto et al., 2021). 

Post-translational modifications, such as phosphorylation, acetylation, and 

ubiquitination, can regulate the activity and stability of proteins involved in amino acid 

metabolism. Phosphorylation of enzymes involved in amino acid catabolism, for example, can 

modulate their activity in response to cellular signaling pathways. Similarly, ubiquitination 

targets proteins for degradation via the proteasome, controlling the turnover of enzymes and 
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regulatory proteins involved in amino acid metabolism (Sáez-Arteaga et al., 2022). 

 

1.4.5. Implications for Growth Performance 

Amino acids serve as the building blocks for protein synthesis, which is essential for 

tissue growth and repair in fish. Optimal amino acid metabolism ensures that dietary amino 

acids are efficiently utilized for protein synthesis, supporting muscle development, organ 

growth, and overall body composition. By controlling the expression of key genes involved in 

protein synthesis pathways, researchers can enhance growth performance and maximize 

protein accretion in aquaculture. 

Amino acid metabolism also contributes to energy production in fish, providing ATP 

through oxidative pathways such as the Krebs cycle and oxidative phosphorylation. Efficient 

amino acid catabolism ensures that energy is readily available for metabolic processes 

associated with growth and maintenance (Teles et al., 2020). The efficient utilization of dietary 

nutrients, including amino acids, is critical for maximizing feed efficiency and growth 

performance in aquaculture operations. Amino acid metabolism influences nutrient partitioning 

and utilization, determining the extent to which dietary nutrients are converted into biomass 

(Basto-Silva et al., 2022). Amino acid metabolism also contributes to the synthesis of non-

protein biomolecules such as nucleotides, neurotransmitters, and hormones, which play 

essential roles in growth regulation and metabolic signaling. Understanding the metabolic 

pathways involved in amino acid biosynthesis and interconversion can provide insights into 

the nutrient requirements of fish and inform the formulation of balanced diets that support 

optimal growth performance and health (Krebs et al., 2023). 

In summary, amino acid metabolism is a complex process that influences protein 

synthesis, energy production, and growth performance in fish. The implications of amino acid 

metabolism for growth performance have practical relevance for aquaculture practices, as they 

inform the development of feed formulations and feeding strategies that optimize nutrient 

utilization and promote efficient growth. By manipulating the expression of key genes involved 

in amino acid metabolism pathways, aquaculture researchers can tailor feeding regimes to meet 

the specific nutritional requirements of different fish species and production systems, 

ultimately enhancing growth performance and production efficiency, and contributing to the 

advancement of sustainable aquaculture practices (Bildik et al., 2019). 
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1.5. Use of Metformin in Aquaculture 

1.5.1. Introduction to Metformin 

Metformin, chemically known as dimethylbiguanide, belongs to the biguanide class of 

drugs and is commonly used as a first-line treatment for type 2 diabetes. It works primarily by 

reducing hepatic glucose production, increasing peripheral glucose uptake, and improving 

insulin sensitivity in target tissues. Metformin does not stimulate insulin secretion from the 

pancreas, making it distinct from other antidiabetic medications (Wei et al., 2020). 

 

1.5.2. Application of Metformin in Aquaculture 

The utilization of metformin in aquaculture systems aims to enhance the growth 

performance of aquatic organisms, thereby improving productivity and efficiency in fish 

farming operations. One of the primary mechanisms through which metformin exerts its 

growth-promoting effects is by modulating energy metabolism. Metformin acts as an activator 

of AMPK, a key regulator of cellular energy homeostasis. By activating AMPK, metformin 

stimulates glucose uptake and utilization, leading to increased energy production and improved 

metabolic efficiency in aquatic organisms. This enhanced energy metabolism facilitates 

enhanced growth rates and improved feed conversion efficiency in fish and other aquatic 

species (Zhou et al., 2019). 

Moreover, metformin exhibits potential immunomodulatory effects in aquatic 

organisms, which can contribute to improved growth performance and overall health. Studies 

have suggested that metformin administration can enhance the immune response of fish by 

modulating inflammatory pathways and promoting the synthesis of antimicrobial peptides. By 

bolstering the immune system, metformin helps to mitigate the impact of stressors such as 

pathogens and environmental fluctuations, thereby promoting optimal growth and survival in 

aquaculture settings. Furthermore, the use of metformin in aquaculture offers potential 

environmental benefits. Unlike traditional growth-promoting agents such as antibiotics, 

metformin does not pose risks of antibiotic resistance or environmental contamination. Its 

favorable safety profile and low environmental impact make it an attractive option for 

sustainable aquaculture practices. Aquaculture environments can subject fish to various 

stressors, including handling, transportation, and environmental changes. Metformin's ability 

to regulate stress-responsive pathways, such as the hypothalamic-pituitary-adrenal axis, makes 

it a promising agent for alleviating stress in aquaculture. By reducing cortisol levels and 
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enhancing stress tolerance, metformin may help minimize the negative impacts of stress on 

growth and productivity in farmed fish (MacLaren et al., 2018; Xu et al., 2018). 

Biofloc technology is gaining popularity in aquaculture for its potential to improve 

water quality, enhance nutrient utilization, and reduce environmental impact. Metformin's 

effects on nutrient metabolism and microbial communities make it a candidate for optimizing 

biofloc systems. Research exploring the interactions between metformin, microbial 

populations, and nutrient dynamics in biofloc reactors could inform strategies for maximizing 

the efficiency and sustainability of this technology in aquaculture production systems 

(MacLaren et al., 2018; Xu et al., 2018). 

In conclusion, the application of metformin as a growth-promoting agent holds promise 

for improving the efficiency and sustainability of aquaculture operations. Through its effects 

on energy metabolism, immune function, and environmental safety, metformin offers an 

effective and environmentally friendly solution for enhancing the growth performance of 

aquatic organisms. Further research is warranted to elucidate the molecular effects driven by 

metformin in fish, the optimal dosing regimens and application strategies for maximizing the 

benefits of metformin in aquaculture. By modulating key metabolic pathways, such as glucose 

and lipid metabolism, metformin may enhance energy utilization and redirect nutrients towards 

growth and tissue development.  

 

1.5.3. Gene Expression and Molecular Responses 

Analyzing the effects of metformin on gene expression and molecular responses in fish 

can provide essential clues for further characterization of fish intermediary metabolism and 

unraveling its mechanisms of action and potential applications in aquaculture. Metformin 

regulates the expression of key metabolic genes involved in glucose and lipid metabolism, 

energy homeostasis, and growth regulation in fish. Through its activation of AMPK, metformin 

modulates the activity of transcription factors and coactivators that control the expression of 

metabolic genes. For example, metformin stimulates the expression of genes encoding GLUTs, 

glycolytic enzymes, and mitochondrial biogenesis factors, enhancing glucose uptake, 

glycolysis, and oxidative metabolism in fish tissues (Niemuth & Klaper, 2018). Similarly, 

metformin inhibits the expression of lipogenic genes such as FASN and SREBPs, leading to 

decreased fatty acid synthesis and lipid accumulation in fish. By altering the expression of 

metabolic genes, metformin promotes metabolic adaptation and energy conservation in 
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response to nutrient availability and energy status, thereby optimizing nutrient utilization and 

growth performance (Lee et al., 2019). 

 

Molecular Signaling Pathways 

In addition to its effects on metabolic gene expression, metformin influences various 

molecular signaling pathways involved in cellular growth, proliferation, and stress responses 

in fish. One of the key signaling pathways regulated by metformin is the mTOR pathway, 

which plays a central role in coordinating cell growth and protein synthesis in response to 

nutrient and energy signals (Zhou et al., 2019). Metformin inhibits mTOR signaling by 

activating AMPK and inhibiting the phosphorylation of downstream targets such as ribosomal 

protein S6 kinase (S6K) and eukaryotic translation initiation factor 4E-binding protein 1 (4E-

BP1). This inhibition of mTOR signaling suppresses protein synthesis and cell growth, 

redirecting energy resources towards essential cellular functions and metabolic processes. In 

aquaculture species such as gilthead sea bream, metformin-mediated inhibition of mTOR 

signaling may contribute to the optimization of protein utilization and growth efficiency, 

particularly under conditions of dietary carbohydrate abundance (Elizalde-Velázquez et al., 

2023). 

 

Epigenetic Modifications 

Emerging evidence suggests that metformin may also exert epigenetic effects on gene 

expression and cellular function in fish. Epigenetic modifications, such as DNA methylation 

and histone acetylation, can regulate gene expression patterns and phenotypic traits in response 

to environmental stimuli and metabolic signals. Metformin has been shown to modulate DNA 

methylation patterns and histone modifications in mammalian cells, influencing gene 

expression and cellular processes associated with metabolism, aging, and disease. In fish, the 

epigenetic effects of metformin on key metabolic genes and pathways remain to be fully 

elucidated. However, knowledge of the epigenetic mechanisms underlying metformin's effects 

on gene expression and metabolic regulation in fish could provide valuable insights into its 

therapeutic potential and applications in aquaculture (Wei et al., 2020). 

 

1.6. Gene Therapy 

Gene therapy has emerged as a promising approach in aquaculture for manipulating the 
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expression of key genes to optimize traits related to growth, health, and environmental 

sustainability. This section explores the potential of gene therapy techniques in revolutionizing 

aquaculture practices, focusing on the manipulation of gene expression to spare protein 

utilization and enhance the utilization of dietary carbohydrates in species such as gilthead sea 

bream. 

 

1.6.1. Introduction to Gene Therapy in Aquaculture 

Gene therapy involves the delivery of nucleic acids, such as DNA or RNA, into target 

cells to modulate gene expression and achieve specific phenotypic outcomes. In aquaculture, 

gene therapy offers a promising avenue for improving production efficiency, disease resistance, 

and nutrient utilization in farmed fish species. By precisely controlling the expression of key 

genes involved in metabolic pathways, researchers can develop strategies to enhance growth 

performance and reduce the environmental impact of aquaculture operations (Wu et al., 2024). 

Several gene delivery methods are available for introducing therapeutic genes into fish 

cells. Viral vectors, such as adenoviruses and lentiviruses, have been used to efficiently deliver 

genes into target cells, but safety concerns and regulatory hurdles may limit their widespread 

use in aquaculture. Non-viral vectors, including liposomes and nanoparticles, offer alternative 

approaches for gene delivery with potentially fewer safety risks. Additionally, genome editing 

technologies like CRISPR-Cas9 may enable precise modifications to the fish genome, allowing 

for the targeted manipulation of specific genes related to nutrient utilization and metabolic 

pathways (Wang et al., 2021). 

Gene therapy can be applied to modulate the expression of key genes involved in 

nutrient metabolism to optimize feed efficiency and nutrient utilization in cultured fish. Target 

genes may include those encoding enzymes and transcription factors involved in protein 

synthesis, carbohydrate metabolism, and energy production pathways. By enhancing the 

expression of genes related to carbohydrate utilization while sparing protein utilization, 

researchers can improve growth performance and metabolic efficiency in cultured fish (Mao et 

al., 2021). 

Despite its potential benefits, gene therapy in aquaculture faces several challenges, 

including ethical concerns, regulatory complexities, and technological limitations. Issues such 

as public perception of genetically modified organisms (GMOs), environmental risks, and 

biosafety must be carefully considered in the development and implementation of gene therapy 
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strategies. Additionally, optimizing the efficiency, specificity, and safety of gene delivery 

methods remains a key research priority in aquaculture genetics (Al-Nimry et al., 2021). 

 

Future Directions 

The future of gene therapy in aquaculture holds great promise for advancing sustainable 

aquaculture practices. Continued research efforts are needed to refine gene delivery techniques, 

enhance the specificity of genome editing technologies, and address safety and regulatory 

concerns. By leveraging the power of gene therapy to optimize nutrient utilization and 

metabolic pathways in farmed fish species, aquaculture practitioners can contribute to the 

development of more efficient and environmentally responsible aquaculture systems. 

 

1.6.2. Techniques for Gene Delivery 

When selecting gene delivery techniques for aquaculture applications, several factors 

must be considered, including safety, efficiency, scalability, and cost-effectiveness. The chosen 

method should ensure high transduction efficiency, minimal off-target effects, and long-term 

gene expression in target tissues without compromising fish health or welfare. Additionally, 

regulatory approval and public acceptance of gene therapy approaches in aquaculture must be 

carefully evaluated to facilitate their widespread adoption and commercialization. 

 

Viral Vectors 

Viral vectors are one of the most efficient gene delivery systems in aquaculture. Viruses 

such as adenoviruses, retroviruses, and lentiviruses can be engineered to carry therapeutic 

genes into fish cells. These vectors have high transduction efficiency and can deliver genes 

directly into the host genome, allowing for stable, long-term gene expression. However, safety 

concerns regarding potential viral pathogenicity and immune responses in fish must be 

carefully addressed. 

 

Non-viral Vectors 

Non-viral vectors offer alternative gene delivery methods with potentially fewer safety 

risks. Liposomes, nanoparticles, and polymer-based delivery systems can encapsulate and 

protect nucleic acids, facilitating their uptake by fish cells. Non-viral vectors are generally safer 

and easier to produce than viral vectors, but they often exhibit lower transfection efficiency 
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and transient gene expression compared to viral vectors (Sáez et al., 2018). 

 

Chitosan 

Nanotechnology-based approaches in the realm of gene delivery for fish hold promising 

prospects for advancing aquaculture and fisheries sciences. These techniques leverage 

nanoscale materials, such as nanoparticles and nanocarriers, to efficiently transport genetic 

material into fish cells. One prevalent method involves the encapsulation of DNA or RNA 

within biocompatible nanoparticles, enhancing their stability and cellular uptake. Additionally, 

surface modifications of these nanoparticles enable targeted delivery to specific tissues or cell 

types within fish organisms, minimizing off-target effects. Moreover, nanotechnology 

facilitates the development of non-viral vectors, offering a safer alternative to viral vectors 

commonly used in gene delivery. Through precise control over particle size, shape, and surface 

properties, nanotechnology enables optimized gene delivery systems tailored to the unique 

physiological characteristics of fish species (El-Naggar et al., 2021). 

In recent years, chitosan has emerged as a non-viral vector and promising tool in the 

field of molecular biology, offering a method for transient modification of gene expression 

without the need for creating genetically modified organisms. Chitosan, a natural 

polysaccharide derived from chitin, has gained attention due to its biocompatibility, 

biodegradability, and low toxicity. One of the key advantages of utilizing chitosan in genetic 

studies is its ability to facilitate overexpression of exogenous genes and gene silencing through 

RNA interference (RNAi). By encapsulating small interference RNA (siRNA) or plasmid DNA 

within chitosan nanoparticles, researchers can efficiently deliver these genetic materials into 

target cells or tissues. The transient nature of chitosan-mediated gene expression modulation 

offers several benefits. Unlike traditional genetic engineering techniques that involve the 

permanent alteration of an organism's genome, chitosan-based methods allow for temporary 

modifications. This feature is particularly advantageous in applications where the desired 

genetic changes are only needed for a specific duration or where regulatory restrictions limit 

the use of GMOs, as it is the case in aquaculture. Furthermore, chitosan nanoparticles can be 

tailored to target specific cell types or tissues, enhancing the precision and efficiency of gene 

delivery. This targeted approach minimizes off-target effects and improves the overall safety 

profile of the technique. Overall, the use of chitosan as a vehicle for transient gene expression 

modulation represents a promising avenue for advancing molecular biology research and 

biotechnological applications. Its versatility, biocompatibility, and non-permanent nature make 
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it an attractive alternative to conventional genetic engineering methods, offering new 

opportunities for studying gene function, disease mechanisms, and therapeutic interventions 

(Silva-Marrero et al., 2019). 

 

1.6.3. Target Genes for Nutrient Utilization 

Glucose Metabolism Genes 

Genes involved in glucose metabolism play a central role in regulating carbohydrate 

utilization and energy production in fish. Targeting genes encoding enzymes such as GCK, and 

PFK in the liver can enhance the efficiency of glycolysis and promote the utilization of dietary 

carbohydrates for energy production in cultured fish. Similar effects could be achieved by 

down-regulating the expression of gluconeogenic enzymes, such as G6PC. By modulating the 

expression of these genes, researchers can optimize carbohydrate utilization and reduce the 

reliance on dietary proteins for energy (Basto-Silva et al., 2021). 

 

Insulin Signaling Pathway Genes and Growth Hormone/Insulin-like Growth Factor Axis 

Genes 

The insulin signaling pathway regulates glucose uptake, glycogen synthesis, and lipid 

metabolism in fish. Targeting genes involved in insulin signaling, such as insulin receptor (IR), 

insulin-like growth factor 1 receptor (IGF-1R), and GLUT4, can enhance glucose uptake and 

utilization in target tissues. By promoting insulin sensitivity and glucose disposal, modulation 

of insulin signaling pathway genes can improve carbohydrate metabolism and growth 

performance (Xu et al., 2018). 

The growth hormone (GH)/IGF axis regulates growth, metabolism, and nutrient 

partitioning in fish. Targeting genes involved in GH and IGF signaling pathways can modulate 

growth performance and nutrient utilization in cultured fish. Genes such as growth hormone 

receptor (GHR), IGF-1, and IGF-binding proteins (IGFBPs) play key roles in mediating the 

effects of GH and IGF on growth and metabolism. By manipulating the expression of these 

genes, nutrient partitioning and enhancement of growth efficiency may be optimized in farmed 

fish (Matejkova & Podhorec, 2019). 

 

Lipid Metabolism Genes 
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SREBPs are key regulators of lipid homeostasis in cells, controlling the expression of 

genes involved in lipid synthesis and uptake. SREBP1 promotes the transcription of genes 

encoding enzymes required for fatty acid synthesis, such as ACC and fatty acid synthase. 

Additionally, it enhances the expression of genes involved in the synthesis of triglycerides and 

phospholipids. While SREBP2 primarily regulates cholesterol synthesis, SREBP1 also 

contributes to cholesterol homeostasis by regulating the expression of genes involved in 

cholesterol biosynthesis, such as 3-hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) 

reductase. SREBP1 activation leads to increased transcription of genes involved in fatty acid 

synthesis, resulting in elevated levels of fatty acids within cells. This is particularly important 

for cells with high lipid biosynthetic demands, such as hepatocytes and adipocytes. Enhanced 

SREBP1 activity promotes the synthesis of triglycerides, leading to lipid droplet formation and 

storage. This process is crucial for energy storage and adipocyte function. While SREBP2 is 

the primary regulator of cholesterol biosynthesis, SREBP1 also contributes to this process by 

inducing the expression of key enzymes involved in cholesterol synthesis. Dysregulation of 

SREBP1 activity has been implicated in insulin resistance and metabolic disorders such as 

obesity and type 2 diabetes. SREBP1 overexpression in liver and adipose tissue has been shown 

to impair insulin signaling and glucose metabolism. 

Lipid metabolism genes also play a critical role in nutrient utilization and energy 

balance in fish. Targeting genes encoding enzymes involved in lipogenesis, lipolysis, and fatty 

acid oxidation can influence lipid storage, mobilization, and utilization in cultured fish. By 

modulating the expression of genes such as ACC, FAS, and carnitine palmitoyltransferase I 

(CPT1), lipid metabolism and energy production pathways may be regulated to spare protein 

and promote carbohydrate utilization (Droubogiannis & Katharios, 2022). The administration 

of chitosan-TPP-pSG5-SREBP1a significantly increased SREBP1a mRNA and protein levels 

in the liver of S. aurata. This overexpression of SREBP1a led to enhanced hepatic expression 

of key genes involved in glycolysis-gluconeogenesis (GCK and PFKFB1) and fatty acid 

synthesis (acetyl-CoA carboxylase 1 (ACC1) and acetyl-CoA carboxylase 2 (ACC2)), while 

reducing the production of G6PD (Silva-Marrero et al., 2019). 

 

Amino Acid Metabolism Genes 

Amino acid metabolism genes contribute to protein synthesis, degradation, and 

recycling in fish. Targeting genes involved in amino acid transport, catabolism, and protein 

turnover can influence nitrogen utilization and protein sparing. Genes such as 
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aminotransferases, glutamate dehydrogenase (GDH), amino acid transporters (e.g., SLC7A5), 

amino acid degrading enzymes (e.g., alanine-glyoxylate aminotransferase), and proteolytic 

enzymes (e.g., proteasome subunits) are potential targets for modulating amino acid 

metabolism and optimizing protein utilization efficiency (Teles et al., 2018). In S. aurata, our 

research group previously examined the impact of cALT silencing in the liver of S. aurata 72 

hours following intraperitoneal administration of chitosan-tripolyphosphate (TPP) 

nanoparticles loaded with a plasmid carrying a shRNA sequence aimed at reducing cALT 

expression (pCpG-si1sh1). In fish subjected to various protein-to-carbohydrate ratio diets and 

treated with chitosan-TPP-pCpG-si1sh1, levels of both cALT1 and cALT2 mRNA notably 

decreased, regardless of the dietary composition. Concurrently, liver ALT activity decreased 

in the treated specimens. Moreover, in the liver of S. aurata treated with chitosan-TPP-pCpG-

si1sh1 nanoparticles, down-regulation of cALT expression led to increased activity of key 

enzymes involved in glycolysis (such as PFK and PK) (Gonzalez et al., 2016). In another study, 

S. aurata were examined 72 hours post-administration of TPP nanoparticles loaded with a

plasmid containing a shRNA targeting GDH expression (pCpG-sh2GDH). Following this

treatment, both the mRNA levels and detectable protein of GDH in the liver notably decreased,

consequently leading to a reduction in GDH activity in both oxidative and reductive reactions

to approximately 53-55 % of control levels. Silencing GDH also resulted in decreased activity

of glutamate, glutamine, and aspartate aminotransferases, alongside an increase in 2-

oxoglutarate content, OGDH activity, and PFK/FBP activity ratio (Gaspar et al., 2018). Taken

together, these studies allowed us to conclude that chitosan-dependent decreased

transdeamination in the liver of S. aurata is a promising strategy to induce carbohydrate

utilization in carnivorous fish and promote protein sparing.

1.6.4. Implications for Aquaculture Sustainability 

By controlling the expression of key genes involved in nutrient metabolism, gene 

therapy can enhance feed efficiency in farmed fish species. Manipulating genes related to 

protein sparing and carbohydrate utilization can reduce the reliance on expensive protein 

sources in aquafeeds, leading to cost savings for aquaculture producers and reduced pressure 

on wild fish stocks, while improving growth performance by promoting efficient conversion 

of dietary nutrients into biomass (Katz et al., 2019). Gene therapies that enable significant 

replacement of dietary protein by carbohydrates can contribute to the reduction of ammonia 

and nitrogenous waste, and the environmental pollution associated with aquaculture activities. 
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By minimizing the excretion of nitrogenous compounds and undigested nutrients, 

eutrophication of water bodies can be mitigated, minimizing the ecological footprint of 

aquaculture and promoting environmental sustainability and ecosystem health (Gratacap et al., 

2020). 

Gene therapy can also play a crucial role in enhancing disease resistance and health 

management in aquaculture. By modulating the expression of genes related to immune function 

and disease resistance, enhanced resilience to common pathogens and diseases can be achieved, 

in addition to reducing the need for antibiotics and chemical treatments in aquaculture systems 

(Polakof et al., 2012). 

Despite its potential benefits, the widespread adoption of gene therapy in aquaculture 

faces regulatory and public acceptance challenges. Regulatory agencies must establish clear 

guidelines and safety standards for genetically modified fish strains, ensuring that they pose 

minimal risks to human health and the environment. Additionally, efforts to educate consumers 

and stakeholders about the safety and benefits of genetically modified aquaculture products are 

essential to gain public trust and acceptance (El-Nokrashy et al., 2021). 

 

1.7. Review article; Chitosan-Based Drug Delivery System: Applications in Fish 
Biotechnology 
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2.1. General objective 

S. aurata is one of the most cultured marine fishes in Spain and Europe. Despite the

commercial interest of S. aurata production, the molecular mechanisms involving dietary 

nutrients and regulation of the intermediary metabolism in this species are not fully understood. 

As most fishes with aquaculture interest in Europe, S. aurata is a carnivorous ectothermic 

species. Carnivorous fish use efficiently amino acids for growth and to obtain energy. 

However, carnivorous fish have low ability to utilize dietary carbohydrates and exhibit 

prolonged hyperglycemia after a glucose load or intake of high-carbohydrate diets. Thus, 

optimal growth of teleost fish requires elevated levels of dietary protein. Fishmeal is the main 

protein source in aquafeeds, due to its high protein content, adequate amino acid profile, high 

palatability and lack of antinutrients. 

Although aquaculture produces undeniable benefits such as the provision of good quality 

and accessible food for populations and the generation of millions of related jobs, fish farming 

raises important concerns in terms of environmental welfare and sustainability, including 

capture of wild fish for rearing, and local eutrophication and nitrification. Since a significant 

proportion of wild fish captures is processed into fishmeal for aquafeeds, a reduction in the 

amount of protein in aquafeeds would alleviate dependence on wild fisheries (often 

overexploited) and the environmental impact of aquaculture. Indeed, excess of dietary protein 

in aquafeeds increases amino acid oxidation, ammonia release and the eutrophication of 

effluent receiving ecosystems. In addition to reduce the environmental impact of aquaculture, 

reduction of fishmeal in aquafeeds and substitution of dietary protein by cheaper nutrients 

would reduce the production cost, contributing to a more sustainable aquaculture. 

In this context, our research endeavors to broaden the comprehension of the intermediary 

metabolism and the control of glucose homeostasis in carnivorous fish, particularly S. aurata. 

To this end, we studied whether metformin, a widely employed drug for managing diabetes in 

humans, may improve glucose homeostasis in S. aurata at the molecular level. Furthermore, 

previous studies of our research group pointed to the N-terminal nuclear fragment of hamster 

SREBP1a as a key exogenous factor to induce a protein-sparing effect in cultured S. aurata. In 

addition to strongly transactivate the expression of genes required for fatty acid and cholesterol 

synthesis, we showed that the transcription factor SREBP1a also binds and transactivates the 

gene promoters of GCK and PFKFB1, two key enzymes in the regulation of the glycolytic flux 

in the liver of S. aurata. Moreover, a single administration of chitosan-TPP-DNA nanoparticles 
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expressing the N-terminal nuclear fragment of hamster SREBP1a caused a multigenic effect in 

the liver of S. aurata 72 h post-treatment, allowing conversion of carbohydrates into lipids 

through enhanced expression of key enzymes in glycolysis, cholesterol synthesis and fatty acid 

synthesis, elongation and desaturation. Therefore, another important goal of this PhD thesis 

was to analyze the long-term effects of periodical administration of chitosan-TPP-DNA 

nanoparticles expressing the N-terminal nuclear fragment of hamster SREBP1a on the 

intermediary metabolism and growth performance of S. aurata. 

 

2.2. Specific objectives 

The specific objectives to address the main goal of this PhD thesis were: 

Objective 1. To increase the current knowledge about glucose homeostasis and the metabolic 

characteristics of carnivorous fish by assessing the molecular mechanisms 

triggered by metformin on the intermediary metabolism and the expression of 

lipogenic factors in the liver of S. aurata. 

Objective 2. To study long-term metabolic effects derived from periodical administration of 

chitosan-TPP nanoparticles complexed with a plasmid driving the expression of 

the N-terminal nuclear fragment of hamster SREBP-1a in the liver of S. aurata. 

Objective 3. Determining the effect of periodical administration of chitosan-TPP nanoparticles 

complexed with a plasmid driving the expression of the N-terminal nuclear 

fragment of hamster SREBP-1a on growth performance of S. aurata. 
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Metformin Counteracts Glucose-Dependent Lipogenesis and Impairs Transdeamination 
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4.1. Metabolic Effects of Metformin on the Hepatic Metabolism of S. aurata  

Previous research on the effects of metformin in different animal models, particularly 

mammals, has largely focused on its anti-diabetic properties, particularly its ability to improve 

insulin sensitivity, decrease hepatic glucose production, and enhance peripheral glucose uptake 

(Wei et al., 2020). While the molecular mechanisms underlying these effects have been 

extensively studied in mammals, comparatively less is known about its effects in non-

mammalian species, especially carnivorous fish. In mammals, metformin's primary mechanism 

of action involves the activation of AMPK, leading to inhibition of hepatic gluconeogenesis 

and stimulation of glucose uptake in peripheral tissues such as muscle and adipose tissue 

(Agius et al., 2020). Metformin has been shown to modulate various metabolic pathways, 

including lipid metabolism and mitochondrial function, contributing to its overall glucose-

lowering effects. In addition to its effects on glucose metabolism, metformin influences lipid 

metabolism in fish by promoting lipid oxidation and reducing lipid accumulation in tissues. By 

increasing fatty acid oxidation and mitochondrial function, metformin enhances energy 

expenditure and reduces lipid deposition, leading to improvements in body composition and 

growth efficiency (Madiraju et al., 2018). Metformin supplementation in aquaculture is 

generally regarded as beneficial for improving glucose homeostasis, growth performance and 

antioxidant, anti-inflammatory and immunomodulatory capacity (Wei et al., 2020; Wang et al., 

2024; Zhou et al., 2024). However, the molecular mechanisms triggered by metformin on fish 

metabolism remain unclear and gave rise to paradoxical results. 

Given that metformin may further enhance glucose uptake and utilization in glucose-

intolerant carnivorous fish, thereby promoting growth and reducing reliance on protein-derived 

energy (Xu et al., 2018; Wang et al., 2024), we addressed the effect of metformin, a widely 

used anti-diabetic drug for humans, on the intermediary metabolism in the liver of S. aurata. 

The findings shed light on how metformin administration, both with and without a glucose 

load, impacts the activity and expression of key enzymes involved in the control of the 

intermediary metabolism and the mRNA levels of lipogenic factors in this species. Consistent 

with limited control of postprandial glycemia in carnivorous fish, blood glucose levels showed 

a sharped increase at 5 hours following glucose administration. Glycemia was totally recovered 

at 24 hours post-treatment. In agreement with previous reports in S. aurata (Metón et al., 1999; 

Caseras et al., 2002; Fernández et al., 2007), hyperglycemia strongly up-regulated the activity 

and mRNA levels of GCK, a rate-limiting enzyme in hepatic glycolysis, at 5 hours following 

intraperitoneal administration of glucose. In contrast, the activity of FBP, a key gluconeogenic 
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enzyme, was not affected. Metformin counteracted glucose-dependent activation of GCK 

expression in the liver of S. aurata. When administered alone, metformin significantly down-

regulated the expression of PFK and FBP at both 5 hours and 24 hours post-treatment. 

However, at the enzyme activity level only a decrease could be observed for PFK at 24 hours 

post-treatment, possibly because of allosteric regulation of PFK and FBP. The effect of 

metformin on glycolytic and gluconeogenic enzymes in fish seems to be species-dependent. 

Similarly as in S. aurata, metformin down-regulated the expression of key enzymes in 

glycolysis (GCK, PFK) and gluconeogenesis (G6PC, FBP, and PEPCK) in the liver of rainbow 

trout 6 hours after intraperitoneal administration of glucose (Polakof et al., 2009). In contrast, 

metformin up-regulated GCK and PK, while down-regulated G6PC, FBP and PEPCK in the 

liver of Megalobrama amblycephala (Xu et al., 2018). Metformin also increased the hepatic 

expression of ADP-dependent glucokinase, PFK and PK, and decreased that of G6PC in 

Micropterus salmoides fed a high carbohydrate diet (Liu et al., 2023; Wang et al., 2024).  

The effect of glucose and metformin administration was also evaluated in the hepatic 

activity of two rate-limiting enzymes of the tricarboxylic acid cycle (TCA): IDH and OGDH. 

At 24 hours post-treatment of S. aurata juveniles, the glucose load notably increased the 

hepatic activity of IDH, a crucial enzyme in the TCA. IDH activity, which catalyzes the 

oxidative decarboxylation of isocitrate to a-ketoglutarate, was stimulated by glucose and 

inhibited by metformin. In contrast, OGDH remained unaffected. Increased fuel availability 

after glucose administration and glucose-dependent activation of glycolysis may stimulate IDH 

activity and, therefore, favor hepatic glucose oxidation and ATP synthesis 24 hours after the 

glucose load. As in S. aurata, metformin inhibits IDH activity in human-derived cancer cells 

(Keibler et al., 2016; Bai et al., 2018).  

Albeit not significant, a trend to increase serum triglycerides and cholesterol was found 

24 hours after glucose administration. This suggests enhanced hepatic lipogenesis and 

transformation of excess glucose into lipids. Consistently, treatment with glucose up-regulated 

SREBP1, a transcription factor with a pivotal role in transactivation of genes required for the 

synthesis of fatty acids, triglycerides and cholesterol (Shimano and Sato, 2017). The same trend 

was observed 24 hours following glucose administration in the expression of other lipogenic 

factors such as PGC1β and LPIN1. Even though S. aurata is a carnivorous fish, we previously 

reported that it tolerates partial substitution of dietary protein by carbohydrates through 

metabolic adaptation involving modulation of the glycolytic flux in the liver (Caseras et al., 

2000; Metón et al., 2000b; Fernández et al., 2007). Similarly as for GCK (glycolysis) and IDH 
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(TCA), metformin prevented, at least partially, glucose-dependent up-regulation of lipogenic 

factors, particularly at 24 hours post-treatment. Metformin-dependent inhibition of lipogenesis 

prevents the accumulation of lipid deposits, which are often associated with insulin resistance 

and metabolic disorders in fish (Liu et al., 2023). By reducing lipid accumulation and 

promoting lean tissue deposition, metformin can improve the fillet yield, texture, and 

nutritional quality of cultured fish, enhancing its market value and consumer acceptance. This 

optimization of body composition aligns with consumer preferences for healthier and higher-

quality seafood products, further supporting the economic viability of aquaculture.  

Metformin-dependent down-regulation of SREBP1 expression and lipogenesis is 

consistent with previous observations in mammals (Liu et al., 2016; de Oliveira Santana et al., 

2016). However, as for glycolysis and gluconeogenesis, the effect of metformin on lipogenesis 

in fish remains controversial. In agreement with our findings in S. aurata, metformin decreased 

the expression of SREBP1 and FASN in primary hepatocytes from Megalobrama 

amblycephala by promoting AMPK activation, leading to decreased fatty acid synthesis and 

increased fatty acid oxidation (Zhou et al., 2019). In constrast, dietary metformin 

supplementation increased the expression of lipogenic enzymes in the liver of Oncorhynchus 

mykiss fed high-carbohydrate diets (Panserat et al., 2009), while in another study, the 

administration of metformin plus insulin up-regulated SREBP1 in the liver of Oncorhynchus 

mykiss fed high-carbohydrate diets, while metformin alone did not affect SREBP1 expression 

(Polakof et al., 2011). Metformin also up-regulated SREBP1, ACC and FASN in the liver of 

Megalobrama amblycephala, while decreased plasma triglycerides (Xu et al., 2018). In 

Micropterus salmoides, metformin stimulated blood triglycerides and the hepatic expression 

of lipogenic FASN (Liu et al., 2023). In addition to belong to phylogenetically distant orders, 

differences in habitat and feeding habits of fish species may determine different metabolic 

responses to metformin in the piscine liver. Divergent methodological approaches, such as 

dosage and duration of the treatment may also result in striking differences among fish species. 

Carnivorous fish use efficiently amino acids as gluconeogenic substrates, being the liver 

the main site of amino acid catabolism (Andoh, 2007). Indeed, optimal growth of teleost fish 

requires elevated levels of dietary protein (Moon, 2001; Polakof et al., 2012), and amino acids 

are considered as strong insulin secretagogues in fish (Polakof et al., 2012). Thus, in addition 

to provide building blocks for proteins and backbones for glucogenic and ketogenic purposes, 

a major function of amino acids in fish, is to produce energy by entering catabolic pathways. 

Several metabolic features favor a preferential use of amino acids as fuel and gluconeogenic 
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substrates in fish. For instance, fishes display efficient conversion of dietary protein into tissue 

protein up to 20-fold higher than in mammals and birds. Moreover, ammonia excretion across 

the fish gills consumes less enery than urea formation in urotelic organisms (Kaushik and 

Seiliez, 2010). In the liver of S. aurata, and in the absence of a glucose load, we observed that 

5 hours post-treatment metformin down-regulated the expression of GDH, which exerts a 

pivotal role in amino acid metabolism through the catalysis of reversible oxidative deamination 

of L-glutamate into a-ketoglutarate. Meanwhile AST remained unaffected by metformin, a 

similar trend to that of GDH was also found for ALT activity, a transaminase that exhibit 

greater sensibility than AST to changes in the nutritional status and diet composition in S. 

aurata (Fernández et al., 2007; Anemaet et al., 2008). Metformin-dependent down-regulation 

of GDH and to a lesser extent reduced ALT activity suggest that metformin decreased amino 

acid transdeamination in the liver. Transdeamination, a process that involves the transfer of 

amino groups from amino acids to a-ketoglutarate to produce glutamate and the subsequent 

GDH-mediated deamination of glutamate, is a pivotal pathway in the fish liver to enable 

incorporation of carbon backbones of amino acids into the TCA to obtain energy and 

biosynthesize macromolecules (Liu et al., 2012; Caballero-Solares et al., 2015; Gaspar et al., 

2018). Consequently, our findings indicated that metformin administration decreased 

incorporation of amino acid carbon backbones into the TCA and its use as gluconeogenic 

substrates. Likewise, metformin supplementation decreased AST activity in serum of 

Megalobrama amblycephala (Wang et al., 2024). Metformin-dependent inhibition of hepatic 

transdeamination may determine the long-term hypoglycemic effect caused by metformin in 

the liver of S. aurata. 

Similarly as for GDH and ALT, a trend to decrease mTOR expression was found in the 

liver of S. aurata 5 hours following treatment with metformin. Consistently with our findings, 

metformin was reported to suppress up-regulation of mTOR in the liver of the cyprinid 

Megalobrama amblycephala fed high-carbohydrate diets (Xu et al., 2018). The mTOR 

pathway is a key regulator of cellular metabolism that is highly sensitive to dietary protein 

(Borges et al., 2014). Since mTOR is part of the amino acid sensor in the mTORC1 complex, 

the results of the present study suggest that metformin-dependent down-regulation of GDH 

expression could inhibit mTORC1 signaling in the liver of S. aurata. In favor of this 

hypothesis, metformin inhibits mTORC1 signaling in humans (Melnik et al., 2014), and knock 

down of GDH1 also decreases mTORC1 activity, while leucine requires GDH1 to up-regulate 

mTORC1 in human cells (Lorin et al., 2013). Metformin-dependent decreased use of amino 
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acids as gluconeogenic substrates in the liver of S. aurata could, in turn, determine the low 

levels of FBP observed 5 hours following metformin administration. Similarly, it was proposed 

that inhibition of mTORC1 improves glucose tolerance by inhibiting hepatic gluconeogenesis 

in rainbow trout (Dai et al., 2014). This mechanism highlights the intricate interplay between 

amino acid metabolism and glucose regulation in carnivorous fish (Liu et al., 2023). Overall, 

our findings suggest that metformin may exert specific metabolic effects in carnivorous fish by 

mitigating hyperglycemia-induced lipogenesis and suppressing the use of amino acids as 

gluconeogenic substrates. The findings underscored the importance of understanding amino 

acid metabolism in the context of glucose intolerance in carnivorous fish, highlighting the 

potential of metformin as a therapeutic intervention in managing metabolic disorders in aquatic 

species. 

Carnivorous fish present a unique challenge in understanding glucose metabolism due 

to their inherent glucose intolerance and limited capacity to utilize dietary carbohydrates. 

Investigating the role of glucose intolerance in these species holds significant scientific value, 

shedding light on fundamental metabolic processes and potential therapeutic interventions. 

Firstly, knowledge of glucose metabolism in carnivorous fish is crucial due to their 

physiological reliance on amino acids and lipids as primary energy sources, rather than 

carbohydrates. Their evolutionary adaptation to a high-protein diet necessitates a deeper 

exploration of how glucose homeostasis is regulated in these organisms. Moreover, elucidating 

the molecular mechanisms underlying glucose intolerance in carnivorous fish offers insights 

into metabolic diseases such as diabetes. By studying how carnivorous fish cope with glucose 

challenges, researchers can uncover novel therapeutic targets and strategies applicable to both 

aquatic species and terrestrial organisms. The study of glucose metabolism in carnivorous fish 

also underscores the importance of comprehending interspecies variations in metabolic 

pathways. Insights gained from studying carnivorous fish can contribute to a broader 

comprehension of metabolic diversity across vertebrates, enhancing our knowledge of 

evolutionary adaptations and metabolic regulation. In summary, investigating glucose 

metabolism in carnivorous fish not only addresses fundamental questions in biology but also 

holds implications for human health and aquaculture. Furthermore, metformin supplementation 

can improve growth parameters such as weight gain, feed intake, and feed efficiency in various 

fish species, indicating its potential as a growth-promoting agent in aquaculture (Wang et al., 

2024). However, deeper knowledge of the molecular events triggered by metformin in fish is 

an absolute need before developing applications in aquaculture, particularly in terms of dosage 
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and timing given that chronic exposure to high concentrations of metformin in water bodies 

has been associated with increase in reactive oxygen species and the generation of free radicals, 

leading to oxidative stress, lipid peroxidation and DNA damage in fish (Tavlo et al., 2022; 

Sibiya et al., 2023). 

Our findings indicate that metformin administration counteracted hyperglycemia-

induced up-regulation of glycolytic enzymes and lipogenic factors in the liver, suggesting a 

potential role for metformin in improving glucose homeostasis in S. aurata. While there are 

similarities in the metabolic effects of metformin between carnivorous fish and mammals, such 

as its ability to suppress hepatic gluconeogenesis, there are also notable differences. For 

instance, the present study highlights the role of amino acid metabolism in the response to 

metformin in S. aurata, suggesting that metformin may exert specific effects on hepatic 

transdeamination and the utilization of amino acids as gluconeogenic substrates in this species. 

Knowledge of the fundamental mechanisms of metformin action across different animal 

models can provide valuable insights into the evolutionarily conserved and divergent pathways 

regulating glucose homeostasis and metabolic adaptation across species. 

In summary, the results of the present study suggest that meanwhile hyperglycemia 

stimulated lipogenesis in the liver of S. aurata, metformin exerted profound effects on glucose 

homeostasis by targeting various metabolic pathways. Metformin may improve glucose 

homeostasis by counteracting glucose-mediated activation of key enzymes in glycolysis and 

TCA, and the expression of lipogenic factors. In addition, we provide evidence that metformin 

may reduce hepatic gluconeogenesis through a mechanism involving reduced transdeamination 

and amino acid incorporation into the TCA. By targeting key pathways, enzymes and 

transcription factors, metformin represents a promising therapeutic intervention for improving 

glucose intolerance in carnivorous fish.  

 

4.2. Effect of Periodical Administration of Chitosan-TPP Nanoparticles Complexed With 

a Plasmid Expressing SREBP1a on Hepatic Metabolism and Growth of S. aurata 

Carnivorous fish, such as S. aurata, primarily use amino acids as gluconeogenic 

substrates to obtain energy and for biosynthesis. In contrast, these animals present low ability 

to metabolize carbohydrates and exhibit prolonged hyperglycemia after a glucose load and 

deficient growth performance when feeding high-carbohydrate diets. As a consequence, high-

protein/low-carbohydrate diets lead to optimal growth conditions in carnivorous fish. In this 
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context, one of the major challenges for the aquaculture sector is to reduce fishmeal and dietary 

protein in aquafeeds to reduce the environmental impact and the production cost of fish farming 

(Naylor et al., 2009; Polakof et al., 2012; Forbes et al., 2019; Takase et al., 2023). 

Deacetylation of chitin under alkaline conditions produces chitosan, which is a linear 

cationic polymer of β (1-4)-linked 2-amino-2-deoxy-D-glucose interspersed by residual 2-

acetamido-2-deoxy-β-D-glucose (Chuan et al., 2019; Gao et al., 2022; Picos-Corrales et al., 

2023). Chitosan's fundamental characteristics, such as bioadhesion, low toxicity, 

biodegradability, and biocompatibility laid the groundwork for its application in gene therapy 

(Harugade et al., 2023; Thambiliyagodage et al., 2023). The remarkable versatility of chitosan-

mediated gene delivery, leveraging chitosan's unique properties for safe and effective nucleic 

acid delivery, leads to increasing use in the field of fish biotechnology applications, including 

vaccination against bacterial and viral infections, modulation of gonadal development, and 

control of the expression of target genes (Chuan et al., 2019; Sun et al., 2020a; Wu et al. 2020; 

Aranaz et al., 2021). 

Our research group was a pioneer in using chitosan-based nanoparticles to induce 

transient modulation of the expression of target genes with the aim to overcome metabolic and 

genetic limitations inherent to carnivorous fish and improve glucose tolerance in these animals 

without producing genetically modified organisms. Although S. aurata is a carnivorous fish, it 

tolerates partial substitution of dietary protein by carbohydrates through a metabolic adaptation 

in the liver that involves increased glucose oxidation and decreased gluconeogenesis and 

transamination (Metón et al., 1999; Metón et al., 2000b; Caseras et al., 2002; Fernández et al., 

2007). Therefore, we hypothesized that chitosan nanoparticles complexed with plasmids 

enabling control of the expression of key genes leading to increased glycolysis, decreased 

gluconeogenesis and/or reduced transdeamination in the liver could improve dietary 

carbohydrate metabolism and spare protein while maintaining an optimal growth rate of fish in 

culture. In recent years, we developed a methodology based on ionic gelation to synthesize 

chitosan-TPP nanoparticles complexed with plasmid DNA to induce in vivo transient 

overexpression and silencing of target genes in the liver of S. aurata. Firstly, we analyzed the 

effect of a single dose of chitosan-TPP nanoparticles complexed with a plasmid expressing a 

short hairpin RNA (shRNA) designed to knock down the expression of cytosolic ALT (cALT) 

in the liver of S. aurata. Seventy-two hours following intraperitoneal administration of the 

nanoparticles to S. aurata, this methodolody successfully allowed us to decrease the hepatic 

expression of cALT, which in turn stimulated the activity of key enzymes in hepatic glycolysis, 
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suggesting that decreased availability of amino acids as gluconeogenic substrates leads to 

improved carbohydrate metabolism in the liver of S. aurata (González et al. 2016). Following 

the same methodology, administration a single dose of chitosan-TPP-DNA nanoparticles and 

analysis at 72 hours post-treatment, we also showed that shRNA-mediated knock down of 

GDH impaired transdeamination and decreased gluconeogenesis in the liver S. aurata (Gaspar 

et al., 2018). 

Although the metabolic effects of silencing cALT and GDH were promising, a 

multigenic action could be possibly more suitable to produce a more robust protein-sparing 

effect. Therefore, we administered a single dose of S. aurata with chitosan-TPP nanoparticles 

complexed with a plasmid expressing the N-terminus of hamster SREBP1a. SREBP1a is a 

transcription factor that in addition to exhibit strong transactivating capacity of genes required 

for fatty acid, triglycerides and cholesterol synthesis (Chandrasekaran & Weiskirchen, 2024), 

we previously showed, by transient transfection of HepG2 cells, that it can bind to and 

transactivate the gene promoters of key enzymes from S. aurata involved in glycolysis, GCK 

and PFKFB1 (Metón et al., 2006; Egea et al., 2008). Consistently, 72 hours post-treatment, the 

rise in the expression levels of exogenous SREBP1a in the liver of S. aurata led to up-

regulation of the expression of GCK and PFKFB1. In addition, SREBP1a decreased the activity 

of the gluconeogenic enzyme FBP, while increased the mRNA levels of key enzymes in fatty 

acid synthesis, elongation and desaturation, as well as induced NADPH formation and 

cholesterol synthesis. As a result, we concluded that a single dose of nanoparticles driving the 

expression of SREBP1a caused a multigenic short-term effect that could enable lipid 

biosynthesis from carbohydrates in the liver and increased circulating levels of triglycerides 

and cholesterol in S. aurata (Silva-Marrero et al., 2019). 

Considering the previous results obtained by our research group and with the aim to 

improve the metabolization of dietary carbohydrates and eventually enhance growth 

performance in carnivorous fish, herein we addressed long-term sustained expression of 

SREBP1a in the liver of S. aurata. To this end, over a total period of 70 days, chitosan-TPP 

nanoparticles complexed with a plasmid driving the expression of the N-terminus of hamster 

SREBP1a (pSG5-SREBP1a) were periodically administered by intraperitoneal injection (3 

doses in total, each of 10 µg DNA/g body weight and administered every 4 weeks) to facilitate 

continuous overexpression of the transcription factor in the liver of S. aurata. Two different 

diets were supplied to discriminate whether long-term effects of SREBP1a on the intermediary 

metabolism and growth could depend on the macronutrient composition of the diet.  
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The dosing schedule of chitosan-TPP-DNA nanoparticles was based on preliminary 

studies of our group showing sustained and stable release of gene-encoding plasmids from 

chitosan-TPP in S. aurata. Indeed, 28 days following the administration of a single dose of 

chitosan-TPP-DNA (10 µg DNA/g body weight), the expression levels of exogenous genes in 

the liver were even higher (between 2.4- to 3.5-fold) than at 72 hours post-treatment (Wu et 

al., 2024). In fact, nanoparticles produced by ionic gelation of TPP with chitosan were shown 

to increase the stability of complexes in biological fluids (Wu et al 2020). Persistence of 

chitosan-mediated hepatic expression of exogenous proteins in S. aurata is consistent with 

previous reports of other groups (Sáez et al., 2017). The cellular events associated with 

chitosan-TPP-DNA include nanoparticle endocytosis, proton sponge effect allowing 

endosomal escape of the chitosan-TPP-DNA complex before the maturation of early 

endosomes into late endosomes and the ultimate fusion with lysosomes, plasmid dissociation 

from chitosan-TPP, translocation to the nucleus, followed by nuclear transcription of the 

plasmid into mRNA, translation of newly transcribed mRNA in the cytosol, and exogenous 

protein assembly (Wu et al., 2020).  

After 70 days of treatment, a huge amount of SREBP1a mRNA levels were observed in 

the liver of S. aurata administered with chitosan-TPP-pSG5-SREBP1a independently of the 

diet supplied. Periodical administration of 3 doses of nanoparticles exceeded 1 order of 

magnitude the hepatic expression levels of hamster SREBP1a previously observed after the 

administration a single dose (Silva-Marrero et al., 2019). Our findings are consistent with the 

stability of exogenous enzyme expression in the liver of S. aurata after oral and intramuscular 

delivery of chitosan-DNA polyplexes, which was shown to last at least 60 days after the 

administration (Sáez et al., 2017). On the other hand, in another study we showed that 

biodistribution of chitosan-TPP-DNA nanoparticles intraperitoneally administered to S. aurata 

allowed high expressional levels of exogenous proteins in the liver, mild expression in the 

intestine and barely detectable levels in the skeletal muscle and brain (Wu et al., 2024). 

Discontinuous endothelia of the intestine facilitate chitosan-TPP-DNA absorption and portal 

transportation to the liver (Hagens et al., 2007). However, the tight morphology of the capillary 

endothelium in muscle and brain seem to hinder nanoparticle transfer in these tissues (Kooij et 

al., 2005). 

Sustained expression of SREBP1a in the liver of S. aurata led to increased circulating 

levels of triglycerides and cholesterol. As it was observed for SREBP1a expression values, 

periodical administration of chitosan-TPP-pSG5-SREBP1a nanoparticles had a greater effect 
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on blood triglycerides (2-fold increase) than a single administration of nanoparticles (1.3-fold 

increase) (Silva-Marrero et al., 2019). Similarly as in S. aurata treated with a single dose of 

chitosan-TPP-pSG5-SREBP1a (Silva-Marrero et al., 2019), the rise in blood triglycerides and 

cholesterol may result from SREBP1-dependent transactivation of genes involved in the 

synthesis of fatty acids and cholesterol. In agreement with the observations in S. aurata, high-

carbohydrate diets stimulated the hepatic expression of SREBP1 and increased blood and liver 

triglycerides in Carassius gibelio (Gong et al., 2023), and inhibition of SREBP1 by fatostatin, 

a diarylthiazole derivative that specifically inhibits of SREBPs activation, attenuated the Cu-

induced increase of triglycerides accumulation in the liver of zebrafish, Danio rerio (Pan et al. 

2019). Furthermore, SREBPs are required for the biosynthesis of triglycerides and cholesterol 

in mammals (Bertolio et al., 2019). Indeed, down-regulation of SREBP1c led to decreased 

blood triglycerides in rats supplemented with ethanol extract of peanut sprout (Ha et al., 2015), 

and knock down of SREBP1 expression significantly diminished triglyceride accumulation 

along with the expression of genes encoding key enzymes in glycolysis and glycogen synthesis, 

and up-regulated gluconeogenic enzymes in the liver of db/db mice (Ruiz et al., 2014). 

We previously showed that 72 hours after the administration of a single dose of chitosan-

TPP-pSG5-SREBP1a nanoparticles, up-regulation of SREBP1a in the liver of S. aurata 

enhanced hepatic up-regulation of the expression levels of key enzymes in fatty acid synthesis, 

elongation and desaturation, NADPH production (G6PD) and cholesterol synthesis, leading to 

increased blood triglycerides and cholesterol. In addition, SREBP1a also stimulated glycolysis, 

particularly GCK and PFKFB1 expression, and the PFK/FBP enzyme activity ratio (Silva-

Marrero et al., 2019). The results of the present study confirm SREBP1a-mediated activation 

of glycolysis in the liver of S. aurata. Conceivably, SREBP1a-dependent transactivation of 

GCK would increase the intracellular pool of Glu-6-P and its subsequent oxidation through 

glycolysis and the PPP (Baker et al., 2023). Further activation of glycolysis involves SREBP1a-

dependent PFKFB1 transactivation. PFKFB1 is a bifunctional enzyme with a major role in the 

control of the flux through the Fru-6-P/Fru-1,6-P2 substrate cycle by catalysizing both synthesis 

and degradation of Fru-2,6-P2, a strong allosteric activator of PFK (glycolysis) and inhibitor of 

FBP (gluconeogenesis) (Okar et al., 2004; Bartrons et al., 2018). Conditions that enhance 

glycolysis, such as the starved-to-fed transition, feeding with low protein-high carbohydrate 

diets and treatment with glucose and insulin, up-regulate PFKFB1 and increase Fru-2,6-P2 

levels in the liver of S. aurata (Metón et al., 1999; Metón et al., 2000b). The expression of 

SREBP1a did not significantly affect the expression of other key enzymes in glycolysis, such 
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as PFK and PK. However, the rise in Fru-2,6-P2 levels in conditions with sustained SREBP1a 

expression led to allosteric activation of PFK and increased PFK/FBP activity ratio. The 

subsequent increase in Fru-1,6-P2 production, which is an allosteric activator of PK, suggests 

that SREBP1a could indirectly activate PK activity.  

Consistent with a transactivating role of SREB1a on GCK and PFKFB1 in S. aurata, 

SREBP1 has been also involved in the expressional control of glycolytic and gluconeogenic 

genes in the liver of other species. Thus, inhibition of SREBP1 with betulin, a terpenoid that 

inhibits the cleavage and activation of SREBP1 by direct binding to SCAP, reduces glycolytic 

activity in human hepatocellular carcinoma cells (Yin et al., 2019a), and SREBP family 

members are needed for elevation of glycolysis in natural killer cells (Assmann et al., 2017). 

Moreover, SREBP1c up-regulates insulin-dependent transcription of hexokinase II and GCK 

in mammals (Foretz et al., 1999), while SREBP1 silencing leads to decreased expression levels 

of GCK in the liver of fasted mice (Jideonwo et al., 2018). By inducing GCK activity, 

SREBP1c exert a complementary role with ChREBP in the activation of hepatic glycolysis and 

lipogenesis in mammals. The GCK-dependent rise of intracellular Glu-6-P activates ChREBP, 

which in turn contribute to transactivation of glycolytic genes (Ferré et al., 2021). A similar 

mechanism was described for the omnivorous freshwater fish Carassius gibelio after 8 weeks 

of feeding with a high-carbohydrate diet, which induced lipid deposition in the liver via 

increased hepatic expression of SREBP1 and ChREBP, leading to Glu-6-P accumulation and 

up-regulation of GLUT2, glycolytic genes (GCK and PK) and lipogenesis. Paradoxically, the 

expression levels of G6PC and PEPCK were also found increased (Gong et al., 2023). 

In addition to diminish PK expression, knock down of SREBP1 improved glucose 

production by up-regulating the expression of gluconeogenic enzymes (G6PC, PEPCK) in the 

liver of db/db mice and in HepG2 cells (Ruiz et al., 2014; Bai et al., 2019). SREBP1c seems to 

amplify, in reciprocate manner with atypical protein kinase C, mechanisms leading to increased 

expression of G6PC and PEPCK in mice liver (Sajan et al., 2018). Accordingly, silencing of 

SREBP1 expression up-regulated PEPCK, while reduced hepatic deposition of glycogen in the 

liver of fed mice (Ruiz et al., 2014). Indeed, SREBP1a transgenesis reduced gluconeogenesis 

in mouse liver through suppression of PEPCK and G6PC transcription mediated by hepatocyte 

nuclear factor-4α (Yamamoto et al., 2004). However, in contrast to glycolysis, periodical 

administration of chitosan-TPP-pSG5-SREBP1a nanoparticles did not significantly modulate 

gluconeogenesis in the liver of S. aurata. 
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Long-lasting overexpression of SREBP1a in the liver of S. aurata also stimulated the 

mRNA and activity of G6PD, a rate-limiting enzyme of the oxidative phase of the PPP that 

plays a pivotal role in generating NADPH for facilitating biosynthetic reactions and antioxidant 

defenses, and therefore supporting cellular growth and proliferation (Silva-Marrero et al., 

2019). Periodical administration of nanoparticles leading to SREBP1a overexpression may 

couple up-regulation of GCK and subsequent increased availability of Glu-6-P with enhanced 

G6PD activity, leading to increased production of NADPH in the hepatocytes. Although S. 

aurata is a carnivorous fish with low ability to metabolize carbohydrates, sustained expression 

of SREBP1a in the liver could trigger a long-term complex effect enabling glucose oxidation 

via glycolysis and the oxidative phase of the PPP to provide pyruvate (carbon backbone), ATP 

and NADPH for lipid biosynthesis and the consequent rise in serum triglycerides and 

cholesterol. Increased hepatic glucose oxidation via glycolysis and the PPP in S. aurata 

overexpressing SREBP1a suggests a shift towards utilizing carbohydrates for energy 

production and lipid synthesis rather than for gluconeogenesis or transamination processes. 

Consistently with the activating role of SREBP1 on G6PD activity, inhibition of SREBP1 by 

fatostatin attenuated the Cu-induced hepatic up-regulation of G6PD and genes involved in fatty 

acid synthesis (ACC, FASN) in Danio rerio (Pan et al., 2019). Similarly as in fish species, 

decreased expression of SREBP-1c in the liver of rats supplied with ethanol extract of peanut 

sprout also leads to reduced G6PD and FASN mRNA levels (Ha et al., 2015), while L-cysteine 

down-regulates the transcription of SREBP1c and its target genes, including G6PD, FASN and 

stearoyl-coenzyme A desaturase 1 in HepG2 cells (Bettzieche et al., 2008). 

The supply of low-protein/high-carbohydrate diets to S. aurata results in poor growth 

performance (Fernández et al., 2007; Sáez-Arteaga et al., 2022). In contrast, in the present 

study, sustained hepatic expression of SREBP1a improved growth performance in S. aurata 

regardless of diet composition. Periodical administration of chitosan-TPP-pSG5-SREBP1a 

nanoparticles enhanced weight gain and SGR. Consistently, SREBP1a overexpression reduced 

FCR, which also supports higher efficiency in converting feed into weight gain (Charles Bai et 

al., 2022). Remarkably, fish treated with SREBP1a nanoparticles and fed a low-protein/high-

carbohydrate diet (Diet 2) and control fish (not treated with SREBP1a) fed a high-protein/low-

carbohydrate diet (Diet 1) presented similar weight gain, SGR and FCR values. Therefore, the 

effects of SREBP1a compensated the loss in growth performance resulting from feeding 

carnivorous fish with low-protein/high-carbohydrate diets. Since hepatic overexpression of 

SREBP1a led to increased serum triglycerides and cholesterol keeping total body lipids 
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unaffected, in this group of animals circulating lipids would be mainly used for growth-related 

structures and energy production rather than fat accumulation. Increased efficiency in 

converting carbohydrates into lipids reduces the reliance on dietary protein for energy and 

growth, enabling the fish to allocate more ingested protein towards essential physiological 

processes such as tissue repair and maintenance. Irrespective of the diet, hepatic overexpression 

of SREBP1a increased PER. This suggests that treatment with SREBP1a improved the amount 

of dietary protein led to body weight gain. Therefore, the growth promoting actions of 

SREBP1a in S. aurata may result from enhanced SREBP1a-dependent metabolization of 

dietary carbohydrates and subsequent conversion into lipids, which in turn may enable protein 

sparing and the use of dietary amino acids for protein synthesis and growth rather than as 

gluconeogenic substrates. 

The fact that ALT and AST activities were not significantly affected by treatment with 

SREBP1a suggests that liver transamination remained unaltered. Lack of significant effects of 

SREBP1a on gluconeogenesis and transamination indicates that S. aurata can maintain glucose 

homeostasis and amino acid synthesis pathways while prioritizing the use of carbohydrates for 

lipid synthesis. In agreement with a pivotal role of SREBP1 on growth, SREBPs control 

cytokine-induced growth and proliferation of natural killer cells by a mechanism involving 

enhanced glycolysis and oxidative phosphorylation (Assmann et al., 2017), and SREBP1-

mediated lipogenic regulation is considered essential for tumor growth (Sun et al., 2020b; 

Cheng et al., 2022). 

In summary, SREBP1a is recognized as a master transcriptional regulator of lipid 

metabolism, orchestrating the expression of genes involved in fatty acid and cholesterol 

biosynthesis. The present study extends this understanding by highlighting the impact of 

SREBP1a overexpression on glucose metabolism, emphasizing its role in promoting 

carbohydrate utilization for lipid synthesis and growth promotion. The periodical 

administration of chitosan-TPP-pSG5-SREBP1a nanoparticles to S. aurata allowed long-

lasting high expression levels of the transcription factor in the liver, where SREBP1a exerts a 

multifaceted influence on metabolic pathways, enhancing glycolysis, the oxidative phase of the 

PPP and lipogenesis, facilitating lipid synthesis from carbohydrates and the rise of serum 

triglycerides and cholesterol. These findings underscore the potential of chitosan to induce a 

sustained gene therapy without producing genetically modified organisms, and of SREBP1a as 

a molecular target to enhance metabolic efficiency and growth in aquaculture. 
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1. The intraperitoneal administration of glucose led to marked hyperglycemia 5 hours post-

treatment in the liver of S. aurata, an effect that was greatly diminished by metformin. 

Twenty-four hours following glucose administration, glycemia returned to control values. 

2. Twenty-four hours after glucose administration, the blood levels of triglycerides and 

cholesterol showed a trend to increase, while treatment with metformin did not 

significantly affect serum triglycerides and cholesterol. 

3. Five hours after a glucose load, the hepatic mRNA levels and enzyme activity for genes 

involved in glycolysis (GCK and PFK) significantly increased, remarkably those of GCK. 

Metformin alone did not alter GCK expression, while down-regulated PFK mRNA levels 

at 5 hours and both mRNA and activity at 24 hours post-treatment. When administered 

with glucose, metformin totally prevented the effect of glucose administration on GCK 

and PFK expression.  

4. Treatment with metformin decreased the mRNA levels of the gluconeogenic enzyme FBP 

in the liver of S. aurata, particularly at 5 hours post-treatment. No significant effects were 

observed by injecting metformin combined with glucose. Any of the treatments assayed 

significantly affected hepatic FBP activity.  

5. In regard of the hepatic activity of two rate-limiting enzymes of the TCA: IDH, and 

OGDH, glucose administration significantly increased IDH at 24 hours post-treatment. 

Metformin alone caused the opposite effects on IDH, while metformin combined with 

glucose prevented the glucose-induced rise of IDH activity. In contrast, neither glucose 

nor metformin significantly affected OGDH in the liver of S. aurata. 

6. The effect of glucose and metformin was also assessed on key enzyme activities of the 

amino acid metabolism in the liver of S. aurata. Glucose administration significantly 

decreased ALT activity at 24 hours, and a similar trend was found in AST activity. 

Metformin prevented the glucose-dependent decrease in ALT activity. Glucose did not 

affect GDH expression. However, metformin significantly down-regulated GDH mRNA 

levels and enzyme activity 5 hours post-treatment. 

7. Treatment with glucose up-regulated the hepatic expression of lipogenic factors such as 

PGC1b and SREBP1, an effect that was at least partially reversed by the combined 

administration of glucose and metformin. At 5 hours post-administration of metformin 
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alone, a trend to increase PGC1b and SREBP1 mRNA levels was observed. A similar 

effect was found in LPIN1 expression, which in turn was reversed by combining glucose 

and metformin. At 24 hours post-treatment, the highest LPIN1 mRNA levels were 

observed in the liver of S. aurata administered with glucose. 

8. Chitosan-TPP nanoparticles complexed with pSG5 (control) and pSG5-SREBP1a were 

obtained by ionic gelation. Dynamic light scattering showed no differences in particle 

mean diameter size of naked chitosan-TPP and chitosan-TPP complexed with plasmids 

(pSG5 and pSG5-SREBP1a). Laser Doppler electrophoresis showed that plasmid 

incorporation into chitosan-TPP significantly reduced the positivity of the Z potential to 

54–58 % of the values observed in naked chitosan-TPP. 

9. The intraperitoneal administration of 3 doses of chitosan-TPP-pSG5-SREBP1a 

nanoparticles (each dose administered every 4 weeks, over a total period of 70 days, and 

consisting of 10 μg of plasmid per g of body weight), caused a huge up-regulation of 

hamster SREBP1a mRNA levels (up to 239-fold increase) in the liver of treated S. aurata. 

Chitosan-based up-regulation of SREBP1a expression was not significantly affected by 

the macronutrient composition of the diet supplied to S. aurata during the experimental 

period. 

10. Blood glucose was not affected by any of the treatments assayed (diet and nanoparticle 

administration). However, chitosan-TPP-pSG5-SREBP1a administration increased blood 

triglycerides and cholesterol by 1.8- and 1.2-fold, respectively, in fish fed a high-

protein/low-carbohydrate diet and by 2.3- and 1.2-fold in fish fed a low-protein/high-

carbohydrate diet. 

11. Dietary macronutrient composition strongly affected the gene expression and activity of 

glycolytic enzymes in the liver of S. aurata. The supply of a low-protein/high-

carbohydrate diet significantly up-regulated the expression of GCK, PFKFB1, PFK, and 

PK, as well as the enzyme activity of GCK, PFK, and PK. The administration of chitosan-

TPP-pSG5-SREBP1a nanoparticles significantly up-regulated GCK and PFKFB1 

irrespective of diet composition. Nanoparticle-mediated expression of SREBP1a 

significantly increased the activity of PFK and PK, while not affecting their mRNA levels. 

12. Concerning hepatic gluconeogenesis, diet composition only affected the mRNA levels of 

FBP, which were found up-regulated in fish fed the high-protein/low-carbohydrate 
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commercial diet. Chitosan-mediated expression of SREBP1a did not affect the mRNA 

levels of G6PC1, FBP, and PCKL, nor FBP activity. Considering the importance of the 

Fru-6-P/Fru-1,6-P2 substrate cycle in the control of the flux through glycolysis–

gluconeogenesis, the effect of diet composition and SREBP1a expression on the 

PFK/FBP1 activity ratio in the liver of S. aurata was also assessed. The supply of the low-

protein/high-carbohydrate diet increased the PFK/FBP1 activity ratio. Independently of 

the diet supplied, treatment with chitosan-TPP-pSG5-SREBP1a also stimulated the 

PFK/FBP1 activity ratio.  

13. In regard of the PPP, both feeding with the low-protein/high-carbohydrate diet and the

administration of chitosan-TPP-pSG5-SREBP1a nanoparticles significantly increased

G6PD mRNA and G6PD activity in the liver of S. aurata.

14. The supply of a high-protein/low-carbohydrate diet significantly increased the enzyme

activity of two major liver transaminases in S. aurata: ALT and AST. However,

nanoparticle administration did not affect the hepatic activity of ALT and AST.

15. The supply of a low-protein/high-carbohydrate diet significantly decreased final body

weight, weight gain, and SGR, while increased LR and PER. In S. aurata fed either with

a high-protein/low-carbohydrate or a low-protein/high-carbohydrate diet, periodical

administration of chitosan-TPP-pSG5-SREBP1a nanoparticles significantly increased

weight gain (13.8 % and 9.2 %, respectively), SGR (14.6 % and 3.6 %), and PER (7.9 %

and 20.6 %), while decreased FCR (to 6.4 % and 14.7 % of control values, respectively).

Neither diet nor nanoparticle administration significantly affected HSI, PR, moisture, ash,

protein, and lipid body composition.
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Abstract: In addition to being essential for the transcription of genes involved in cellular
lipogenesis, increasing evidence associates sterol regulatory element binding proteins (SREBPs)
with the transcriptional control of carbohydrate metabolism. The aim of this study was to assess
the effect of overexpression SREBP1a, a potent activator of all SREBP-responsive genes, on the
intermediary metabolism of Sparus aurata, a glucose-intolerant carnivorous fish. Administration
of chitosan-tripolyphosphate nanoparticles complexed with a plasmid driving expression of the
N-terminal transactivation domain of SREBP1a significantly increased SREBP1a mRNA and protein
in the liver of S. aurata. Overexpression of SREBP1a enhanced the hepatic expression of key genes in
glycolysis-gluconeogenesis (glucokinase and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase),
fatty acid synthesis (acetyl-CoA carboxylase 1 and acetyl-CoA carboxylase 2), elongation (elongation
of very long chain fatty acids protein 5) and desaturation (fatty acid desaturase 2) as well as reduced
nicotinamide adenine dinucleotide phosphate production (glucose-6-phosphate 1-dehydrogenase)
and cholesterol synthesis (3-hydroxy-3-methylglutaryl-coenzyme A reductase), leading to increased
blood triglycerides and cholesterol levels. Beyond reporting the first study addressing in vivo effects of
exogenous SREBP1a in a glucose-intolerant model, our findings support that SREBP1a overexpression
caused multigenic effects that favoured hepatic glycolysis and lipogenesis and thus enabled protein
sparing by improving dietary carbohydrate conversion into fatty acids and cholesterol.

Keywords: SREBP1; chitosan; nanoparticles; gene delivery; metabolism; Sparus aurata

1. Introduction

The sterol regulatory element binding protein (SREBP) family of transcription factors has
a major role in regulating the expression of genes that control cellular lipid biosynthesis [1,2].
SREBPs are synthesized as membrane-bound precursors that remain anchored to the endoplasmic

Biomolecules 2019, 9, 297; doi:10.3390/biom9080297 www.mdpi.com/journal/biomolecules

http://www.mdpi.com/journal/biomolecules
http://www.mdpi.com
https://orcid.org/0000-0002-0564-8442
https://orcid.org/0000-0002-1127-3608
https://orcid.org/0000-0002-3745-3885
https://orcid.org/0000-0003-2301-2365
http://www.mdpi.com/2218-273X/9/8/297?type=check_update&version=1
http://dx.doi.org/10.3390/biom9080297
http://www.mdpi.com/journal/biomolecules


Biomolecules 2019, 9, 297 2 of 18

reticulum membrane. The C-terminal domain of SREBP precursors associates with a sterol sensor,
the SREBP-cleavage activating protein (Scap), which in turn interacts with insulin-induced gene (Insig)
protein [3,4]. Sterol deprivation drives the SREBP/Scap complex to the Golgi apparatus, where a
two-step cleavage process that involves site-1 and site-2 proteases (S1P and S2P, respectively) releases
the N-terminal domain of SREBPs, which are transcriptionally active basic-helix-loop-helix leucine
zipper (bHLH-Zip) factors [5]. After dimerization, mature SREBPs translocate to the nucleus and
transactivate target genes by binding to sterol regulatory element (SRE) sequences [6].

The activity of alternate promoters in the srebf1 gene generates two isoforms of SREBP1 in mammals
(SREBP1a and SREBP1c), while a second gene, srebf2, encodes for the SREBP2 protein [7]. Alternatively
spliced variants have been reported for both genes [8–10]. SREBP1c primarily transactivates genes
required for fatty acid and triglyceride synthesis, while SREBP2 regulates the transcription of genes
associated with cholesterol metabolism [7,11]. SREBP1a exhibits stronger transcriptional activity than
SREBP1c due to the presence of a longer N-terminal transactivation domain, and it is a potent activator of
all SREBP-responsive genes [12–14]. Recent advances highlight the role of insulin-dependent activation
of SREBPs through the PI3K-Akt-mTOR pathway in pathophysiological processes associated with
impaired lipid metabolism, such as diabetes mellitus, non-alcoholic fatty liver disease, neurogenerative
diseases, innate immunity and cancer [1,7].

In addition to the well-known effect of SREBP1 isoforms on lipid metabolism [1,2,7], evidence
supports the involvement of SREBP1 in glucose metabolism. In the mammalian liver, SREBP1c mediates
insulin-dependent upregulation of hexokinase II and glucokinase (GK) transcription by transactivating
the promoters of both genes [15–18]. Furthermore, overexpression of SREBP1a in transgenic mice
decreases the hepatic gluconeogenic flux due to the suppression of phosphoenolpyruvate carboxykinase
and glucose-6-phosphatase (G6Pase) transcriptional activation mediated by hepatocyte nuclear
factor-4α [19]. In a carnivorous fish, gilthead sea bream (Sparus aurata), we previously reported that
SREBP1 upregulates the transcription of GK and 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase
(PFKFB1) by binding to SRE boxes located in their respective gene promoters [20,21].

Carnivorous fish make efficient use of dietary protein to provide amino acids that serve as
building blocks for the synthesis of new proteins and catabolic substrates to produce energy. On the
contrary, glucose resulting from dietary carbohydrate digestion and free sugars are metabolised
markedly slower than in mammals, and give rise to prolonged hyperglycemia [22]. Dysregulation
of rate-limiting enzymes in glycolysis-gluconeogenesis that control the hepatic flux through the
glucose/glucose-6-phosphate substrate cycle, GK and G6Pase, seems to play a critical role in glucose
intolerance of carnivorous fish. S. aurata GK exhibits lower affinity for glucose than rat GK and delayed
postprandial stimulation of GK mRNA levels in the liver [23]. On the other hand, the content of dietary
carbohydrate fails to regulate the hepatic expression of G6Pase, which in turn is poorly repressed by
insulin [24–26].

Despite S. aurata being a carnivorous fish, we previously showed that it tolerates partial substitution
of dietary protein by carbohydrates through a metabolic adaptation that involves increased glucose
oxidation, decreased gluconeogenesis and weaker transamination capacity in the liver [26–30]. Given
that SREBP1 can promote a dual effect on the expression of lipogenic genes and genes encoding key
enzymes in the regulation of glycolysis-gluconeogenesis, this transcription factor may be a unique target
to facilitate conversion of dietary carbohydrates into lipids. In this study, with the aim to increase de
novo lipogenesis from dietary carbohydrates in carnivorous fish, S. aurata juveniles were administered
intraperitoneally chitosan-tripolyphosphate (TPP) nanoparticles complexed with a plasmid expressing
the N-terminal transactivation domain of SREBP1a. The metabolic effect of SREBP1a overexpression
was addressed in fish fed diets differing in macronutrient composition.
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2. Materials and Methods

2.1. Animals

S. aurata juveniles obtained from Piscimar (Burriana, Castellón, Spain) with an average weight
of 13.03 g ± 0.28 (mean ± SEM, n = 45) were maintained at 20 ◦C in 260-L aquaria supplied with
running seawater as described [31]. Two groups of fish received isoenergetic diets differing in protein
to carbohydrate ratio (HLL: high protein, low lipid, low carbohydrate; and LLH: low protein, low
lipid, high carbohydrate). The composition of diets HLL and LLH is shown in Table 1. The diets were
supplied at a ration of 40 g/kg body weight (BW) once a day (10:00) for 15 days. To study the effects of
the expression of exogenous SREBP1a on S. aurata liver metabolism, fish fed diets HLL and LLH were
intraperitoneally injected with chitosan-TPP nanoparticles complexed with a plasmid expressing the
N-terminal active domain of hamster SREBP1a (pSG5-SREBP1a; [20]), or empty vector (pSG5; Agilent
Technologies, Palo Alto, CA, USA) as a negative control, at a concentration of 10 µg of plasmid per
gram BW. Seventy-two hours following the treatment and 24 h after the last meal, fish were sacrificed
by cervical section, blood was collected and the liver was dissected out, frozen in liquid N2 and kept at
−80 ◦C until use. To prevent stress, fish were anesthetised with tricaine methanesulfonate (MS-222;
78.4 mg/l) before handling. Experimental procedures involving fish were performed in accordance
with the guidelines of the University of Barcelona’s Animal Welfare Committee (proceeding #461/16),
in compliance with local legislation and EU Directive 2010/63/EU for animal experiments.

Table 1. Composition of the diets supplied in this study to S. aurata.

HLL LLH

Formulation (%)
Fish meal 1 81.6 54.3

Fish oil 2 0.8 6.0
Starch 3 15.0 37.1

Vitamin mixture 4 0.2 0.2
Mineral mixture 5 0.9 0.9

Carrageenan 6 1.5 1.5
Proximate composition (%)

Protein 58.0 38.6
Carbohydrates 7 15.0 37.1

Fat 9.9 12.1
Ash 15.4 10.5

Gross energy (kJ/g) 8 20.1 20.0
1 Corpesca S.A. Super-Prime fish meal (Santiago de Chile, Chile). 2 Fish oil from A.F.A.M.S.A. (Vigo, Spain).
3 Pregelatinised corn starch from Brenntag Química S.A. (St. Andreu de la Barca, Barcelona, Spain). 4 Vitamin
mixture provided (mg/kg): choline chloride, 1200; myo-inositol, 400; ascorbic acid, 200; nicotinic acid, 70;
all-rac-tocopherol acetate, 60; calcium pantothenate, 30; riboflavin, 15; piridoxin, 10; folic acid, 10; menadione,
10; thiamin-HCl, 8; all-trans-retinol, 2; biotin, 0,7 cholecalciferol, 0.05; cyanocobalamin, 0.05. 5 Mineral mixture
provided (mg/kg): CaHPO4.2H2O, 7340; MgO, 800; KCl, 750; FeSO4.7H2O, 60; ZnO, 30; MnO2, 15; CuSO4.5H2O, 1.7;
CoCl2.6H2O, 1.5; KI, 1.5; Na2SeO3, 0.3. 6 Iota carrageenan (Sigma-Aldrich). 7 Carbohydrates were calculated by
difference. 8 Calculated from the gross composition (protein 24 kJ/g, lipids 39 kJ/g, carbohydrates 17 kJ/g).

2.2. Chitosan-TPP-DNA Nanoparticles

Chitosan-TPP nanoparticles complexed with pSG5 or pSG5-SREBP1a were prepared following the
ionic gelation method as previously described [32]. Low molecular weight chitosan (Sigma-Aldrich,
St. Louis, MO, USA) was dissolved (2 mg/mL) in acetate buffer solution (pH 4.5) under magnetic stirring
for 3 h and then filtered. Three-hundred microgram of pSG5 or pSG5-SREBP1a was dissolved in 1.2 mL
of 0.84 mg/mL TPP (Sigma-Aldrich, St. Louis, MO, USA). TPP-DNA solutions were added dropwise
to 3 mL of the chitosan-acetate buffer solution (1:0.4 chitosan:TPP ratio) under vigorous magnetic
stirring. No DNA was used to obtain naked chitosan-TPP nanoparticles. Chitosan-TPP nanoparticles
complexed in the presence and absence of DNA were sedimented by centrifugation at 19,000× g for 10
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min at 15 ◦C, followed by washing twice with ultrapure water and resuspension in 2 mL of 2% w/v
mannitol, which was used as a cryoprotector during lyophilisation. After a freeze-drying cycle at
−47 ◦C, an additional drying step was carried out at 25 ◦C to remove residual water. Morphological
characterisation of nanoparticles was performed by means of atomic force microscopy using peak force
tapping mode (Multimode 8 AFM attached to a Nanoscope III Electronics, Bruker, USA). A Zetasizer
Nano ZS fitted with a 633 nm laser (Malvern Instruments, Malvern, UK) was used to determine particle
diameter by dynamic light scattering and Z potential of nanoparticles by laser Doppler electrophoresis.
Chitosan-TPP-DNA nanoparticles were intraperitoneally administered to S. aurata after resuspension
in 0.9 % NaCl.

2.3. Enzyme Activity Assays and Metabolites

Enzyme activity assays were performed in liver crude extracts obtained by homogenisation
(1:5, w/v) of powdered frozen tissue in 50 mM Tris-HCl (pH 7.5), 4 mM, EDTA, 50 mM NaF, 0.5 mM
phenylmethylsulfonyl fluoride, 1 mM dithiothreitol and 250 mM sucrose. Homogenisation was
performed with a PTA-7 Polytron (Kinematica GmbH, Littau-Luzern, Switzerland) (position 3, 30 s).
After centrifugation at 20,000× g for 30 min at 4 ◦C, the supernatant was collected and used to perform
enzyme activity assays. GK, 6-phosphofructo-1-kinase (PFK1), fructose-1,6-bisphosphatase (FBPase1)
and total protein were assayed as described [23,27]. One unit of enzyme activity was defined as the
amount of enzyme necessary for transforming 1 µmol of substrate per min, except for PFK1 activity,
which expressed the amount of enzyme needed to oxidise 2 µmol of NADH per min. Enzyme activities
were expressed per mg of soluble protein (specific activity). Glucose, triglycerides and cholesterol were
measured with commercial kits (Linear Chemicals, Montgat, Barcelona, Spain). Spectrophotometric
determinations were performed at 30 ◦C in a Cobas Mira S analyser (Hoffman-La Roche, Basel,
Switzerland).

2.4. Reverse Transcriptase-Coupled Quantitative Real Time PCR (RT-qPCR)

Total RNA from the liver of S. aurata was isolated by means of RNeasy Tissue Mini Kit (QIAGEN,
Sussex, UK) and reverse-transcribed with Moloney murine leukaemia virus RT (Life Technologies,
Carlsbad, CA, USA) for 1 h at 37 ◦C in the presence of random hexamer primers. The mRNA
levels of hamster SREBP1a and S. aurata GK, PFKFB1, acetyl-CoA carboxylase 1 (ACC1), acetyl-CoA
carboxylase 2 (ACC2), fatty acid synthase (FASN), elongation of very long chain fatty acids protein
5 (ELOVL5), fatty acid desaturase 2 (FADS2), glucose-6-phosphate 1-dehydrogenase (G6PD) and
3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) were determined in a Step One Plus
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The 20-µL mixture contained
0.4 µM of each primer (Table 2), 10 µL of SYBR Green (Applied Biosystems, Foster City, CA, USA),
and 1.6 µL of diluted cDNA. The amplification cycle protocol was 95 ◦C for 10 min, followed by
40 cycles at 95 ◦C for 15 s and 62 ◦C for 1 min. Dissociation curves were applied after each experiment
to confirm the amplification of single products. The size of amplicons was checked by agarose gel
electrophoresis. Specificity of the reaction was assayed by sequencing amplicons at least once for each
gene. Serial dilutions of control cDNA were used to generate standard curves in order to determine
the efficiency of the amplification reaction for each gene. The mRNA levels for genes of interest in
each sample were normalised using S. aurata ribosomal subunit 18s, β-actin and elongation factor 1 α

(EF1α) as endogenous controls. The standard ∆∆CT method was used to calculate variations in gene
expression [33].
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Table 2. Primer sequences used for reverse transcriptase-coupled quantitative real time PCR (RT-qPCR)
in the present study.

Gene Forward Sequences (5’ to 3’) Reverse Sequences (5’ to 3’) GenBank Accession

SREBP1a CCTCCTGCCTCCGAGTTTCC GAAGGAAGGCTAGAATACCCC U09103
GK TGTGTCAGCTCTCAACTCGACC AGGATCTGCTCTACCATGTGGAT AF169368

PFKFB1 TCGTGATGGTGGGACTGCCG CTCGGCGTTGTCGGCTCTGAAG U84724
ACC1 CCCAACTTCTTCTACCACAG GAACTGGAACTCTACTACAC JX073712
ACC2 TGACATGAGTCCTGTGCTGG GCCTCAGTTCGTATGATGGT JX073714
FASN TGGGTCAGGGGGAGTTGG TTGTGTGGAGAAGAACGTGCTGT JQ277708

ELOVL5 GGGATGGCTACTGCTCGACA CAGGAGAGTGAGGCCCAGAT AY660879
FADS2 CACTATGCTGGAGAGGATGCC TATTTCGGTCCTGGCTGGGC AY055749
G6PD TGATGATCCAACAGTTCCTA GCTCGTTCCTGACACACTGA JX073711

HMGCR ACTGATGGCTGCTCTGGCTG GGGACTGAGGGATGACGCAC MN047456
18s TTACGCCCATGTTGTCCTGAG AGGATTCTGCATGATGGTCACC AM490061

β-actin CTGGCATCACACCTTCTACAACGAG GCGGGGGTGTTGAAGGTCTC X89920
EF1α CCCGCCTCTGTTGCCTTCG CAGCAGTGTGGTTCCGTTAGC AF184170

2.5. Western Blot

Fifty microgram of protein extract from liver samples was loaded per lane and submitted to
electrophoresis in a 10 % sodium dodecyl sulfate–polyacrylamide gel electrophoresis gel. When
electrophoresis was completed, the gel was equilibrated in transfer buffer (25 mM Tris-HCl, 192 mM
glycine, 20 % methanol, pH 8.3), and electroelution proceeded at 4 ◦C onto NytranN nylon membranes
(Whatman, Kent, UK) for 2 h at 60 V. A rabbit polyclonal antibody against rodent SREBP1 was used as
the primary antibody (sc-8984, Santa Cruz Biotechnology, Dallas, TX, USA; 1:500). The Immun-Star
Chemiluminescent Kit (Bio-Rad, Hercules, CA, USA) was used to immunodetect SREBP1 with an
alkaline phosphatase-conjugated secondary antibody (Sigma-Aldrich, Saint Louis, MO, USA; 1:3000).

2.6. Obtention of Aqueous and Organic Fractions from the Liver

Organic and aqueous fractions were extracted from powdered frozen livers by the Folch
method [34], with modifications. Briefly, 0.75 mL of methanol:water solution 2:1 (v/v) was added to 50
mg of liver sample and vortexed 1 min. Following the addition of 0.5 mL of chloroform and 0.25 mL of
water (vortexing 1 min after every addition), and centrifugation at 2000× g for 20 min at 4 ◦C, upper and
lower fractions were collected separately. The upper phase (methanol/water) contained water-soluble
metabolites and was dried in a vacuum concentrator and stored at −20 ◦C until subsequent analysis by
nuclear magnetic resonance (NMR). The lower phase (chloroform), containing lipids, was transferred to
amber glass vials and dried under a nitrogen stream. After the addition of 2 mL hexane, samples were
vortexed for 30 s and left to rest for 5 min to ensure fat dilution before adding 200 µL 2 N potassium
hydroxide in methanol solution and centrifuging for 10 min at 2000× g. The upper phase was collected
and kept at −80 ◦C until gas chromatography was performed.

2.7. NMR Analysis and Liver Metabolite Identification

The aqueous fractions were resuspended in 200 µL of 99.8 % 2H2O and 40 µL phosphate buffer
(50 mM; pD 7.41; with 5 mM 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt and sodium azide
in 2H2O). Samples were transferred into 3 mm NMR tubes. Proton (1H) NMR spectroscopy was
conducted on a Varian VNMRS 600 MHz (Agilent, Santa Clara, CA, USA) spectrometer, equipped with
a 3 mm ID-PFG broadband probe, at 298 K. Spectra were collected using a 1H-Presat pulse sequence
(spectral width: 7200 Hz; relaxation delay: 4 s; saturation time: 3 s; acquisition time: 3 s). All spectra
were processed with the ACD/NMR Processor Academic Edition from ACD\Labs 12.0 software
(Advanced Chemistry Development, Inc.) applying: zero-filling to 65 k, line broadening of 0.2 Hz,
phasing and baseline correction. The chemical shifts were referenced to TSP peak at 0 ppm. Metabolite
identification and quantification was performed using ACD/NMR Processor Academic Edition from
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ACD\Labs 12.0 software (Advanced Chemistry Development, Inc.), assisted by the Chenomx NMR
Suite Library version 10 (Chenomx Inc., Edmonton, Canada) and the Bayesil software [35].

2.8. Fatty Acid Methyl Ester (FAME) Analysis

Fatty acid composition was analysed as described [36], using a GC-2025 with autosampler
(Shimadzu, Kyoto, Japan) equipped with flame ionization detector and BPX70, 30 m × 0.25 mm ×
0.25 µm, capillary column (Trajan Scientific and Medical, Ringwood, Australia). The oven temperature
was held 1 min at 60 ◦C and then raised to 260 ◦C at the rate of 6 ◦C/min. Injector (AOC-20i, Shimadzu,
Kyoto, Japan) and detector temperatures were set at 260 ◦C and 280 ◦C, respectively. One microlitre
of sample was injected with helium as carrier gas and split ratio 1:20. Fatty acids were identified by
comparing FAME retention times with the Supelco 37 Component FAME Mix (Sigma-Aldrich, St. Louis,
MO, USA).

2.9. Statistics

Analyses were performed with SPSS software Version 24 (IBM, Armonk, NY, USA). Data were
submitted to two-way analysis of variance with diet (HLL vs. LLH) and treatment (control vs.
SREBP1a-treated fish) as independent variables.

3. Results

3.1. Intraperitoneal Administration of Chitosan-TPP-pSG5-SREBP1a Increases mRNA and Immunodetectable
Levels of SREBP1a in the Liver

To study the metabolic effects resulting from overexpression of exogenous SREBP1a in the liver of
S. aurata, ionic gelation was used to obtain chitosan-TPP nanoparticles complexed with an expression
vector encoding the N-terminal nuclear fragment of hamster SREBP1a (pSG5-SREBP1a), which was
shown to transactivate S. aurata GK and PFKFB1 genes in previous studies [20,21]. As a control,
chitosan-TPP nanoparticles complexed with empty vector (pSG5) were also synthesised. Atomic force
microscopy showed that chitosan-TPP nanoparticles presented rounded morphology, while dynamic
light scattering indicated a mean diameter size of 230.9 nm ± 18.3 (mean ± standard error of the mean
(SEM), n = 3). The mean Z potential was 31.2 mV ± 1.5 (mean ± SEM, n = 3). Incorporation of plasmid
DNA to chitosan-TPP nanoparticles did not significantly affect morphology or diameter size, while
decreased Z potential (Figure 1a). Mean diameter size and Z potential, were expressed as mean ± SEM,
(n = 3), of chitosan-TPP-pSG5 were 233.6 nm ± 45.9 and 13.2 mV ± 0.4, respectively, while the values
for chitosan-TPP-pSG5-SREBP1a were 272.3 nm ± 36.0 and 14.1 mV ± 2.3.

Twenty-four hours after the last meal, S. aurata fed HLL and LLH diets received an intraperitoneal
injection of chitosan-TPP complexed with 10 µg/g BW of plasmid (pSG5-SREBP1a or empty
vector, pSG5). To validate overexpression of SREBP1a in the liver of fish administered with
chitosan-TPP-pSG5-SREBP1a, hepatic mRNA and immunodetectable levels of SREBP1a were
determined 72 h post-treatment. As shown in Figure 1b, treatment with chitosan-TPP-pSG5-SREBP1a
increased both mRNA abundance and the protein content of SREBP1a in the liver. A stronger effect
was observed in fish fed HLL.
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chitosan-TPP-pSG5 and chitosan-TPP-pSG5-SREBP1a nanoparticles obtained by atomic force
microscopy. Black bars correspond to 200 nm. (b) The upper part of the panel shows a representative
Western blot analysis of immunodetectable SREBP1 levels in liver extracts of of S. aurata fed diet HLL
(high protein, low lipid, low carbohydrate) or LLH (low protein, low lipid, high carbohydrate) following
72 h of intraperitoneal administration with chitosan-TPP nanoparticles complexed with 10 µg/g BW
of pSG5 (-) or pSG5-SREBP1a (SREBP1a). Two independent experiments were performed. The lower
part of the panel shows the effect of chitosan-TPP-pSG5 (control) and chitosan-TPP-pSG5-SREBP1a
(SREBP1a) nanoparticle administration on SREBP1 mRNA and protein levels in the liver of S. aurata fed
diet HLL or LLH. Analysis of SREBP1 mRNA levels relative to the geometric mean of ribosomal subunit
18s, β-actin and EF1α were performed by RT-qPCR in liver samples of S. aurata at 72 h post-treatment.
The values are expressed as mean ± standard error of the mean (SEM) (n = 6–7). Statistical significance
for independent variables (diet and treatment) is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001;
NS not significant.

3.2. Effect of SREBP1a Overexpression on Serum and Aqueous Metabolites in the Liver

Given that administration of chitosan-TPP-pSG5-SREBP1a significantly induced SREBP1a
expression in the liver of S. aurata, we addressed the metabolic effects resulting from hepatic
upregulation of SREBP1a. Concerning serum metabolites and regardless of the diet, SREBP1a
overexpression significantly increased circulating triglycerides (1.2 to 1.3-fold) and cholesterol (1.4 to
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1.6-fold), while did not affect blood glucose levels (Figure 2a–c). Although not significant, liver
triglycerides also showed a trend to increase in SREBP1a-treated fish (Figure 2d), while only fish fed
LLH presented higher cholesterol levels (Figure 2e).
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Figure 2. Effect of chitosan-TPP-pSG5-SREBP1a administration on serum and liver metabolite levels in
S. aurata. Twenty-four h after the last meal, fish fed diet HLL or LLH were intraperitoneally administered
with chitosan-TPP nanoparticles complexed with 10 µg/g BW of pSG5 (-) or pSG5-SREBP1a (SREBP1a).
Seventy-two hours following the treatment, the liver and blood were collected. The levels of blood
glucose (a), blood triglycerides (b), blood cholesterol (c), liver triglycerides (d) and liver cholesterol (e)
are presented as mean ± SEM (n = 6–9). Statistical significance for independent variables (diet and
treatment) is indicated as follows: **p < 0.01; ***p < 0.001; NS not significant.

1H-NMR studies allowed us to analyse the effect of SREBP1a overexpression in aqueous metabolites
in the liver. Table 3 shows that 72 h post-treatment with chitosan-TPP-pSG5-SREBP1a nanoparticles
significantly increased hepatic alanine (1.3 to 1.5-fold) and glycine (1.5 to 1.6-fold), while decreased
formate (72 % to 80 % of the values observed in control animals, treated with empty vector). The
SREBP1a-dependent effect on alanine levels was not affected by the diet. However, in addition to
the effect of nanoparticle administration, the supply of the low protein, high carbohydrate diet (LLH)
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significantly increased glycine (2.2-fold) and formate (1.3-fold). Acetate levels significantly increased
(1.2-fold) in the liver of S. aurata fed diet LLH, while they were not affected by SREBP1a overexpression.

Table 3. Effect of SREBP1a overexpression on aqueous metabolites in the liver of S. aurata.

HLL LLH Two-way ANOVA

Metabolite (mM) - SREBP1a - SREBP1a Interaction Diet Treatment

Lactate + Thr 0.96 ± 0.16 1.13 ± 0.19 0.78 ± 0.16 1.20 ± 0.35 NS NS NS
Alanine 3.21 ± 0.67 4.12 ± 0.72 2.87 ± 0.29 4.35 ± 0.31 NS NS *
Glucose 3.22 ± 0.44 4.44 ± 0.98 1.87 ± 0.31 3.27 ± 1.12 NS NS NS
Acetate 0.22 ± 0.02 0.21 ± 0.03 0.27 ± 0.02 0.28 ± 0.03 NS * NS

Isoleucine 0.04 ± 0.01 0.03 ± 0.01 0.03 ± 0.00 0.04 ± 0.01 NS NS NS
Valine 0.08 ± 0.01 0.08 ± 0.02 0.07 ± 0.00 0.07 ± 0.01 NS NS NS

Creatinine 0.09 ± 0.02 0.09 ± 0.01 0.29 ± 0.05 0.23 ± 0.05 *** NS NS
Choline compounds 0.44 ± 0.03 0.43 ± 0.08 0.36 ± 0.03 0.39 ± 0.03 NS NS NS

Succinate 0.37 ± 0.05 0.45 ± 0.09 0.24 ± 0.04 0.38 ± 0.09 NS NS NS
Sarcosine 0.07 ± 0.01 0.07 ± 0.01 0.05 ± 0.01 0.05 ± 0.01 NS NS NS
Taurine 6.46 ± 0.45 5.51 ± 0.75 5.77 ± 0.26 4.66 ± 0.40 NS NS NS
Glycine 0.86 ± 0.09 1.34 ± 0.20 1.90 ± 0.25 2.75 ± 0.38 NS *** *
Formate 1.31 ± 0.11 0.94 ± 0.14 1.66 ± 0.18 1.32 ± 0.10 NS * *

Glycogen 1.28 ± 0.30 1.75 ± 0.16 1.84 ± 0.61 2.05 ± 0.63 NS NS NS
Lac/Ala 0.31 ± 0.03 0.28 ± 0.03 0.27 ± 0.03 0.26 ± 0.06 NS NS NS

Aqueous metabolites were assayed by 1H-NMR in liver extracts of S. aurata fed diets HLL or LLH 72 h following
administration of chitosan-TPP nanoparticles complexed with 10 µg/g BW of pSG5 (-) or pSG5-SREBP1a (SREBP1a).
The values are expressed as mean± SEM (n = 5). Statistical significance for independent variables (diet and treatment)
related to control fish (empty vector, pSG5) is indicated as follows: *p < 0.05; ***p < 0.001; NS, not significant.

3.3. Effect of SREBP1a Overexpression on Hepatic Glycolysis-Gluconeogenesis

We previously reported that the N-terminal nuclear fragment of SREBP1a transactivates GK and
PFKFB1 gene expression in S. aurata by binding to sterol regulatory element (SRE) boxes located in
the proximal promoter of both genes [20,21]. Therefore, the fact that chitosan-TPP-pSG5-SREBP1a
administration stimulated the expression of SREBP1a in the liver prompted us to analyse the effect
of SREBP1a overexpression on hepatic mRNA levels of GK, a rate-limiting enzyme in glycolysis,
and PFKFB1, a bifunctional enzyme that exerts an essential contribution to the control of glycolysis
and gluconeogenesis through the synthesis and degradation of fructose-2,6-bisphosphate (fru-2,6-P2).
In agreement with previous reports [26,28], a low protein, high carbohydrate diet (LLH) significantly
increased GK and PFKFB1 mRNA levels in the liver of S. aurata by 2- and 1.6-fold, respectively
(Figure 3a,c). In addition, SREBP1a overexpression upregulated the hepatic mRNA content of GK
(2.8 to 3.9-fold) and PFKFB1 (1.3 to 1.4-fold). Consistently, GK activity significantly increased 1.5 to
2.1-fold as a result of SREBP1a overexpression (Figure 3b).
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Figure 3. Effect of chitosan-TPP-pSG5-SREBP1a administration on the expression of key enzymes in
glycolysis-gluconeogenesis in the liver of S. aurata. Twenty-four hours after the last meal, fish fed diet
HLL or LLH were intraperitoneally administered with chitosan-TPP nanoparticles complexed with
10 µg/g BW of pSG5 (-) or pSG5-SREBP1a (SREBP1a). Seventy-two hours post-treatment, the liver was
collected and RNA isolated. Hepatic mRNA levels and enzyme activity of GK (a, b), PFKFB1 (c), PFK1
(d) and FBPase1 (e) are presented as mean ± SEM (enzyme activity, n = 8; mRNA levels, n = 6). The
mRNA levels for each gene were assayed by RT-qPCR and normalised with the geometric mean of
ribosomal subunit 18s, β-actin and EF1α. Statistical significance for independent variables (diet and
treatment) is indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; NS not significant.

Given that SREBP1a-dependent upregulation of GK and PFKFB1 points to stimulation of
the glycolytic flux in the liver, we also analysed the activity of PFK1 and FBPase1, which have
a major role in the regulation of glycolysis-gluconeogenesis by catalysing the flux through the
fructose-6-phosphate/fructose-1,6-bisphosphate substrate cycle. Meanwhile, diet LLH had a similar
stimulatory effect on both enzymes, SREBP1a overexpression did not affected PFK1 (Figure 3d),
but significantly decreased FBPase1 (71 % to 77 % of the values observed in control fish; Figure 3e).

3.4. SREBP1a Overexpression Enhances Hepatic Biosynthesis of Fatty Acids and Cholesterol

Due to the well-known stimulatory effect of SREBP1a on the expression of genes involved in
biosynthesis of fatty acids and cholesterol [1], we studied the effect of chitosan-TPP-pSG5-SREBP1a
administration on gene expression levels of key enzymes involved in lipid biosynthesis in the liver of
S. aurata. SREBP1a overexpression significantly upregulated mRNA levels of most genes analysed:
rate-limiting enzymes in fatty acid synthesis (ACC1 and ACC2, Figure 4a–c), genes involved in fatty
acid elongation (ELOVL5, Figure 4d) and desaturation (FADS2, Figure 4e) as well as key enzymes
for the provision of NADPH (G6PD, Figure 4f) and cholesterol synthesis (HMGCR, Figure 4g). The
highest stimulatory effect of SREBP1a was found for the expression levels of ACC1, which increased
5.6-fold in S. aurata fed diet HLL.
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Figure 4. Effect of chitosan-TPP-pSG5-SREBP1a administration on the expression of key enzymes in
the synthesis of fatty acid and cholesterol in the liver of S. aurata. Twenty-four hours after the last
meal, fish fed diet HLL or LLH were intraperitoneally administered with chitosan-TPP nanoparticles
complexed with 10 µg/g BW of pSG5 (-) or pSG5-SREBP1a (SREBP1a). Seventy-two hours following
the treatment, the liver was collected and RNA isolated. Hepatic mRNA levels of ACC1 (a), ACC2 (b),
FASN (c), ELOVL5 (d), FADS2 (e), G6PD (f) and HMGCR (g) are presented as mean ± SEM (n = 6).
Expression levels for each gene were assayed by RT-qPCR and normalised with the geometric mean of
ribosomal subunit 18s, β-actin and EF1α. Statistical significance for independent variables (diet and
treatment) are indicated as follows: *p < 0.05; **p < 0.01; ***p < 0.001; NS not significant.
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Table 4 shows changes in the fatty acid profile in the liver of S. aurata treated with
chitosan-TPP-pSG5-SREBP1a. All fatty acids that were significantly affected by the treatment
(seven out of 29), increased their content in the liver of fish submitted to SREBP1a overexpression.
Fatty acids affected by SREBP1a included pentadecanoic acid (15:0-n), heptadecanoic acid (17:0-n),
myristoleic acid (14:1n-5), cis-10-pentadecenoic acid (15:1n-5) and long-chain polyunsaturated fatty
acids (LC-PUFA), such as cis-11,14-eicosadienoic acid (20:2n-6), cis-11,14,17-eicosatrienoic acid (20:3n-3)
and cis-13,16-docosadienoic acid (22:2n-6). Most remarkable SREBP1a-dependent increases were
found for pentadecanoic acid (1.1 to 2.9-fold), cis-11,14-eicosadienoic acid (1.3 to 1.4-fold) and
cis-11,14,17-eicosatrienoic acid (1.4-fold) as well as for myristoleic acid, cis-10-pentadecenoic acid and
cis-13,16-docosadienoic acid, which presented barely detectable levels in non-treated S. aurata fed
diet LLH.

Table 4. Effect of SREBP1a overexpression on fatty acid profile in the liver of S. aurata.

HLL LLH Two-way ANOVA

Fatty Acid - SREBP1a - SREBP1a Interaction Diet Treatment

14:0 3.59 ± 0.31 3.10 ± 0.15 2.85 ± 0.12 2.76 ± 0.44 NS NS NS
15:0 0.28 ± 0.05 0.30 ± 0.02 0.11 ± 0.00 0.32 ± 0.01 * * **
16:0 22.26 ± 0.76 21.32 ± 0.54 22.09 ± 1.11 23.73 ± 0.96 NS NS NS
17:0 0.32 ± 0.03 0.41 ± 0.01 0.33 ± 0.01 0.35 ± 0.01 NS NS *
18:0 7.14 ± 1.05 7.65 ± 0.37 8.69 ± 0.30 6.93 ± 0.37 NS NS NS
20:0 0.10 ± 0.02 0.12 ± 0.00 0.11 ± 0.01 0.10 ± 0.01 NS NS NS
21:0 0.89 ± 0.14 1.21 ± 0.14 1.21 ± 0.47 1.27 ± 0.14 NS NS NS
22:0 0.15 ± 0.02 0.16 ± 0.02 0.13 ± 0.02 0.16 ± 0.00 NS NS NS
23:0 0.01 ± 0.01 0.03 ± 0.01 0.00 ± 0.00 0.01 ± 0.01 NS * NS
24:0 0.13 ± 0.01 0.15 ± 0.02 0.18 ± 0.06 0.18 ± 0.02 NS NS NS

14:1n-5 0.09 ± 0.02 0.11 ± 0.01 0.00 ± 0.00 0.11 ± 0.04 NS NS *
15:1n-5 0.07 ± 0.02 0.09 ± 0.01 0.00 ± 0.00 0.08 ± 0.02 NS * *
16:1n-7 4.42 ± 0.26 4.53 ± 0.35 4.25 ± 0.14 3.96 ± 0.20 NS NS NS
17:1n-7 0.28 ± 0.02 0.32 ± 0.01 0.29 ± 0.05 0.33 ± 0.01 NS NS NS
18:1n-9c 26.48 ± 0.95 27.15 ± 1.83 26.10 ± 0.40 23.69 ± 1.53 NS NS NS
18:1n-9t 0.11 ± 0.01 0.12 ± 0.01 0.10 ± 0.02 0.10 ± 0.01 NS NS NS
20:1n-9 1.29 ± 0.14 1.40 ± 0.01 1.70 ± 0.03 1.40 ± 0.08 NS NS NS
22:1n-9 0.74 ± 0.08 0.80 ± 0.13 0.96 ± 0.07 1.05 ± 0.08 NS * NS
24:1n-9 0.30 ± 0.04 0.39 ± 0.04 0.31 ± 0.06 0.24 ± 0.02 NS NS NS
18:2n-6c 2.12 ± 0.38 2.37 ± 0.59 2.09 ± 0.05 2.43 ± 0.07 NS NS NS
18:2n-6t 0.01 ± 0.01 0.02 ± 0.00 0.02 ± 0.02 0.03 ± 0.01 NS NS NS
18:3n-3 0.11 ± 0.03 0.10 ± 0.03 0.11 ± 0.03 0.10 ± 0.01 NS NS NS
18:3n-6 0.36 ± 0.05 0.42 ± 0.09 0.32 ± 0.04 0.39 ± 0.03 NS NS NS
20:2n-6 0.13 ± 0.02 0.17 ± 0.01 0.14 ± 0.02 0.19 ± 0.01 NS NS *
20:3n-3 0.17 ± 0.02 0.24 ± 0.01 0.25 ± 0.04 0.36 ± 0.04 NS * *
20:4n-6 1.02 ± 0.07 0.96 ± 0.10 0.94 ± 0.02 1.38 ± 0.19 NS NS NS
20:5n-3 4.77 ± 0.14 4.27 ± 0.49 3.64 ± 0.22 4.98 ± 0.53 NS NS NS
22:2n-6 0.01 ± 0.00 0.03 ± 0.00 0.00 ± 0.00 0.02 ± 0.01 NS NS *
22:6n-3 14.46 ± 1.18 14.87 ± 1.84 12.46 ± 0.68 15.31 ± 1.16 NS NS NS

Saturated 35.48 ± 2.86 34.45 ± 0.85 35.76 ± 0.93 35.81 ± 0.74 NS NS NS
Monounsaturated 34.50 ± 0.52 34.91 ± 2.12 33.71 ± 0.54 30.95 ± 1.79 NS NS NS

PUFAs 23.01 ± 1.38 23.47 ± 3.11 19.99 ± 0.80 25.20 ± 1.83 NS NS NS
n-9 29.90 ± 0.52 29.86 ± 2.00 29.17 ± 0.46 26.47 ± 1.61 NS NS NS
n-6 3.49 ± 0.40 3.97 ± 0.79 3.53 ± 0.04 4.45 ± 0.18 NS NS NS
n-3 19.52 ± 1.23 19.49 ± 2.34 16.46 ± 0.82 20.75 ± 1.68 NS NS NS

n-6/n-3 0.18 ± 0.02 0.20 ± 0.02 0.22 ± 0.01 0.22 ± 0.01 NS NS NS

Fatty acid composition was assayed in liver extracts of S. aurata fed diets HLL or LLH 72 h following administration
of chitosan-TPP nanoparticles complexed with 10 µg/g BW of pSG5 (-) or pSG5-SREBP1a (SREBP1a). Two replicate
analyses per sample were performed and the results are expressed in % area as mean values ± SEM of five samples
per condition. Statistical significance for independent variables (diet and treatment) related to control fish (empty
vector, pSG5) is indicated as follows: *p < 0.05; **p < 0.01; NS, not significant.
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4. Discussion

Chitosan is a cationic polymer derived from chitin that is composed of glucosamine and
N-acetylglucosamine units linked by β-1,4-glycosidic bonds. Properties such as mucoadhesion,
low toxicity, biodegradability, biocompatibility and protection of nucleic acids against nuclease
degradation have made chitosan a valuable gene-carrier system to deliver nucleic acids in vivo [37,38].
In recent studies, we used the ionic gelation technique to obtain chitosan-TPP nanoparticles complexed
with plasmids expressing short hairpin RNAs specifically designed to knockdown the expression of
target genes in the liver of S. aurata. By using this methodology we were able to study the metabolic
effect that results from silencing the expression of cytosolic alanine aminotransferase and glutamate
dehydrogenase [32,39]. Herein, we obtained chitosan-TPP nanoparticles complexed with a plasmid
that expresses the N-terminal activation domain of SREBP1a (pSG5-SREBP1a). The metabolic effect of
SREBP1a overexpression was addressed in fish fed diets differing in macronutrient composition.

As a cationic polymer, it is considered that chitosan can absorb fatty acids and lower circulating
triglycerides. In the present study, no significant differences were found for blood and liver triglycerides
between non-treated S. aurata and fish treated with chitosan-TPP-pSG5 nanoparticles, which supports
the notion that under our experimental conditions chitosan did not affect the hepatic content of fatty
acids (Supplementary Table S1). The lack of effect due to chitosan may be attributed to the animal
model and experimental design of the present study, where fish received a single dose of chitosan
by intraperitoneal injection. This contrasts with reports that showed a chitosan-dependent lowering
effect on circulating triglycerides, which have been essentially performed in mammals, mostly in rats
submitted to an oral dose or fed with chitosan-containing diets for a period of time [40,41].

Intraperitoneal administration of chitosan-TPP-pSG5-SREBP1a significantly increased mRNA
and immunodetectable levels of SREBP1a in the liver of S. aurata. The presence of SREBP1-stabilising
factors in the liver of fish fed high protein, low carbohydrate diets may explain higher amounts of
immunodetectable SREBP1 in fish fed HLL. Likewise, we previously showed that partial substitution
of dietary protein by carbohydrates decreases body lipids and growth performance in S. aurata [29].
Consistent with previous findings that reported transactivation of S. aurata GK and PFKFB1 by
SREBP1a [20,21], overexpression of SREBP1a upregulated the expression of both genes even in
the group of fish fed the high carbohydrate/low protein diet, were in agreement with previous
reports [26,28], dietary carbohydrates enhanced basal expression of glycolytic genes in the liver of
S. aurata.

Enhancement of GK activity may be responsible for increasing hepatic glycogen, a trend that
was found in the liver of fish treated with chitosan-TPP-pSG5-SREBP1a nanoparticles. Increased
GK activity is needed to convert glucose into glucose-6-phosphate but may not be sufficient to
increase the glycolytic flux. However, our findings support the notion that in addition to allocate
part of the glucose-6-phosphate pool resulting from increased GK activity to synthesise glycogen,
SREBP1a-dependent upregulation of PFKFB1 would be a key mechanism to favour glucose oxidation
via glycolysis in the liver of fish that overexpressed SREBP1a. Consistently, glucose and insulin
administration increases SREBP1 protein content and association with PFKFB1 promoter in the
liver of S. aurata, leading to PFKFB1 upregulation [20]. PFKFB1 is a bifunctional enzyme that
catalyses the synthesis and degradation of fru-2,6-P2, which, in turn, is a major regulator of
glycolysis–gluconeogenesis through allosteric activation of PFK1 and inhibition of FBPase1 [42,43].
Therefore, by controlling the activity of PFK1 and FBPase1, the cytosolic levels of fru-2,6-P2 are essential
to determine the flux through the fructose-6-phosphate/fructose-1,6-bisphosphate substrate cycle.

In S. aurata, we previously reported that high carbohydrate diets upregulate the hepatic mRNA
levels of PFKFB1 and the kinase activity of the bifunctional enzyme, leading to a huge increase
of fru-2,6-P2 [28]. In the present study, the effect of SREBP1a overexpression was also assessed in
the activity of the two enzymes that regulate the fructose-6-phosphate/fructose-1,6-bisphosphate
substrate cycle: PFK1 and FBPase1. Consistent with increased expression of PFKFB1 and conceivably
the fru-2,6-P2 content, FBPase1 activity was significantly reduced in the liver of treated fish, which
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suggests inhibition of the gluconeogenic pathway. Surprisingly, PFK1 activity was not affected by
overexpression of SREBP1a. Similarly as in mammals, fru-2,6-P2 behaves as allosteric activator of
S. aurata PFK-1 in vitro [44]. However, the concomitant occurrence of other molecules that can act
as allosteric inhibitors of PFK1, such as ATP and citrate, may counteract the stimulatory action of
fru-2,6-P2 in the liver of S. aurata overexpressing SREBP1a. In support of this hypothesis, it was shown
that the liver isoform of PFK1 is highly susceptible to inhibition by ATP in S. aurata [44]. Nevertheless,
considering the effect of SREBP1a overexpression on the PFK1/FBPase1 activity ratio, our findings
suggest that by decreasing the gluconeogenic activity, SREBP1a favoured the glycolytic flux through the
fructose-6-phosphate/fructose-1,6-bisphosphate substrate cycle. Increased levels of alanine and glycine
in the liver of S. aurata support the enhancement of hepatic glycolysis from dietary carbohydrates as
a result of SREBP1a overexpression. An increased glycolytic rate would favour further conversion
of pyruvate into alanine and the use of glycolytic intermediates for biosynthetic purposes, such as
3-phosphoglycerate for subsequent biosynthesis of serine and glycine.

The results of this study suggest that SREBP1a-dependent increased glucose oxidation via
glycolysis can assure a steady provision of carbons for de novo lipogenesis in the liver of S. aurata.
Consistently, treatment with chitosan-TPP-pSG5-SREBP1a nanoparticles significantly upregulated the
expression of key genes involved in biosynthesis of fatty acids and cholesterol, leading to increased
circulating levels of triglycerides and cholesterol. In agreement with the role of SREBP1 in the
transcription of lipogenic genes in mammals and fish [6,45–49], overexpression of SREBP1a in the liver
of treated fish upregulated the expression of genes involved in synthesis (ACC1 and ACC2), elongation
(ELOVL5) and desaturation (FADS2) of fatty acids, NADPH production (G6PD) and cholesterol
biosynthesis (HMGCR).

By providing malonyl-CoA for the biosynthesis of fatty acids, ACC1 catalyses the rate-limiting
step in fatty acid synthesis [50,51]. In the present study, the effect of SREBP1a overexpression on ACC1
was potentiated in fish fed the higher protein/lower carbohydrate diet. Albeit not significant, the same
trend was observed for another important enzyme in fatty acid synthesis, FASN, which generates
palmitate (16:0) from acetyl-CoA, malonyl-CoA and NADPH. Altogether, our findings suggest that
dietary protein may either increase SREBP1a stability or have a synergistic effect with SREBP1a in the
transcriptional activation of ACC1 and even FASN. In this regard, it is well known that in mammals
insulin activates SREBP1 cleavage and production of the nuclear mature form of the protein through
signalling pathways involving Akt and mTORC1 [7,52]. A similar behaviour may occur in carnivorous
fish, where amino acids are considered the most potent insulin secretagogues [22]. Furthermore,
consistent with our findings, it was proposed that dietary protein might enhance lipogenesis via mTOR
signalling in rainbow trout [53–55].

SREBP1a-dependent activation of lipogenic genes caused significant changes in the hepatic fatty
acid profile of treated fish. Upregulation of ACC1 and FASN combined with increased expression
of genes involved in fatty acid elongation and desaturation significantly increased the relative
concentration of a wide array of fatty acids, which is consistent with the fact that the activity of
FADS2 and ELOVL5 can desaturate and condense, respectively, a broad range of fatty acids [56–58].
This seems to be also the case in fish species, where FADS2 enzymes exhibit predominantly ∆6
desaturase activity but display more varied substrate specificity than in mammals, while piscine
ELOVL5 shows more versatility than its mammalian orthologues [59]. Affected fatty acids included
saturated, monounsaturated and PUFAs. However, SREBP1a overexpression did not change the total
content of saturated and unsaturated fatty acids as well as the n-6/n-3 ratio.

Even though SREBPs are conserved from yeast to humans, it remains uncertain to what extent
the results of the present study can be generalised to mammals and other vertebrates. Physiological
and metabolic features of fish, such as dependence on dietary amino acids to produce energy and
adaptation to long-term food deprivation, and the fact that species-specific differences in SREBP targets
and control pathways have been reported [7], make comparison between carnivorous fish and other
vertebrates difficult.
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5. Conclusions

In this study we show that treatment with chitosan-TPP-pSG5-SREBP1a nanoparticles led to
SREBP1a overexpression in the liver, which in turn promoted a multigenic action that increased the
glycolytic flux by stimulating GK and PFKFB1 expression as well as lipogenesis through upregulation
of genes involved in biosynthesis of fatty acids and cholesterol. In addition to report for the first time
the in vivo effects of exogenous SREBP1a in a glucose-intolerant model, our findings support that
SREBP1a overexpression in the liver can trigger a protein sparing effect through conversion of dietary
carbohydrates into lipids in S. aurata.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/9/8/297/s1,
Table S1: Triglyceride levels in serum and liver of non-treated S. aurata and S. aurata treated with chitosan-TPP-pSG5
and chitosan-TPP-pSG5-SREBP1a.
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Abstract A 90-day randomized feeding experiment
was performed to assess the effects of dietary cobalt
(Co) supplementation on the growth performance, mus-
cle composition, status of iron and manganese in the
muscle as well as the expression of growth-related genes
in the muscle (myoblast determination protein 1 homo-
log (MyoD) and myogenin) and the stress-related gene
heat shock protein 70 KDa (Hsp-70) in the liver of
mahseer (Tor putitora). Feeding trial was conducted in
triplicate under controlled semi-static conditions, and
graded levels of dietary cobalt (0.5–3 mg/kg) were fed
to six groups of advanced fry of T. putitora. The results
obtained indicated a curvilinear relationship of dietary
Co levels with body crude protein content and weight
gain (%). A positive correlation was observed with up to
2 mg Co/kg diet. However, a decreasing trend was
found with values over 2 mg Co/kg diet. The expression
of muscle growth biomarkers MyoD and myogenin
showed a similar response, upregulation up to 2 mg

Co/kg diet and decreased expression at 3 mg Co/kg diet.
Indeed, the highest dietary Co supplementation in-
creased the expression of Hsp-70, a key gene expressed
in response to stress. Moreover, the muscle content of
iron andmanganese showed an inverse relationship with
the dietary Co supplementation. Our findings suggest
that 2 mg/kg Co dietary supplementation stimulates
myogenesis and optimizemuscle growth and body com-
position, while higher levels enhanced the expression of
stress response genes and impaired growth of
T. putitora.

Keywords Cobalt chloride .Myoblast determination
protein 1 homolog .Myogenin . Heat shock protein 70
KDa .Mahseer

Introduction

Properly balanced feed formulation according to devel-
opmental stage and species is a prerequisite for optimal
health status and growth performance in fish. Dietary
protein and other essential nutrients such as lipids, vita-
mins, carbohydrates and minerals are required in opti-
mum quantity for maintaining growth and improving
health (Whitney and Rolfes 1993). Fortified feed with
essential nutrient supplementation can prevent suscepti-
bility to disease and nutrient-related deficiencies that
may impair and disturb body functions.

Fish can absorb minerals and other compounds from
surrounding water. Nevertheless, due to low concentra-
tion in water, freshwater fish generally require minerals
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as dietary supplements to fulfill body requirements
(Beveridge et al. 2013). Supplementation of any partic-
ular mineral in feedstuffs should be carefully screened to
avoid metal accumulation at toxic levels (Malomo and
Ihegwuagu 2017). The current knowledge about sup-
plementation of metallic minerals in fish is mostly lim-
ited to iron, manganese, zinc and selenium, which are
the main elements of body fluids and the basic compo-
nents of non-enzymatic macromolecules and can also
act as cofactors in enzymatic reactions (Robbins 1993).
However, various spiteful symptoms associated with
deficiencies of other minerals like chromium, copper,
fluorine, iodine and molybdenum, are well known (Lall
2002; Terech-Majewska et al. 2016).

Cobalt is considered as an important essential
micromineral in fish and other vertebrates (Perrault
et al. 2014; Rahal and Shivay 2016). It regulates blood
glucose levels, the activity of many enzymes and intes-
tinal microbial synthesis of vitamin B12, which is a co-
factor of two important enzymes, i.e. methylmalonyl-
CoA mutase (MCM) and methionine synthase (MS)
(Speich et al. 2001; Siddiqui et al. 2014).MS is involved
in the synthesis of methionine and nucleic acids
(McDowell 1989), while MCM plays an important role
in the Krebs cycle by contributing to the synthesis of
succinyl-CoA (Kräutler 2005; Takahashi-Iñiguez et al.
2012; Moll and Davis 2017).

Worldwide Co abundance in the Earth's crust and in
water is relatively low (Karadede-Akin and Ünlü 2007;
Swanner et al. 2014). Therefore, it must be supplied
with the feed (Robbins 1993; Mukherjee and Kaviraj
2009). Dietary Co requirement in fish varies with age,
size, species and culture conditions (Wilson 1991).
Although plant- and animal-based proteins are a source
of Co for aquafeeds, some freshwater fish require addi-
tional Co in their diet for optimum growth (Wilson
1991). Though Co is ranked as an essential dietary
mineral, knowledge about the optimum dietary require-
ment of cobalt in many fish species is limited.

Mahseer (Tor putitora) is a cyprinid fish, widely
distributed throughout the Indian subcontinent. It is an
important game fish and regarded as a valued fish due to
its large size and high commercial value (Bhatt and
Pandit 2016). It is classified as an endangered species
due to the depletion of natural stocks. In Pakistan, it is
cultured in captivity under controlled environment con-
ditions. Contrary to natural bodies of water, culturing
fish in captivity requires fortified nutrition and adequate
feeding (Oliva-Teles 2012). Bearing in mind the

importance of Co as an essential micromineral in feed-
stuffs for fish farming and the fact that limited literature
has addressed the dietary requirement of Co, the present
study was designed to determine optimal dietary sup-
plementation levels of Co for T. putitora. To this end, we
analyzed the effect of graded levels of dietary Co sup-
plementation on growth rate, body composition, metal
bioaccumulation and the expression of genes involved
in growth and stress responses.

Material and methods

Experimental design

Mahseer (T. putitora) advanced fry were used for this
study. Uniform-sized mahseer (average wet weight ±
SEM, 1.35 ± 0.02 g) were selected and randomly dis-
tributed (stocking density = 1.5 g/L, i.e. 30 fish/tank) in
21 rectangular fish rearing fiberglass troughs (capacity =
45 L) equipped with heaters and an aeration system for
maintaining water temperature (22.5°C) and dissolved
oxygen (DO) level (6.0 mg/L). A basal diet containing
39.4% of crude protein was used as a control without Co
supplementation (Table 1). Experimental diets A–F
were designed on the basis of the basal diet but includ-
ing increasing amounts of cobalt chloride hexahydrate
(Sigma, USA), which was added to finely ground feed
ingredients (A, 0.5 mg/kg diet; B, 1.0 mg/kg diet; C, 1.5
mg/kg diet; D, 2.0 mg/kg diet; E, 2.5 mg/kg diet; and F,
3.0 mg/kg diet). Feed pellets were prepared, dried and
saved in Ziploc bags by following a standard method
described previously (Amir et al. 2018). Fresh feed was
prepared after every 15 days. Before providing feed to
the respective groups, feed pellets were crushed by
using a pestle motor and sieved through a fine mesh
(150–250 μm), while feed particle size was adjusted
after 1 month on the basis of the size of the fry. The
experiment was conducted using three tanks per treat-
ment. Feeding trial started after 1 week of acclimatiza-
tion to corresponding tanks (control fish fed with the
basal diet and fish fed with experimental diets A–F). At
the beginning of the experiment, fish were fed three
times a day (9:00, 13:00 and 16:00) at a daily rate of
8% body weight. After 1 month, daily rate was reduced
to 4% body weight and supplied twice a day (9:00 and
18:00) until the end of the trial. Remaining feed was
removed after 2 h of feeding while fish excreta were
removed daily. Both were filtered and collected
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separately. Every day, the total volume of water was
maintained by addition of fresh water. Throughout the
experiment, water quality parameters were checked by
means of Multi-parameter Hanna HI 9829-01102. The
feeding trial lasted for 90 days, during which tempera-
ture and DO levels fluctuated slightly, i.e. temperature ±
0.2°C and DO level ± 0.35 mg/L, while total ammonia
remained < 0.5 mg/L. All experimental procedures were
approved by the Quaid-i-AzamUniversity’s animal wel-
fare committee in compliance with local legislation
(BEC-FBS-67-QAU-2017).

Sampling and growth measurements

At the end of the trial (90 days), fish were starved for
24 h before sampling. Fish from each tank were cap-
tured separately, weighed and counted for evaluation of
growth performance. Standard formulas reported previ-
ously (Zhou et al. 2013;Munir et al. 2016) were adopted
for determining growth performance:

Average weight gain ¼ average w f−average wi

Weight gain %ð Þ ¼ w f−wi � wi � 100

Feed conversion ratio FCRð Þ ¼ Feed intake gð Þ �Weight gain gð Þ

Specific growth rate %ð Þ ¼ ln w f−ln wið Þ
� experimental duration� 100

where wi = initial body weight of fish, wf = final body
weight of fish.

About 6 fish per tank (18 fish/treatment) were anes-
thetized with buffered MS222 (0.1 mg/L) and dissected
at low temperature (on an ice pad), and the muscle and
liver were immediately collected and preserved in RNA
later (Thermo Scientific CAT# AM7020) for molecular-
based studies. To obtain sample in enough quantity for
proximate analysis, 21 fry from each tank were caught
and divided into three pools consisting of 7 fry each,
thus representing three pools/tank (nine pools/
treatment).

Body proximate composition

Standard protocols were adopted to determine mahseer
body composition (AOAC 2000). All analyses were

conducted at the ISO 17025 accredited laboratory facil-
ity of the Poultry Research Institute (PRI, Islamabad,
Pakistan). The crude protein and fat contents were de-
termined by using the Kjeldahl and Soxthlet extraction
procedure, respectively, while ash content was deter-
mined by heating sample in a muffle furnace at 550°C.

Metal bioaccumulation

Atomic absorption spectrometry was used to determine
the muscle Co, iron and manganese contents. For this
purpose, 1 g fish muscle was added to conical flasks
containing 5 ml of HNO3 and 1 ml HClO4. The reaction
mixture was digested on a hot plate at 200°C to 250°C
until a clear and transparent solution was obtained.
Samples were cooled at room temperature, filtered
through a Whatman No. 42 filter paper, diluted by
adding 50 ml of distilled water and analyzed for
Co (λ = 240 nm), Fe (λ = 248 nm) and Mn (λ =
279.5 nm) by using Varian AA240FS (Palo Alto,
CA, USA) for fast sequential atomic absorption
spectroscopy. For each metal studied, standard cal-
ibration curves were performed to determine metal
concentrations in samples.

Table 1 Formulation and composition of basal diet for T. putitora

Ingredients Quantity (g/100 g)

White fish meal 45

Soybean meal 15

Sunflower meal 15

Gluten 60% 15

Rice polish 4

Wheat bran 4

CMCa 1

Vitamin premixb 1

Cobalt chloridec 0

Proximate composition (%)

Crude protein 39.42

Crude fat 12.57

Ash 8.73

a Carboxy-methyl-cellulose
b Vitamin premix contains vitamins, amino acids and minerals
premix/100g
c Cobalt chloride hexahydrate was added to experimental diets A
(0.5 mg/kg diet), B (1.0 mg/kg diet), C (1.5 mg/kg diet), D (2.0
mg/kg diet), E (2.5 mg/kg diet) and F (3.0 mg/kg diet). The basal
diet was not supplied with cobalt chloride
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Molecular cloning of T. putitoramyoblast determination
protein 1 homolog, myogenin and heat shock protein 70
KDa cDNA fragments

Total RNA from muscle and liver samples was isolated
by using High Pure RNA tissue kit (Roche, Basel,
Switzerland) and Illustra RNAspin Mini Isolation Kit
(GE Healthcare, Chicago, IL, USA), respectively.
Following quantification with NanoDrop ND-1000
(Thermo Scientific, Waltham, MA, USA), 1 μg of total
RNAwas used to synthesize cDNA by incubating with
M-MLV RT (Promega, Madison, WI, USA) for 1 h at
37°C in the presence of random hexamers. Reverse
transcription polymerase chain reaction (RT-PCR) was
performed with primers designed from conserved re-
gions of myoblast determination protein 1 homolog
(MyoD), myogenin and heat shock protein 70 KDa
(Hsp-70) coding-domain sequences in closely related
fish species (Danio rerio, Ctenopharyngodon idella,
Cyprinus carpio and Labeo rohita) (Table 2). PCR
products, MyoD and myogenin from the muscle, and
Hsp-70 from the liver were purified and then ligated into
pGEM-T Easy (Promega, Madison, WI, USA). The
resulting constructs were used to transform competent
E. coli cells. Positive colonies were grown overnight at
37°C in liquid LB media supplemented with ampicillin
to isolate plasmid DNA by using the GenElute Plasmid
Miniprep Kit (Sigma-Aldrich, San Luis, MI, USA).
Plasmids with inserted fragments were totally se-
quenced on both strands. The cloning of amplified
products and sequencing of three independent clones
for each gene allowed us to obtain cDNA fragments of
421 bp for MyoD, 615 bp for myogenin and 353 bp for
Hsp-70. The nucleotide sequences isolated for
T. putitora MyoD, myogenin and Hsp-70 were submit-
ted to the DDJB/EMBL/GenBank databases under ac-
cession numbers MH545701, MH545702 and
MH545703, respectively. The inferred amino acid se-
quences of T. putitora MyoD, myogenin and Hsp-70
were aligned with GDH orthologues in other fish spe-
cies and vertebrates to explore evolutionary relation-
ships and generated phylogenetic trees by pair-wise
alignments (Sievers et al. 2011).

Quantitative RT-PCR

Total RNA (1 μg) isolated from tissue samples was
reverse transcribed for 1 h at 37°C with M-MLV RT
(Promega, Madison, WI, USA). MyoD, myogenin and

Hsp-70 mRNA levels were determined with
StepOnePlus Real-Time PCR System (Applied
Biosystems, Foster City, CA, USA). To this end,
0.4 μM of the corresponding primer pair (Table 3),
10 μl of SYBR Green (Applied Biosystems, Foster
City, CA, USA) and 1.6 μl of diluted cDNAwere mixed
in a 20-μl reaction. The temperature cycle protocol for
amplification was 95°C for 10 min, followed by 40
cycles at 95°C for 15 s and 62°C for 1 min. A dissoci-
ation curve was run after each experiment to ensure
amplification of single products. The efficiency of the
PCR reaction was checked for each gene by generating
standard curves with serial dilutions of a control cDNA
sample. MyoD, myogenin and Hsp-70 mRNA levels
were normalized to the expression of T. putitora β-
actin (primers shown in Table 3). Variations in gene
expression were calculated by the standard ΔΔCT

method (Pfaffl 2001).

Statistics

Statistical package program SPSS (version 20) was used
to analyze data. Univariate generalized linear model
(GLM) followed by LSD test was applied to determine
significant differences (P < 0.05) among treatments for
growth performance, proximate composition and metal
accumulation in the muscle of T. putitora. One-way
ANOVAwas used to analyze gene expression data.

Results

Growth performance

The relative growth performance of T. putitora in re-
sponse to different levels of dietary Co supplementation
is shown in Table 4. At the end of the experiment, a
positive relationship was observed between % weight
gain and Co dietary dosage level up to 2 mg Co/kg diet
(R2 = 0.889). However, values over 2 mg Co/kg diet
negatively affected weight gain (R2 = 0.98). Among
different treatments, the highest percentage of weight
gain was observed in fish fed 2 mg/kg dietary Co (P <
0.05). However, in fish fed diets supplemented with 2.5
mg/kg (group E) and 3 mg/kg (group F), dietary Co
reduced fish weight compared to the control by 8% and
11.3%, respectively.
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Whole body composition

Whole body proximate composition in response to dif-
ferent levels of dietary Co supplied to mahseer is shown
in Table 5. Crude protein content showed a positive
correlation (R2 = 0.99) with dietary Co supplementation
up to 2 mg/kg diet (group D), having values significant-
ly higher than those of the control fish (P < 0.05).
However, the highest level of dietary Co (3 mg/kg,
group F) showed a negative effect (deceased content)
on muscle protein. In contrast to protein content, muscle
fat and ash exhibited a positive correlation (R2 = 0.8587
and R2 = 0.756, respectively) with dietary Co even at the
highest supplementation level.

Metal bioaccumulation

The effect of graded levels of dietary Co concentration
on the accumulation of Fe, Mn and Co in muscle is
shown in Table 6. The concentration ofMn and Fe in the
muscle of T. putitora showed a negative correlation
(Mn, R2 = 0.907; Fe, R2 = 0.993) while Co showed a
positive correlation (R2 = 0.953) with dietary Co sup-
plementation (Fig. 1a–c).

Cloning of T. putitora MyoD, myogenin and Hsp-70
cDNA fragments

Among fish, T. putitora MyoD exhibited higher simi-
larity with sequences reported for C. idella,D. rerio and
C. carpio (100%, 99.3% and 97.9% of identity, respec-
tively), while the identity with other fish species ranged
from 87.1% to 92.4%. A lower similarity was observed
when compared with mammalian orthologues: identity
with Homo sapiens and Mus musculus was 82.1% and
82.9%, respectively (Supplementary Fig. S1). As seen
in MyoD, T. putitora myogenin also exhibited higher
similarity withD. rerio andC. carpio (90.2% and 94.1%
of identity, respectively). However, the percent identity
with other fish species ranged from 68.9% to 74.0%,
while 59.3% and 58.7% similarity were found with
H. sapiens and M. musculus , r espec t ive ly
(Supplementary Fig. S2). For T. putitora Hsp-70, we
found 98.3% similarity with amino acid sequences re-
ported for D. rerio, while for other fish species, similar-
ity ranged from 88.9% to 93.2%. The similarity of
T. putitora Hsp-70 with that of H. sapiens and
M. musculus was 85.5% and 90.6%, respectively
(Supplementary Fig. S3).

Table 2 Putative primers used in the present study for isolation of MyoD, myogenin and Hsp-70 cDNA fragments

Gene Primer type Sequence 5′ to 3′ Amplicon size

MyoD Forward TTTCTACGACGACCCTTGCTTC 464 bp

Reverse TGCCATCAGAGCAGTTGGATC

Myogenin Forward CCAGCGTTTTTACGAAGGCG 665 bp

Reverse ACGTCAGAGACCTCAGGTTGG

Hsp-70 Forward ATGGTCCTGGTGAAGATGAAG 396 bp

Reverse GATGTCCTTCTTGTGCTTCCTC

Table 3 Putative primers used in the present study for RT-qPCR

Gene Accession no.(GenBank) Primer type Sequence 5′ to 3′ Amplicon size

β-actin KU714644.1 Forward GCTGTGCTGTCCCTGTATGC 99 bp

Reverse GGCGTAACCCTCGTAGATGG

MyoD MH545701 Forward CGCTTTCGAGACCCTCAAGAG 107 bp

Reverse GCGCCTGCAGAGACTCAATG

Myogenin MH545702 Forward GGACAAACCGTCTCCATCTTC 165 bp

Reverse CCTCCTCTTCTCCCTCAAAGTG

Hsp-70 MH545703 Forward GATTGCTGAAGCCTATTCTGG 83 bp

Reverse TTGCCTCTGGGAGTCATTG
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Expression levels of MyoD, myogenin and Hsp-70

Availability of cDNA sequences for T. putitora MyoD,
myogenin and Hsp-70 allowed us to design primers to
determine the mRNA levels of the three genes by quan-
titative RT-PCR (RT-qPCR) in fish fed basal/control diet
(devoid of Co supplementation) and diets supplemented
with 2 and 3 mg /kg Co. Feeding dietary Co resulted in
significant changes of mRNA levels for muscle MyoD
and myogenin as well as hepatic Hsp-70 in T. putitora.
In the muscle, the highest mRNA level for both MyoD
andmyogenin was found in fish fed 2 mg/kg dietary Co,
while feeding 3 mg/kg dietary Co resulted in the lowest
expression levels for both proteins, even when com-
pared with control fish (Fig. 2a,b). Albeit MyoD and
myogenin behaved similarly, the expression of
myogenin showed better correspondence with weight
gain and growth rate. In contrast to MyoD and

myogenin expression in the muscle, the highest Hsp-
70 mRNA levels in the liver were observed in fish fed
3 mg Co/kg diet (Fig. 2c).

Discussion

The results of the present study demonstrate beneficial
effects of dietary Co supplementation on growth perfor-
mance, body composition, muscle content of manga-
nese and iron as well as expression of growth-regulating
genes in T. putitora. Similarly to our results, many
investigators observed beneficial effects of dietary Co
supplement on growth, survival, protein synthesis, glu-
cose metabolism, insulin effectiveness in utilizing glu-
cose, and efficiency of protein in fish species such as
rainbow trout (Blust 2011), Labeo rohita (Adhikari and
Ayyappan 2002) and common carp (Satoh 1991).

In the present study, we observed a positive correla-
tion between weight gain (%) and dietary Co supple-
mentation ranging from 0 to 2 mg/kg. The highest
percentage of weight gain was observed in fish fed 2
mg/kg dietary Co, while higher levels of Co supplemen-
tation had negative impact on weight gain. Diets sup-
plemented with 2.5 mg/kg (group E) and 3 mg/kg
(group F) dietary Co reduced fish weight compared to
the control by 8% and 11.3%, respectively. According to
our results, 2 mg/kg is the optimum level of dietary Co
supplementation for early rearing of T. putitora. This
level is somewhat higher than the 1 mg/kg diet, which
was reported for gaining 40% increase in survival rates
of C. carpio hatchlings (Mukherjee and Kaviraj 2009),
and 0.05 mg/kg dietary Co as reported for channel
catfish (Wilson 1991), while lower than the 2.5 and 5
mg/kg diet which are known to improve growth

Table 4 Effect of graded levels of dietary cobalt supplement on the growth performance of T. putitora

Diet
groups

Mean initial
weight (g)

Mean final
weight (g)

Average weight
gain (g)

Weight gain (%) Specific growth
rate (%)

FCR

Control 1.36 ± 0.006a 2.39 ± 0.051d 1.03 ± 0.201e 75.73 ± 0.413e 0.63 ± 0.003bc 5.61 ± 0.001c

A 1.35 ± 0.005a 2.41 ± 0.020cd 1.06 ± 0.043d 78.44 ± 0.132d 0.64 ± 0.001bc 5.52 ± 0.002d

B 1.34 ± 0.001a 2.46 ± 0.012c 1.12 ± 0.054c 83.61 ± 0.213c 0.68 ± 0.005b 5.13 ± 0.001e

C 1.34 ± 0.003a 2.73 ± 0.032b 1.39 ± 0.023b 103.98 ± 0.432b 0.79 ± 0.009a 4.06 ± 0.005f

D 1.33 ± 0.005a 2.98 ± 0.017a 1.65 ± 0.053a 123.47 ± 0.332a 0.81 ± 0.006a 3.32 ± 0.004g

E 1.33 ± 0.003a 2.24 ± 0.053e 0.91 ± 0.033f 67.77 ± 0.543f 0.58 ± 0.002c 6.36 ± 0.006b

F 1.34 ± 0.002a 2.20 ± 0.042e 0.86 ± 0.013g 64.46 ± 0.324g 0.55 ± 0.031c 6.19 ± 0.005a

Data are expressed as mean ± SEM (n = 3). Different letters within the columns indicate significant differences between groups (P < 0.05)

A = 0.5 mg Co/kg diet, B = 1 mg Co/kg diet, C = 1.5 mg Co/kg Co, D = 2 mg/kg Co, E = 2.5 mg/kg Co, F = 3 mg/kg Co

Table 5 Effect of different levels of dietary Co chloride onmuscle
proximate composition of T. putitora

Diet groups Protein (%) Fats (%) Ash (%)

Control 16.31 ± 0.042e 1.53 ± 0.23f 1.56 ± 0.035f

A 16.90 ± 0.023d 1.61 ± 0.45e 1.63 ± 0.052e

B 18.14 ± 0.032c 1.63 ± 0.021e 1.65 ± 0.075e

C 18.98 ± 0.043b 1.82 ± 0.065d 1.71 ± 0.034d

D 20.02 ± 0.023a 2.13 ± 0.032c 2.06 ± 0.065c

E 17.01 ± 0.067d 2.48 ± 0.012b 2.26 ± 0.043b

F 15.09 ± 0.054f 3.14 ± 0.054a 2.75 ± 0.032a

Data are expressed as mean ± SEM (n = 9). Different letters within
the columns indicate significant differences (P < 0.05)

A = 0.5 mg/kg Co, B = 1 mg/kg Co, C = 1.5 mg/kg Co, D = 2
mg/kg Co, E = 2.5 mg/kg Co, F = 3 mg/kg Co
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performance of sea bass (Lates calcarifer) and catfish
(Clarias batrachus), respectively (Sapkale and Singh
2011). Reports indicating different optimum levels of
Co supplement may reflect variations in metabolic and
functional demand of micronutrients, which depend on
species, age, size, sex, feed, feeding practices and farm-
ing conditions (Biesalski Hans and Jana 2018). The
improved growth performance observed in the present
study in response to dietary Co supplementation may
result from the well-known involvement of Co in nitro-
gen assimilation, hemoglobin synthesis, manufacturing
of muscular protein as well as in fish metabolism and
biochemical processes (Silvers and Scott 2002).

Dietary Co supplements above optimum level (2
mg/kg diet) showed negative effects on the growth
performance of T. putitora . Like our results,
Mukherjee and Kaviraj (2011) also reported a decrease
in the weight gain of catfish, Heteropneustes fossilis
(Bloch), with dietary Co supplementation above 0.1%.
According to Chanda et al. (2015), high dietary cobalt
levels over 5 g/kg are toxic to rainbow trout. This might
be due to toxicity resulting from increased dietary Co
levels, leading to inhibition of key enzymes and bio-
chemical pathways by displacing cations of metal-
activated enzymes in their ion centers, and oxidative
damage to DNA, lipids and protein structure due to the
generation of reactive oxygen species (ROS). In fact, Co
ions are considered cytotoxic at high concentrations
(Simonsen et al. 2012), which may induce necrosis
and inflammation (Abudayyak et al. 2017).

Exogenous factors such as environment and feed
composition affect the proximate composition of cul-
tured fish (Alemu et al. 2013). Dietary feed ingredients

play significant roles in fish body composition. Body
composition assessment allows us to study the efficien-
cy of nutrient transfer from feed to fish (Whitney and
Rolfes 1993). Fish is considered as a rich source of
important minerals, vitamins and essential amino acids
and fatty acids. The protein content of fish has a marked
biological significance due to the presence of essential
amino acids. Our findings indicate that dietary Co up to
2 mg/kg increased protein content in the muscle as
compared to the control fish. Since dietary Co facilitates
amino acid incorporation into fish, therefore, it can
promote a protein sparing effect by improving glucose
tolerance and reducing gluconeogenesis (Kawakami
et al. 2012; Ghica et al. 2013). Consistent with our
results, Tonye and Sikoki (2014) reported increased
crude protein content in juvenile tilapia (Oreochromis
niloticus), while a similar effect was observed in
C. carpio fed dietary supplement of Co (Mukherjee
and Kaviraj 2009). In contrast to protein content, crude
fat in our experimental trial positively correlated with
dietary Co concentration, even at levels above 2.5
mg/kg. Likewise with T. putitora, dietary Co chloride
also increased crude fat content inC. carpio (Mukherjee
and Kaviraj 2009). This might be due to the involve-
ment of Co in lipid metabolism by decreasing circulat-
ing levels of LDL cholesterol and triglycerides and
increasing HDL cholesterol (Kawakami et al. 2012).

Fish is also a source of essential minerals to con-
sumers (Steffens 2006). However, inclusion of metals in
aquafeeds needs to be cautiously screened to certify that
the metal is not accumulated at levels that may elicit
toxicological effects. We found no reports that ad-
dressed the standardization of recommended dietary

Table 6 Effect of different levels of dietary Co chloride on metal accumulation in T. putitora muscle

Diet groups Metal concentrations (μg/g of sample tissue)

Iron Manganese Cobalt

Control 0.0303 ± 0.0015a 0.00422 ± 0.0054a 0.01075 ± 0.0021d

A 0.0281 ± 0.0023b 0.00442 ± 0.0044a 0.01082 ± 0.0043d

B 0.0250 ± 0.0045c 0.00415 ± 0.0032a 0.01115 ± 0.0012c

C 0.0211 ± 0.0023d 0.0038 ± 0.0056b 0.01135 ± 0.0065c

D 0.0163 ± 0.0034e 0.0034 ± 0.00432c 0.01214 ± 0.0054b

E 0.0133 ± 0.0014f 0.003451 ± 0.002c 0.01221 ± 0.0062b

F 0.0096 ± 0.0052g 0.00310 ± 0.002d 0.01260 ± 0.0042a

Data are expressed as mean ± SEM (n = 3). Different letters within the columns indicate significant differences (P < 0.05)

A = 0.5 mg/kg Co, B = 1 mg/kg Co, C = 1.5 mg/kg Co, D = 2 mg/kg Co, E = 2.5 mg/kg Co, F = 3 mg/kg Co
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allowance (RDA) of Co for fish. Indeed, micronutrient
deficiency may result in increased accumulation of
heavy metals from the environment (Golovanova
2008). In fish, the kidney, liver, gill, and gut are the
main tissues where heavy metals are accumulated
(Farkas et al. 2003; Ambreen et al. 2015). However,
accumulation of dietary Co and its distribution in

different tissues of fish are not precisely known. In our
feeding trials, Co accumulation in the muscle positively
correlated with dietary levels (R2 = 0.952). Our findings
are consistent with previous observations in other fish

a

b

c

Fig. 1 Correlation between muscle accumulations of metals with
graded level of dietary cobalt. Linear regression analysis for mus-
cle accumulation ofMn (a), Fe (b) and Co (c) is shown. Each point
represents the mean metal concentration in the muscle of three
fishes

a

b

c

Fig. 2 MyoD, myogenin and Hsp-70 mRNA levels in the muscle
and liver of T. putitora. Analysis of MyoD (a), myogenin (b) and
Hsp-70 (c) mRNA levels relative to β-actin was performed by RT-
qPCR in muscle and liver samples of T. putitora fed for 90 days
with a diet supplemented with Co (2 mg/kg and 3 mg/kg) or
without dietary Co (control). The values are expressed as mean
± SEM (n = 4). Statistical significance related to the con-
trol (without dietary Co supplementation) is indicated with
different letters (P < 0.05)
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species (Yildiz 2008). Although Co is an essential min-
eral that participates in biochemical processes, a high
concentration may disrupt many enzymatic functions,
causing toxicity (Javed 2013; Rai et al. 2015). In our
experimental trial, iron accumulation shows a negative
linear relationship with respect to increasing dietary Co
supplementation. Most of the metals are competitively
taken up in the intestinal tract of fish (Norwood et al.
2003). However, some intercellular transport systems
are specific to one metal only, yet some are less selec-
tive, such as divalent metal transporter DMT1. Co is
most commonly absorbed across the tissues through
voltage-gated calcium channels and ligand-sensitive
channels (Simonsen et al. 2012). Therefore, decreased
levels of iron and manganese in the muscle resulting
from increased dietary Co might be related to decreased
absorption due to concentration-dependent interactive
effects between metals (Kwong and Niyogi 2009).

For validating the results at the molecular level, the
expression of growth and stress response genes through
RT-qPCR was determined. Due to the unavailability of
sequence information for T. putitora MyoD, myogenin
and Hsp-70 messengers, genes of interest were first
cloned and then sequenced. Isolation of cDNA frag-
ments for these genes allowed us to assess changes in
the expression levels of MyoD, myogenin and Hsp-70.
T. putitora belongs to Cyprinidae, and as expected,
alignment of the inferred peptide sequences of MyoD,
myogenin and Hsp-70 with other cyprinids such as
D. rerio, C. carpio and C. idella gave higher identities.
Higher identity of amino acid sequences of T. putitora
MyoD and Hsp-70 as compared to phylogenetically
distant fish species and even with mammals suggest a
high degree of structural conservation and conceivably
functionality of MyoD and Hsp-70 during vertebrate
evolution.

In contrast to MyoD and Hsp-70, T. putitora
myogenin amino acid sequence displayed higher iden-
tity with species belonging to the same order
(Cypriniformes), while the identity was markedly lower
when comparing Cypriniformes to fish species belong-
ing to Salmoniformes and Pleuronectiphormes as well
as to mammals. Our findings argue for less conserved
evolution of myogenin orthologues in vertebrates or
specific evolution of myogenin in Cypriniformes.

MyoD and myogenin mRNA expression in the mus-
cle of fish fed different dietary Co levels provided
further insight about involvement of this mineral in the
growth of T. putitora. The mRNA levels of MyoD and

myogenin in the muscle showed a positive correlation
with weight gain up to 2 mg/kg dietary level of Co.
Cobalt chloride is a bioactive compound which induces
the expression of a series of hypoxia response genes
such as hypoxia-inducible factor (HIFα) by acting as a
hypoxia-mimicking agent (Ji et al. 2012). HIFα is lo-
calized in the nucleus and cytoplasm of myotubes and
myoblasts. Its increased expression in response to Co
stimulates the myogenic differentiation and expression
of myogenin and MyoD proteins (Wagatsuma et al.
2011). Co supplement-dependent increase in weight
gain in our study might be due to the stimulation of
myogenic regulating factors (MRFs) such as myogenic
factor 5 (MyF5), MyoD, MRF4 and myogenin as well
as increased skeletal muscle fiber formation
(myogenesis) (Rescan 2001). These MRFs are highly
conserved helix-loop-helix proteins in fish, and in-
creased MyoD expression has a major role in regulating
myogenesis and specification of newly formed skeletal
muscles. MyoD is basically involved in the proliferation
and activation of satellite cells towards the myogenic
pathway while myogenin controls cell differentiation
and myoblast fusions to form new myofibers.
Additionally, Co is involved in the expression of several
glycolytic enzymes and glucose transporters which en-
able anaerobic energy metabolism for regenerating
myofibers (Wagatsuma et al. 2011). Since newly formed
myofibers possess less capillary development to provide
oxygen enough to regenerate skeletal muscle fibers,
activation of glycolytic enzymes in response to Co
may help newly formed myofibers.

Fish have well-developed networks of stress re-
sponses for adapting to environmental changes at the
cellular level(Barton 2002). Such stress responses in-
clude the transcription of several stress proteins such as
heat shock protein (Hsp) family members (Kregel
2002). Transcription of Hsp genes in response to differ-
ent xenobiotics is considered a useful biomarker to
assess the effect of metals in fish. We found a significant
upregulation of Hsp-70 in the liver of T. putitora fed 3
mg/kg dietary Co compared to the control fish or fish
fed with lower levels of dietary Co. This finding con-
firms the toxicity of Co when its level exceeded the
optimum level. The liver plays a central role in metab-
olism, and it can be greatly affected by metal absorption
in the gut (Soetan et al. 2010). Overexpression of Hsp-
70 in response to higher dietary Co levels may indicate
the stimulation of a cytoprotective mechanism, i.e. re-
pair of metal-induced damaged proteins or bringing
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them back to their normal conformation (Sener et al.
2003). Given that fish under stress conditions reduce
feed intake (Lupatsch et al. 2010), retarded growth at
higher dietary levels of Co could be the result of inad-
equate availability of nutrients required for proper
growth performance (Yengkokpam et al. 2008).

In conclusion, our study revealed that 2 mg/kg of
dietary Co supplementation is the optimum level where
T. putitora showed improved growth performance by a
mechanism involving increased protein content and en-
hanced expression of genes involved in muscle growth
and differentiation. In contrast, higher levels of dietary
Co increased the expression of the stress response gene
Hsp-70 and had negative effects on growth.
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A B S T R A C T   

To increase our current knowledge on the nutritional regulation of growth and gene expression pattern in fish 
skeletal muscle, the effect of dietary macronutrient composition was assessed on digestibility, nutrient retention, 
growth performance, and the mRNA levels of key genes involved in functionality, growth and development of the 
skeletal muscle in gilthead sea bream (Sparus aurata). Long-term starvation decreased the expression of myogenic 
regulatory factors such as Myod2, Myf5, myogenin (Myog) and Myf6 in the skeletal muscle of S. aurata. The 
supply of high or medium protein, low carbohydrate diets enhanced growth parameters, feed efficiency ratio, 
feed conversion ratio and significantly upregulated myod2. However, the supply of low protein, high carbohy-
drate diets restricted growth and stimulated the mRNA levels of myostatin, while downregulated follistatin (fst), 
igf1, mtor and rps6. Microarray analysis revealed igfals, tnni2, and gadd45a as gene markers upregulated by diets 
enriched with protein, lipids and carbohydrates, respectively. The results of the present study show that in 
addition to myod2, fst, igf1, mtor and rps6, the expression levels of igfals, tnni2 and remarkably gadd45a in the 
skeletal muscle can be used as markers to evaluate the effect of dietary macronutrient changes on fish growth and 
muscle development in S. aurata.   

1. Introduction 

The development of the skeletal muscle follows a well-ordered 
structure that is highly adaptable to changing conditions. The process 
of myogenesis has a marked plasticity, which constitutes a fundamental 
event for proliferation, differentiation, migration and fusion of new 
myoblasts (Johnston, 2006). This complex and dynamic process leads to 
fusion of myocytes with existing myofibers (hypertrophy) and 
increasing proliferation of myocytes (hyperplasia) (Zhu et al., 2014). 
Myogenesis is primarily controlled by myogenic regulatory factors 
(MRFs) which include Myod, Myf5, myogenin (Myog) and Myf6, among 
others (Braun and Gautel, 2011; Rescan, 2001; Alami-Durante et al., 
2019). MRFs are highly conserved proteins from teleosts to mammals 
that belong to a larger group of transcription factors containing a basic 
DNA-binding motif and a helix-loop-helix dimerisation domain (Olson 

and Klein, 1994; Rossi and Messina, 2014). Myod and Myf5 are essential 
for initiation of the myogenic program, while Myog and Myf6 are 
expressed later, during myofibre differentiation (Holterman and Rud-
nicki, 2005; Rescan, 2001; Tan and Du, 2002). Additional factors, such 
as myostatin (Mstn) and follistatin (Fst), which belong to the trans-
forming growth factor beta (Tgfb) superfamily, were also shown to have 
a major role in skeletal muscle growth and development. Mstn is a 
potent negative regulator of skeletal muscle growth (McPherron et al., 
1997). Knockout mice for Mstn present 2 to 3-fold greater skeletal 
muscle mass than wild-type animals. Fst is an activin-binding protein 
essential for muscle fibre formation (Medeiros et al., 2009), and a potent 
antagonist of several members of the Tgfb superfamily, including Mstn 
(Amthor et al., 2004). Overexpression of Fst in mice and rainbow trout 
(Oncorhynchus mykiss) evidences the capacity of Fst to increase muscle 
mass (Lee and McPherron, 2001; Medeiros et al., 2009). 
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Somatotropic compounds such as insulin-like growth factor 1 (Igf1) 
exert an important role in nutritional regulation of metabolism. Igf1 
expression increases muscle mass and decreases muscle atrophy 
(Christoffolete et al., 2015; Glass, 2003a, 2003b; Vélez et al., 2014). 
Protein synthesis and glucose and amino acid uptake is stimulated by 
Igf1 in rainbow trout (O. mykiss) and gilthead sea bream (S. aurata) 
myocytes (Castillo et al., 2004; Montserrat et al., 2012). Igf1 and amino 
acids activate the phosphatidylinositol 3-kinase (Pi3k)-Akt pathway, 
which leads to phosphorylation of the serine/threonine protein kinase 
mechanistic target of rapamycin (Mtor) and activation of a critical 
pathway involved in cellular processes such as apoptosis, protein syn-
thesis, gene transcription and cell proliferation (Vélez et al., 2016). 
Indeed, Mtor is an essential sensor of nutrient and amino acid avail-
ability through phosphorylation of 40S ribosomal protein S6 (Rps6) 
(Glass, 2005; Schiaffino and Mammucari, 2011). 

Despite the fact that carnivorous fish are considered glucose intol-
erant (Panserat et al., 2019; Rashidpour et al., 2019), we previously 
showed that partial replacement of dietary protein by carbohydrates 
stimulates glucose oxidation via glycolysis and pentose phosphate 
pathway in the liver of S. aurata (Fernández et al., 2007; Metón et al., 
1999). Indeed, the administration of chitosan-tripolyphosphate-DNA to 
overexpress srebp1a stimulates conversion of dietary carbohydrates into 
lipids in S. aurata through enhanced hepatic glycolysis, pentose phos-
phate pathway and lipogenesis (Silva-Marrero et al., 2019; Wu et al., 
2020). Dietary carbohydrates upregulate the expression of glycolytic 
genes in the muscle of rainbow trout (Song et al., 2018), while it was 
claimed that glucose regulates protein synthesis and growth-related 
mechanisms in myogenic precursor cells from this species (Latimer 
et al., 2019). Although the fundamental events in muscle growth and 
development were well conserved during vertebrate evolution, fishes 
have unique features such as continuous growth and different propor-
tion of white and red muscle fibres than mammals. Indeed, the molec-
ular events that mediate the effect of dietary nutrients on signaling 
pathways that control growth of fish skeletal muscle remain unclear. 
With the aim to increase our current knowledge about the nutritional 
regulation of skeletal muscle growth and development in fish, we 
addressed the effect of dietary macronutrient composition on nutrient 
retention, growth performance and the gene expression pattern in the 
skeletal muscle of S. aurata, and identified novel gene markers for 
nutritional studies in cultured fish. 

2. Materials and methods 

2.1. Animals, feeding trial and sampling 

S. aurata juveniles were obtained from Piscicultura Marina Medi-
terranea (Burriana, Castellón, Spain). A total of 330 fish (8.22 g ± 0.26 
body weight) were transported to the laboratory, and distributed in 12 
aquaria of 260 l supplied with running seawater at 21 ◦C in a closed 
system with active pump filter and UV lamps. The photoperiod was 
adjusted to a 12 h: 12 h dark-light cycle. Fish maintenance conditions 
were as previously described (Fernández et al., 2007). Three diets were 
formulated with gross energy at 20–22 kJ/g and macronutrient 
composition at levels above and below those in commercially available 
aquafeeds: HLL (high protein, low lipid, low carbohydrate), MHL (me-
dium protein, high lipid, low carbohydrate) and LLH (low protein, low 
lipid, high carbohydrate) (Table 1). Following acclimation to our facil-
ities, three groups of fish were fed twice a day (9:30 a.m. and 15:30 p.m.) 
with 25 g/kg body weight of the corresponding experimental diet for 23 
days for microarray analysis and 37 days for evaluating growth, di-
gestibility and gene expression (Fig. 1). Sampling points were selected 
according to previous studies showing that a period of 18–20 days is 
long enough for producing significant changes due to diet composition 
in the intermediary metabolism and gene expression profile of S. aurata 
juveniles (Metón et al., 1999; Silva-Marrero et al., 2017), while longer 
periods are necessary to obtain significant changes in growth and 

nutrient retention parameters (Fernández et al., 2007). A fourth group of 
fish was submitted to starvation during the same period of time. Each 
dietary condition was assayed in 3 aquaria. All fish were weighed at the 
beginning of the experiment and every 12 days during the experiment. 
To calculate apparent digestibility coefficient (ADC), 0.1% yttrium 
oxide (Y2O3) was included in each experimental diet and used as inert 
marker the last week of the experiment. To determine body composition, 
30 fish from the initial stock and 5 fish per aquarium at the end of the 
experiment were sampled and stored at − 20 ◦C for subsequent analysis. 
Prior to sampling, fish were starved for 24 h and sacrificed by anaes-
thesia overdose with 1:12,500 tricaine methanesulfonate (MS-222) 
diluted in seawater followed by cervical section. Samples of skeletal 

Table 1 
Composition of the diets supplied in this study to S. aurata.   

HLL MHL LLH 

Formulation (%) 
Fish meala 81.6 67.5 54.3 
Fish oilb 0.8 13.1 6.0 
Starchc 15.0 16.7 37.1 
Carrageenand 1.5 1.5 1.5 
Mineral mixturee 0.9 0.9 0.9 
Vitamin mixturef 0.2 0.2 0.2  

Proximate Composition (%) 
Crude protein 59.5 50.1 40.6 
Crude lipid 7.2 17.5 8.2 
Carbohydratesg 18.4 20.9 40.9 
Ash 14.9 11.5 10.3 
Gross energy (kJ/g)h 20.2 22.4 19.9  

a Corpesca S.A. Super-Prime fish meal (Santiago de Chile, Chile). 
b Fish oil from A.F.A.M.S.A. (Vigo, Spain). 
c Pregelatinised corn starch from Brenntag Química S.A. (St. Andreu de la 

Barca, Barcelona, Spain). 
d Iota carrageenan (Sigma-Aldrich). 
e Mineral mixture provided (mg/kg): CaHPO4⋅2 H2O, 7340; MgO, 800; KCl, 

750; FeSO4⋅7 H2O, 60; ZnO, 30; MnO2, 15; CuSO4⋅5 H2O, 1.7; CoCl2⋅6 H2O, 1.5; 
KI, 1.5; Na2SeO3, 0.3. 

f Vitamin mixture provided (mg/Kg): choline chloride, 1200; myo-inositol, 
400; ascorbic acid, 200; nicotinic acid, 70; all-rac-tocopherol acetate, 60; cal-
cium pantothenate, 30; riboflavin, 15; piridoxin, 10; folic acid, 10; menadione, 
10; thiamin-HCl, 8; all-trans retinol, 2; biotin, 0,7 cholecalciferol, 0.05; cyano-
cobalamin, 0.05. 

g Carbohydrates were calculated by difference. 
h Calculated from gross composition (protein 24 kJ/g, lipids 39 kJ/g, carbo-

hydrates 17 kJ/g). 

Fig. 1. Schematic workflow of sampling points and analysis carried out in the 
present study. ADC: apparent digestibility coefficient. RT-qPCR: reverse tran-
scription coupled to quantitative real-time PCR. 
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muscle extracted from the middle/dorsal region were dissected out, 
immediately frozen in liquid nitrogen and kept at − 80 ◦C until analysis. 
For fecal collection, the posterior intestine was dissected out and the 
intestinal content was obtained by stripping. Posterior intestine samples 
were pooled (pools of 5 fish per aquarium), dried at 70 ◦C and kept at 
− 20 ◦C. Experimental procedures involving fish complied with the 
guidelines of the University of Barcelona's Animal Welfare Committee 
and EU Directive 2010/63/EU for animal experiments. 

2.2. Diet and body composition 

To determine moisture, samples were dried at 70 ◦C until constant 
weight was obtained (Busacker et al., 1990; Lucas, 1996). Samples were 
analysed for carbon (C) and nitrogen (N) with a Carlo Erba NA 2100 
elemental analyser (CE Instruments, Wigan, UK). Lipid content was 
extracted with petroleum ether using a Foss Tecator Soxtec HT 1043 
extraction system (Hillerød, Denmark). Ash content was determined 
after incineration of samples in muffle furnace at 450 ◦C for 12 h 
(Busacker et al., 1990; Lucas, 1996). Protein was calculated from N 
content, using a factor of 6.25. Gross energy was calculated on the basis 
of dietary protein (24 kJ/g), lipid (39 kJ/g) and carbohydrate (17 kJ/g) 
(Bradfield and Llewellyn, 1982). For assaying Ca, P and Y, samples were 
digested and analysed with an inductively coupled plasma spectrometer 
(Polyscan 61E, Thermo Jarrell Ash Corporation, Waltham, MA, USA). 

2.3. Apparent digestibility and growth parameters 

Specific growth rate (SGR) was calculated as (ln Wf – ln Wi)*100/T, 
where ln Wf and ln Wi are the natural logarithms of the final and initial 
mean fish weight in grams per aquarium, respectively, and T is time in 
days. Feed conversion ratio (FCR) was calculated as dry feed intake/wet 
weight gain. ADC of a given nutrient was calculated from the following 
equation (De Silva and Anderson, 1995): 

ADC = 100–[100*(NutrientFeces/NutrientDiet)*(YDiet/YFeces) ]

For dry matter, the equation became: 

ADC = 100–[100*(YDiet/YFeces) ]

Other parameters calculated for each aquarium included: protein 
efficiency ratio (PER = g weight gain/g feed protein); protein retention 
(PR = g protein gain*100/g feed protein); lipid retention (LR = g lipid 
gain*100/g feed lipid) and hepatosomatic index (HSI = liver fresh 
weight*100/ fish body weight). 

2.4. RNA isolation 

Total RNA was extracted from the skeletal muscle using the RNeasy 
fibrous tissue Mini Kit (Qiagen, Sussex, UK) according to the manufac-
turer's recommendations. Concentration and purity were determined 

spectrophotometrically at 260/280 nm using Nanodrop ND-1000 
(Thermo Fischer Scientific, Waltman, MA, USA). RNA integrity was 
determined with an Agilent 2100 bioanalyser (Agilent Technologies, 
Santa Clara, CA, USA). Only samples with RNA Integrity Number (RIN) 
> 9.2 were used for subsequent studies. 

2.5. Quantitative real-time PCR 

The mRNA levels of key genes involved in skeletal muscle growth 
and development, and differentially expressed genes selected from the 
microarray analysis were assayed by reverse transcription coupled to 
quantitative real-time PCR (RT-qPCR). One microgram of total RNA 
isolated from white skeletal muscle of S. aurata was reverse-transcribed 
to cDNA with Moloney murine leukemia virus RT (Life Technologies, 
Carlsbad, CA, USA) for 1 h at 37 ◦C in the presence of random hexamer 
primers. The cDNA product was used for subsequent qPCR. The mRNA 
levels of S. aurata genes listed in Table 2 were determined in a StepO-
nePlus Real-Time PCR System (Applied Biosystems, Foster City, CA, 
USA) using 0.4 μM of each specific primer (Table 2), 10 μl of SYBR Green 
(Applied Biosystems Foster City, CA, USA), and 1.6 μl of the diluted 
cDNA product in a final volume of 18 μl. The temperature cycle protocol 
for amplification was: 1 cycle of initial activation at 95 ◦C for 10 min and 
40 cycles of 15 s at 95 ◦C, 1 min at 62 ◦C. To validate the amplification 
efficiency of primers, standard curves with serial dilutions of a control 
cDNA were generated, and PCR amplicons were separated electropho-
retically on 2% agarose gel for band size confirmation. 18S ribosomal 
RNA (18 s) and elongation factor 1 alpha (ef1α) were selected to 
normalise the amount of mRNA for the genes of interest in each sample. 
Variations in gene expression were calculated by the standard ΔΔCt 
method (Pfaffl, 2001). Results are presented as mean ± SD (n = 4–6 
fish). 

2.6. Microarray hybridisation and data analysis 

A microarray analysis was performed to detect differentially 
expressed genes with potential interest for nutritional and diet formu-
lation studies in S. aurata. To this end, labelling, hybridisation and 
scanning of an Agilent custom high-density oligonucleotide microarray 
(8 × 60 k; ID 079501; Agilent Technologies, Santa Clara, CA, USA), 
previously described to contain 2 60-mer probes for each of 25,392 
assembled unique sequences of S. aurata transcriptome (Silva-Marrero 
et al., 2017), were performed with the Two-Color Microarray-Based Gene 
Expression Analysis v. 6.5 kit (Agilent Technologies, Santa Clara, CA, 
USA). Total RNA isolated from the skeletal muscle of four fish was 
analysed for each condition (starved fish and fish fed diets HLL, MHL 
and LLH for 23 days). For each sample, 200 ng of total RNA was labelled 
with Cy3 or Cy5 using Low Input Quick Amp Labeling Kit (Agilent Tech-
nologies, Santa Clara, CA, USA), and microarray workflow for linearity, 
sensitivity and accuracy was monitored using The Two-Color and RNA 

Table 2 
Primers used to analyse gene expression by qPCR.  

Gene Forward (5′ to 3′) Reverse (5′ to 3′) GenBank accession nos. 

18 s TTACGCCCATGTTGTCCTGAG AGGATTCTGCATGATGGTCACC AM490061 
ef1α CCCGCCTCTGTTGCCTTCG CAGCAGTGTGGTTCCGTTAGC AF184170 
fst GGAAACGACGGGATCATCTATGC CGACTTGGCCTTGATGCATTTTCC AY544167 
gadd45a AGCGGGGTCGTTTTTTATTTCTTC AGGAAGTGTGGTGTGTACCC XM_030401611 
igf1 ACTGCTGTGCGTCCTCACCCTGA GTGCATTGGGGCCGTAGCCA AY996779 
igfals TGTGGTGGAACGCCAGAGCTTTG GAGGCCAGAGAATGTATGGGTTGTGAG XM_030407223 
mstn GGATGCAGGAACACACACAC AGACGACGAAGGACGAGAAA AF258448.1 
mtor GGAGACTGTTTTGAGGTCGCC ACCTCCATCACCGTGTGGCA MH594580 
myf5 CGACGGCATGGTTGACAGCA TCCGGCTGTCTTATCGCCCA JN034420 
myf6 TCATCCCACAGCTTTAAAGGCA AGTGAATCTTCGGCGTCCTCC JN034421 
myod2 CACTACAGCGGGGATTCAGAC CCGTTTGCTTCTCCTGGACT AF478569 
myog TTCCCTGACCAGCGCTCCTA TCTGTTCCTGTCACCCCAAC EF462191.1 
rps6 CAGCAAGATCCGCAAGCTCT CTTCTGGGTGCGCTGTCTCT MN172174 
tnni2 GCCCTGAAGAAAGTACGTATGTCTGC CTCCCCTCCTCCTTGACCTCCTTC XM_030426857  
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Spike-In Kit, Two-Color. The RNeasy Mini Kit (Qiagen, Hilden, Germany) 
was used to purify labelled cRNA. Microarray hybridisation was per-
formed using 2.5 μg of each labelled sample at 65 ◦C for 17 h following 
the Gene Expression Hybridization Kit instructions. A double loop 
hybridisation with dye swap experimental design was followed (Kerr 
and Churchill, 2001), and included eight hybridisations to maximise 
discovery of significant changes among assayed conditions (starvation 
and feeding with diets HLL, MHL and LLH; n = 4 per condition). Scan-
ning was performed using an Agilent Microarray Scanner G2565BA, and 
outlier spots and spot intensity for Cy3 and Cy5 channels were extracted 
with Agilent Feature Extraction software v. 10.7. Loess and Aquantile 
normalisation for within-and inter-array normalisation, respectively, 
was performed with R-Bioconductor package (Gentleman et al., 2004). 
Data analysis was only considered for unique sequences involved in 
growth and development with E-value <1e-10 and HSP/hit >30. 

2.7. Statistics 

Data concerning growth performance, nutrient retention, apparent 
digestibility and qPCR were analysed using SPSS Version 25 (IBM, 
Armonk, NY, USA). One-way analysis of variance (ANOVA) followed by 
the Duncan post-hoc test was performed to identify significant differ-
ences between treatments. Statistical significance was considered when 
P < 0.05. For microarray data, a linear model analysis using Limma 
(Smyth, 2004) was conducted to determine differentially expressed 
genes with adjusted P < 0.05. Correlation coefficient values were 
calculated to assess relationships between growth, nutrient retention, 
ADC and gene expression variables, considering statistical significance 
when P < 0.05. 

3. Results 

3.1. Growth performance, nutrient retention and digestibility 

The effect of dietary macronutrient composition on growth param-
eters and nutrient retention was studied in S. aurata juveniles fed 37 
days with diets HLL (macronutrient composition similar to the diet of 
wild S. aurata), MHL (composition similar to commercial diets) and LLH 
(composition similar to HLL but with partial substitution of protein by 
carbohydrates). Fish fed the high protein, low lipid, low carbohydrate 
diet (HLL) and the medium protein, high lipid, low carbohydrate diet 
(MHL) presented significantly higher values of final body weight and 
SGR than fish fed the low protein, low lipid, high carbohydrate diet 
(LLH; Table 3). The highest FCR value was found in fish fed the LLH diet, 
while no significant difference was found between diets HLL and MHL. 
Fish fed the LLH diet also presented the highest LR value. The lowest 
PER levels were found for fish fed diet HLL, which were significantly 
different than in fish fed the MHL diet (Table 3). Diet composition did 
not significantly affect HSI or PR. 

No significant differences were found in ADC values for calcium, 
carbon and dry matter in the posterior intestine of fish fed 37 days with 

different diets. However, fish fed LLH revealed a trend to present lower 
values than fish fed diets HLL and MHL (Table 4). ADC levels for protein 
were not affected by diet composition, while the highest values for 
phosphorus, calcium, carbon and dry matter were found in fish fed MHL. 
No significant correlation was found between ADC values and growth 
and nutrient retention parameters (Table 5). 

3.2. Effect of diet composition and starvation on the expression of MRFs, 
mstn and fst in the skeletal muscle 

Dietary macronutrient composition and food deprivation signifi-
cantly affected the expression of MRFs in the white skeletal muscle of 
S. aurata. Starvation for 37 days significantly downregulated the mRNA 
levels of all MRFs assayed. Concerning fed animals, the supply of HLL 
and MHL significantly enhanced 1.7–1.9 fold the expression levels of 
myod2 compared to fish fed with diet LLH (Fig. 2a). In a significant 
manner but to a lesser extent than myod2, feeding fish with the diet 
containing the lowest protein/carbohydrate ratio (LLH) decreased myf5 
and myog mRNA levels when compared to fish fed with medium protein, 
high lipid, low carbohydrate (MHL) and high protein, low lipid, low 
carbohydrate (HLL) diets, respectively (Fig. 2b-c). The only MRF 
assayed whose mRNA levels did not significantly differ as a result of diet 
composition was Myf6 (Fig. 2d). The mRNA levels of myod2 and myog 
correlated positively with final body weight and SGR, and negatively 
with FCR (Table 5). 

In regard of genes with a major role in regulation of skeletal muscle 
growth, we also analysed the expression of mstn and fst. Feeding with 
LLH significantly upregulated mstn 2.1–2.9 fold over the values observed 
in starved fish and S. aurata fed with HLL and MHL (Fig. 3a). A different 
expressional pattern was observed for fst. The expression levels of fst 
were 1.8–2.0-fold significantly higher in fish fed HLL and MHL than in 
fish fed LLH and submitted to starvation (Fig. 3b). The expression levels 
of mstn and fst exhibited significant but opposite correlation with final 
body weight, SGR, FCR, HSI and LR (Table 5). 

3.3. Effect of diet composition and starvation on the expression of igf1, 
mtor and rps6 in the skeletal muscle 

The effect of diet composition and starvation on igf1 mRNA levels in 
the skeletal muscle of S. aurata was also addressed. Starvation for 37 
days significantly downregulated 2.9–6.0 fold igf1 expression depending 
on the diet supplied. Among fed fish, significant upregulation of igf1 
(1.8–2.0 fold) was found in fish fed diets with improved growth pa-
rameters (MHL and HLL) (Fig. 4a). 

Previous studies indicated that in addition to posttranslational 
regulation, the nutritional status regulates Mtor and downstream pro-
teins at the mRNA level in fish (Lavajoo et al., 2020; Qin et al., 2019). 
We therefore investigated the effects of starvation and feeding diets 
differing in macronutrient composition on mtor and rps6 expression in 
the skeletal muscle of S. aurata. Among fed fish, the mRNA levels of mtor 
and rps6 showed a significant dependence on the protein/carbohydrate 
ratio in the diet. For mtor, diet HLL promoted the highest expression 
values, which were 1.7-fold and 2.4-fold greater than in fish fed diets 
MHL and LLH, respectively. Likewise, fish fed HLL presented 1.3-fold 

Table 3 
Growth performance and nutrient retention of S. aurata fed diets HLL, MHL and 
LLH for 37 days.   

HLL MHL LLH 

Initial BW (g) 8.20 ± 0.04 8.52 ± 0.06 8.11 ± 0.21 

Final BW (g) 17.69 ± 0.22b 18.36 ± 0.18b 14.76 ± 0.71a 

SGR 2.08 ± 0.04b 2.08 ± 0.02b 1.61 ± 0.10a 

FCR 1.58 ± 0.01a 1.44 ± 0.04a 1.96 ± 0.16b 

HSI 1.22 ± 0.08 1.11 ± 0.05 1.33 ± 0.11 
PR (% intake) 17.92 ± 0.72 20.52 ± 1.05 20.34 ± 1.79 
LR (% intake) 24.90 ± 4.14a 33.21 ± 2.15ab 41.95 ± 4.30b 

PER 1.06 ± 0.01a 1.39 ± 0.04b 1.27 ± 0.10ab 

Data are means ± SEM (n = 3 tanks). Different superscript letters indicate sig-
nificant differences among dietary conditions (P < 0.05). BW: body weight. 

Table 4 
Apparent digestibility coefficient (ADC) values obtained for S. aurata fed HLL, 
MHL and LLH diets.   

HLL MHL LLH 

Phosphorus 39.96 ± 1.11 50.97 ± 3.48 44.74 ± 6.27 
Calcium 54.71 ± 1.98 59.25 ± 5.34 45.07 ± 6.72 
Carbon 70.53 ± 6.78 79.94 ± 3.44 65.08 ± 8.17 
Protein 79.24 ± 2.38 78.08 ± 3.45 77.46 ± 0.73 
Dry matter 64.76 ± 1.54 67.21 ± 4.30 57.18 ± 5.24 

Data are means ± SEM (n = 3 tanks). 
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and 1.6-fold higher rps6 mRNA levels than fish supplied with MHL and 
LLH, respectively. The expression levels of mtor and rps6 in starved fish 
were similar to those observed in the skeletal muscle of fish fed diet LLH 
(Fig. 4b-c). The mRNA levels of igf1, mtor and rps6 positively correlated 
with final body weight and SGR, while negatively correlated with FCR 
(Table 5). 

3.4. Microarray analysis 

From a total of 247 genes involved in growth and development, the 
expression of 21 genes (included in the heat map hierarchical cluster 
shown in Fig. 5a) exhibited differential expression with an adjusted P 
value <0.05 and at least 2-fold difference in the normalised intensity 
ratio (Cy5/Cy3 or Cy3/Cy5) between 2 or more dietary conditions 
(starvation and feeding for 23 days with diets HLL, MHL and LLH) in the 

skeletal muscle of S. aurata. Starvation deeply affected the expression of 
most filtered genes. From the total of 21 genes selected, 3–6 genes 
(depending on the diet supplied) were significantly upregulated more 
than 2-fold in the skeletal muscle of starved fish, while food restriction 
downregulated 6–11 genes. Feeding upregulated genes associated with 
muscle contraction (tnni2, tnnc2, stac3, ttn, actc1, calm, mpsf and cav3), 
muscle development (frg1, fgfr1 and tagln), as well as growth regulation 
and the growth hormone–Igf axis (mstn, ghr1 and igfals), while down-
regulated genes were mostly involved in growth arrest and regulation 
(gas6, ing3, gadd45a and naca). Among upregulated genes by feeding 
with fold change >2, the greater values were found for tnni2 (16.1, 39.1 
and 29.0 fold change for fish fed HLL, MHL and LLH, respectively), 
followed by stac3 (3.2, 3.5 and 2.8 fold change for fish supplied with 
HLL, MHL and LLH, respectively). The expression of igfals also increased 
in the skeletal muscle of fish fed diets HLL and MHL, but showed more 

Table 5 
Correlation coefficient values for growth and nutrient retention parameters versus ADC and gene expression values.   

Final BW SGR FCR HSI PR LR PER 

Phosphorus 0.151 0.091 − 0.202 − 0.342 0.520 0.254 0.590 
Calcium 0.628 0.639 − 0.634 − 0.621 − 0.091 − 0.430 0.103 
Carbon 0.490 0.639 − 0.512 − 0.552 0.119 − 0.210 0.278 
Protein 0.134 0.000 − 0.120 − 0.072 − 0.190 − 0.204 − 0.156 
Dry matter 0.600 0.548 − 0.601 − 0.577 − 0.134 − 0.442 0.048 
myod2 0.744** 0.822** − 0.746** − 0.715** − 0.167 − 0.548 0.059 
myf5 0.494 0.513 − 0.508 − 0.524 0.027 − 0.273 0.183 
myog 0.613* 0.616* − 0.578* − 0.442 − 0.569 − 0.703* − 0.428 
myf6 − 0.308 − 0.140 0.318 0.336 − 0.034 0.162 − 0.137 
mstn − 0.858** − 0.768** 0.857** 0.815** 0.220 0.650* − 0.040 
fst 0.785** 0.804** − 0.766** − 0.688** − 0.385 − 0.756** − 0.108 
igf1 0.767** 0.837** − 0.768** − 0.735** − 0.244 − 0.591 − 0.017 
mtor 0.662** 0.841** − 0.615* − 0.449 − 0.725** − 0.857** − 0.544* 
rps6 0.612* 0.737** − 0.565* − 0.400 − 0.667** − 0.800** − 0.503 
tnni2 0.519 0.462 − 0.565 − 0.676* 0.384 − 0.052 0.562 
igfals 0.249 0.444 − 0.249 − 0.249 − 0.440 − 0.552 − 0.440 
gadd45a − 0.645* − 0.539* 0.623* 0.528 0.435 0.649* 0.259 

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed). 

Fig. 2. Effect of diet composition and starvation on 
the expression of MRFs in the skeletal muscle of 
S. aurata. During 37 days, S. aurata juveniles were 
starved or fed with HLL, MHL and LLH diets. RT-qPCR 
analysis of myod2 (a), myf5 (b), myog (c) and myf6 (d) 
expression in the skeletal muscle is shown. The mRNA 
levels for each gene were normalised with the 
geometrical mean of S. aurata 18 s and ef1α, which 
were used as housekeeping genes. Results are pre-
sented as mean ± SEM (n = 4–6 fish). Different letters 
above deviation bars indicate significant differences 
(P < 0.05) among conditions.   
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dependence on diet composition (5.3, 3.1 and 1.0 fold change for fish 
supplied with diet HLL, MHL and LLH, respectively). Similar expression 
patterns were found for fgfr1 and igfals. In regard of downregulated 
genes by feeding, the greater fold changes were observed for ing3 
(4.6–6.7 fold change, depending on the diet supplied) and gas6 (4.0–4.2 
fold change, depending on the diet supplied), while gadd45a exhibited a 
higher dependence on diet composition (2.6, 2.3 and 1.6 fold change for 
fish supplied with HLL, MHL and LLH, respectively). 

With the aim to identify gene markers regulated by dietary macro-
nutrient composition, the mRNA levels of gadd45a, igfals and tnni2 were 
assayed by RT-qPCR in the skeletal muscle of fish starved or fed diets 
HLL, MHL and LLH for 37 days (Fig. 5b). Starvation significantly upre-
gulated gadd45a over the expression values observed in fish fed diets 
HLL, MHL and LLH (2.4, 1.7 and 1.4 fold, respectively). The mRNA 
levels of gadd45a negatively correlated with final body weight and SGR, 
while positively correlated with FCR and LR (Table 5). Similarly as igf1, 
the lowest igfals mRNA levels were promoted by starvation, while 
feeding with HLL significantly upregulated igfals 1.9 fold. In regard of 
tnni2, the lowest mRNA abundance was found in food-deprived animals. 
Among fed fish the highest tnni2 expression was observed in the skeletal 
muscle of S. aurata fed diet MHL (2.0-, 4.2- and 45.3-fold increased 
levels than in fish fed diets HLL, LLH and under starvation, respectively). 
Significant negative correlation was found between tnni2 expression and 
HSI (Table 5). 

4. Discussion 

Substitution of dietary protein by cheaper and sustainable nutrients 
is a challenging question in fish nutrition (Panserat et al., 2019). The 
results of this study showed that partial substitution of fish meal by 
carbohydrates had a strong negative impact on growth performance of 
S. aurata and nutrient retention parameters such as body weight, SGR 
and FCR. On the contrary, the supply of medium protein, high lipid, low 
carbohydrate diets (MHL) improved growth performance, although at 

Fig. 3. Effect of diet composition and starvation on the expression of members 
of the Tgfb superfamily in the skeletal muscle of S. aurata. During 37 days, 
S. aurata juveniles were starved or fed with HLL, MHL and LLH diets. RT-qPCR 
analysis of mstn (a) and fst (b) expression in the skeletal muscle is shown. The 
mRNA levels for each gene were normalised with the geometrical mean of 
S. aurata 18 s and ef1α, which were used as housekeeping genes. Results are 
presented as mean ± SEM (n = 4–6 fish). Different letters above deviation bars 
indicate significant differences (P < 0.05) among conditions. 

Fig. 4. Effect of diet composition and starvation on the expression of igf1, mtor 
and rps6 in the skeletal muscle of S. aurata. During 37 days, S. aurata juveniles 
were starved or fed with HLL, MHL and LLH diets. RT-qPCR analysis of igf1 (a), 
mtor (b) and rps6 (c) expression in the skeletal muscle is shown. The mRNA 
levels for each gene were normalised with the geometrical mean of S. aurata 18 
s and ef1α, which were used as housekeeping genes. Results are presented as 
mean ± SEM (n = 4–6 fish). Different letters above deviation bars indicate 
significant differences (P < 0.05) among conditions. 
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levels not far from those observed in fish fed high protein, low lipid, low 
carbohydrate diets (HLL). Increased PER values in fish fed MHL are in 
agreement with the increased weight gain exhibited by this group of 
fish. Consistent with our findings, diets with 54% of protein and 18% of 
carbohydrate, and therefore with macronutrient composition similar to 
MHL, are considered optimal to improve growth and nutritional pa-
rameters such as body weight and SGR in S. aurata (Fernández et al., 
2007). A similar behaviour was observed in other fish species such as 
Pagrus pagrus (Schuchardt et al., 2008) and O. mykiss (Kamalam et al., 
2012; Alami-Durante et al., 2019). A trend to present lower values for 
Ca, C and dry matter was observed in the group of fish fed LLH. Indeed, 
ADC levels for Ca, C and dry matter in turn showed a trend to correlate 
positively with final weight and negatively with FCR. Low tolerance of 
carnivorous fish to glucose (Polakof et al., 2012; Rashidpour et al., 
2019), may determine the poor growth performance observed in fish fed 
the LLH diet. 

Our observations also agree with the fact that long-term starvation 
and the supply of low protein, high carbohydrate diets in S. aurata affect 
similarly the expression of appetite-regulating peptides, leading to 
opposite effects than high protein, low carbohydrate diets on the 
expression of orexigenic and anorexigenic peptides (Babaei et al., 2017). 
Indeed, transcriptomic analysis revealed that both food deprivation and 
the supply of low protein, high carbohydrate diets also promoted similar 
effects on the expression levels of genes involved in mitochondrial 
oxidative phosphorylation in the skeletal muscle of S. aurata (Silva- 
Marrero et al., 2017). 

In teleost fish, myoblast proliferation and hyperplasia occur mainly 
during the swim-up fry stage and through juvenile growth with a large 
increase in the number of white muscle fibres (Rowlerson and Veggetti, 
2001). Herein, MRFs were measured to analyse myoblast proliferation 
and differentiation in S. aurata juveniles. Starvation downregulated 
myod2, myf5, myog and myf6 in the skeletal muscle of S. aurata, which 
confirms previous observations in this species (García De La Serrana 
et al., 2014; Lavajoo et al., 2020). The strong reduction observed in the 
expression of myod2 and myf5 suggests that long-term starvation may 
promote muscular atrophy. Among fish fed different diets, the mRNA 
levels of myod2 and to a lesser extent myog were more sensitive to the 
dietary protein to carbohydrate ratio than myf5 and myf6. Therefore, 
myod2 and myog mRNA levels significantly increased in fish that 
exhibited better growth performance (fish fed high or medium protein, 
low carbohydrate diets, MHL and HLL). However, low myod2 mRNA 
levels in the skeletal muscle of fish fed LLH indicate that myod2 can be 
used as sensitive marker of growth performance in S. aurata juveniles. In 
this regard, Igf-dependent expression of MRFs seems to play an impor-
tant role in muscle differentiation and proliferation (Vélez et al., 2016). 
Indeed, in the present study, the expression of igf1 positively correlated 
with growth rate and was highly dependent on nutritional status and 
diet composition. Consistent with our findings and the key role exerted 
in muscle growth, igf1 was shown to stimulate growth and proliferation 
of S. aurata cultured myocytes (Vélez et al., 2014), while starvation 
markedly decreases igf1 expression and Igf1 circulating levels in this 
species (Lavajoo et al., 2020; Metón et al., 2000; Pérez-Sánchez et al., 
1995). 

Upregulation of mstn expression inhibits cell growth and differenti-
ation in the skeletal muscle of rainbow trout (Seiliez et al., 2012). 
Furthermore, high glucose supplementation inhibits protein synthesis in 
primary cultured muscle cells of olive flounder (Paralichthys olivaceus) 
by a mechanism involving downregulation of MRFs such as myod and 
myog, inhibition of Mtor signaling pathway and upregulation of mstn1 
(Liu et al., 2021). Similarly, mstn mRNA levels among fed fish were 
herein markedly higher in the skeletal muscle of S. aurata fed LLH, 
which was the diet that promoted the lowest growth performance. On 
the contrary, the lowest mstn expression was found in fish fed diet MHL, 
which in turn promoted better growth parameters. Therefore, down-
regulation of mstn in fish with enhanced growth performance may pre-
vent mstn-dependent negative regulation of growth and induction of 

Fig. 5. Effect of diet composition and starvation on the expressional pattern of 
genes involved in skeletal muscle function, differentiation and growth, and 
validation of the expression of gadd45a, igfals and tnni2. (a) Heat map image of 
differentially transcribed genes involved in skeletal muscle function, differen-
tiation and growth regulation. Three groups of fish were fed 23 days at a daily 
ration of 25 g/kg body weight with diets HLL, MHL and LLH, respectively. A 
fourth group of animals was submitted to starvation for the same period. Hi-
erarchical clustering of differentially expressed genes in the skeletal muscle is 
represented from microarray data obtained from S. aurata fed with diets HLL, 
MHL and LLH versus starved fish, with an adjusted P value <0.05 and a dif-
ference of at least 2-fold in the normalised intensity ratio (Cy5/Cy3 or Cy3/ 
Cy5) between two or more conditions. Results are presented as fold change (FC) 
mean value (n = 4 fish). Green color denotes downregulated genes and red 
color upregulated genes in fed animals. (b) RT-qPCR analysis of gadd45a, igfals 
and tnni2 mRNA levels in the skeletal muscle of S. aurata following 37 days of 
starvation or feeding with diets HLL, MHL and LLH at a daily ration of 25 g/kg 
body weight. The mRNA levels for each gene were normalised with the 
geometrical mean of S. aurata 18 s and ef1α, which were used as housekeeping 
genes. Results are presented as mean ± SEM (n = 4–5 fish). Different letters 
above deviation bars indicate significant differences (P < 0.05) among condi-
tions for a given gene. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 
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muscle tissue hypertrophy. Consistent with this hypothesis, down-
regulation of mstn strongly enhances hyperplasia, hypertrophy and body 
size in zebrafish (Danio rerio) (Fuentes et al., 2013; Rossi and Messina, 
2014). The mstn mRNA levels in S. aurata submitted to long-term star-
vation were even significantly lower than those presented by fish fed 
LLH. In this regard, mstn expression in food-deprived fish seems to 
depend on the species and the starvation period. For instance, 30 days of 
starvation upregulates mstn in the muscle of S. aurata (García De La 
Serrana et al., 2014), while 28 days and 10 weeks of starvation did not 
significantly affect mstn expression in the muscle of adult tilapia and 
rainbow trout, respectively (Chauvigné et al., 2003; Rodgers et al., 
2003). Specific adaptations and dietary conditions previous to starva-
tion may explain variations in mstn expression. Fst is a potent antagonist 
of Mstn (Amthor et al., 2004). Overexpression of fst increases muscle 
mass in rainbow trout through enhanced muscle hypertrophy and hy-
perplasia (Medeiros et al., 2009). Our findings support that fst may have 
a major role in regulating muscle growth in S. aurata. Accordingly, fst 
expression showed strong dependence on dietary macronutrient 
composition and was significantly downregulated by supplying low 
protein, high carbohydrate diets (LLH). 

In agreement with previous results in S. aurata (Lavajoo et al., 2020), 
muscle mRNA levels of mtor and rps6 decreased upon starvation. The 
results of the present study indicate that the Mtor signaling pathway 
may be activated in fish fed high or medium protein, low carbohydrate 
diets. Our findings are supported by the fact that Mtor activation triggers 
biological responses such as cell proliferation and contribution to muscle 
hypertrophy (Glass, 2003a, 2003b). In agreement with this hypothesis, 
fish fed MHL and HLL exhibited better growth performance. Given that 
Akt phosphorylation is induced by growth factors, such as Igf1 (Glass, 
2005; Vélez et al., 2016), upregulation of igf1 in fish fed MHL and HLL 
would facilitate Pi3k phosphorylation and induction of the Igf1/Pi3k/ 
Akt signaling cascade, whose components are considered key mediators 
in muscle mass increase (Stitt et al., 2004). Consistently, the combined 
action of Igf1 and amino acids stimulated Mtor and Akt activity in 
S. aurata myocytes (Vélez et al., 2014), and low protein diets diminished 
growth performance and Mtor signaling pathway in yellow catfish 
(Pelteobagrus fulvidraco) by downregulating the mRNA levels of key 
genes such as igf1, mtor and akt (Qin et al., 2019). 

A microarray analysis performed on RNA isolated from skeletal 
muscle of S. aurata allowed us to address the effect of nutritional status 
and diet composition on muscle expression pattern and identify novel 
gene markers of interest for nutritional studies and diet formulation. In 
general, feeding stimulated the expression of genes involved in growth, 
development and muscle function, while starvation upregulated genes 
implicated in growth regulation and arrest. Some of the differentially 
expressed genes were also dependent on dietary macronutrient 
composition. Remarkably, dietary carbohydrates, protein and lipids 
specifically upregulated the mRNA levels of gadd45a, igfals and tnni2, 
respectively, in the skeletal muscle of S. aurata, suggesting that their 
expression level can be used as marker for monitoring the effect of 
changes in dietary macronutrient composition and feeding regime in 
cultured fish. Indeed, the expression of gadd45a negatively correlated 
with final body weight and SGR, which suggests that gadd45a can be also 
used as sensitive marker of growth performance. 

Gadd45a is a ubiquitously expressed protein belonging to the growth 
arrest and DNA damage 45 stress sensor gene family and is involved in 
cell response to DNA-damaging agents and growth cessation signals, 
such as starvation, by mediating cell cycle arrest and inhibition of cell 
entry into S phase (Salvador et al., 2013). Downregulation of gadd45a in 
the skeletal muscle of fed fish, particularly those supplied with high or 
medium protein diets (HLL and MHL) agrees with reports indicating 
increased gadd45a mRNA levels in human and rat muscle under star-
vation (Bongers et al., 2013; Ibrahim et al., 2020; Wijngaarden et al., 
2014). Regulation of gadd45a expression by dietary macronutrients in 
fish remains largely unknown. However, a number of evidences point to 
gadd45a as sensitive stress sensor gene also in fish. Exposition to 

cyanobacterial extracts, cadmium and DNA damage by acute exposure 
to hydrogen peroxide upregulate gadd45 in zebrafish (Chen et al., 2014; 
Falfushynska et al., 2021; Reinardy et al., 2013). Moreover, the 
expression of gadd45 increases in response to low temperature in 
rainbow trout, kelp grouper (Epinephelus moara) and large yellow 
croaker (Larimichthys crocea) (Borchel et al., 2017; Chen et al., 2020; 
Qian et al., 2020). Furthermore, the pattern of expression of gadd45a in 
tilapia (Oreochromis spp.) after infection with Streptococcus agalactiae 
and in grass carp (Ctenopharyngodon idella) following challenge with 
Aeromonas hydrophila suggests involvement of gadd45a in fish immunity 
against bacterial infection (Fang et al., 2018; Shen et al., 2016). In the 
present study, restricted-protein feeding (LLH diet) upregulated gadd45a 
to values not far from those observed in starved fish. Since gadd45a is 
critical mediator of muscle atrophy (Bongers et al., 2013; Ebert et al., 
2012), the results of the present study suggest that protein restriction 
may shrink muscle growth in S. aurata. 

Igfals encodes the insulin-like growth factor-binding protein complex 
acid labile subunit, which stabilises blood levels of Igf1, Igf2 and Igfbp 
proteins by binding binary complexes formed by Igf1 or Igf2 with Igfbp- 
3 or Igfbp-5 (Domené and Domené, 2020; Hwa et al., 2021). In the 
present study, changes in nutritional status and diet composition caused 
similar effects on igfals and igf1 mRNA levels. Starvation downregulated 
igfals, while among fed fish the highest igfals expression was observed in 
S. aurata fed HLL. Our findings are consistent with reports in mammals 
showing that food deprivation reduces igfals expression and serum levels 
(Frystyk et al., 1999; Kong et al., 2002), while the supply of high protein 
diets and overfeeding increases Igfals circulating level (Khan et al., 
2014; Rubio-Aliaga et al., 2011). Given that Igfals is well-established for 
its role in binding to Igf-Igfbp complexes and prolonge their half-life in 
serum (Boisclair et al., 2001), downregulation of igfals in fish fed low 
protein, high carbohydrate diets (LLH) would promote insulin insensi-
tivity and growth impairment. Hence, Igfals deficiency decreases 
circulating levels of Igf and Igfbp proteins, leading to insulin insensi-
tivity, growth impairment and puberty delay in humans (Domené and 
Domené, 2020; Hwa et al., 2021). 

Tnni2 encodes the fast skeletal isoform of troponin I, which acts as 
the inhibitory subunit of the troponin complex during muscle contrac-
tion (Fu et al., 2009; Sheng and Jin, 2016). Knowledge of the effect of 
nutritional status and diet composition on tnni2 expression in fish is 
scarce. However, our findings are consistent with previous observations 
that indicate downregulation of troponin in skeletal muscle of mandarin 
fish (Siniperca chuatsi) submitted to starvation (Liu et al., 2020). 
Accordingly, Lu et al. reported downregulation of troponin I in muscle of 
slow-growing grass carp (C. idella) (Lu et al., 2020). Conceivably, given 
that S. aurata is a carnivorous fish, starvation would promote the use of 
muscle protein as the major source of energy, while impairing muscle 
synthesis of proteins and contraction. However, the supply of dietary 
protein would avoid muscle breakdown, cessation of muscle contraction 
and facilitate muscle growth. Moreover, the fact that the highest tnni2 
expression was found in fish fed MHL suggests that dietary lipids could 
contribute to tnni2 upregulation. In this regard, maternal dietary linoleic 
acid supplementation promotes muscle fibre transformation to type I 
fibre in a process that involves troponin I upregulation in the muscle of 
suckling piglets (Lu et al., 2017). Further studies are required to explore 
the hypothesis that the fatty acid profile of the diet can affect tnni2 
expression in fish. 

5. Conclusions 

The results of the present study show that the expression of MRFs and 
key genes in muscle growth and differentiation was markedly affected by 
nutritional status and dietary macronutrient composition in the skeletal 
muscle of S. aurata. In addition to the skeletal muscle mRNA levels of 
myod2, fst, igf1, mtor and rps6, our findings let us to report for the first time 
gadd45a and igfals as useful markers to study the effect of changes in 
feeding regime and diet composition on growth performance in fish. 
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Abstract Omega-3 long-chain polyunsaturated 
fatty acids (n-3 LC-PUFA) are essential fatty acids 
required in healthy balanced diets for humans. To 
induce sustained production of n-3 LC-PUFA in 
gilthead seabream (Sparus aurata), chitosan-trip-
olyphosphate (TPP) nanoparticles encapsulating plas-
mids expressing fish codon-optimised Caenorhabdi-
tis elegans FAT-1 and FAT-2 were intraperitoneally 
administered every 4 weeks (3 doses in total, each of 
10 μg plasmid per g of body weight). Growth perfor-
mance and metabolic effects of chitosan-TPP com-
plexed with pSG5 (empty plasmid), pSG5-FAT-1, 
pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 were 
assessed 70  days post-treatment. Tissue distribution 
analysis showed high expression levels of fish codon-
optimised FAT-1 and FAT-2 in the liver (> 200-fold). 

Expression of fat-1 and fat-1 + fat-2 increased weight 
gain. Fatty acid methyl esters assay revealed that co-
expression of fat-1 and fat-2 increased liver produc-
tion and muscle accumulation of eicosapentaenoic 
acid (EPA), docosahexaenoic acid (DHA) and total 
n-3 LC-PUFA, while decreased the n-6/n-3 ratio. Co-
expression of fat-1 and fat-2 downregulated srebf1 
and genes encoding rate-limiting enzymes for de novo 
lipogenesis in the liver, leading to decreased circulat-
ing triglycerides and cholesterol. In contrast, FAT-2 
and FAT-1 + FAT-2 upregulated hepatic hnf4a, nr1h3 
and key enzymes in glycolysis and the pentose phos-
phate pathway. Our findings demonstrate for the first 
time efficient and sustained production of EPA and 
DHA in animals after long-term treatment with chi-
tosan-TPP-DNA nanoparticles expressing FAT-1 and 
FAT-2, which enabled the production of functional 
fish rich in n-3 LC-PUFA for human consumption.

Keywords Chitosan · Functional food · Gene 
therapy · Omega 3 long-chain polyunsaturated fatty 
acids · Sparus aurata

Introduction

All organisms can synthesise saturated and mono-
unsaturated fatty acids. However, the biosynthetic 
rate of long-chain polyunsaturated fatty acids (LC-
PUFA) in vertebrates is markedly low and cannot 
cover physiological demands. Linoleic acid (18:2n-6, 
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LA) and α-linolenic acid (18:3n-3, ALA) are precur-
sors for the synthesis of omega-6 (n-6) and omega-3 
(n-3) LC-PUFA series, respectively, and essential 
fatty acids for vertebrates, which lack Δ12/n-6 and 
Δ15/n-3 desaturases required to synthesise LA from 
oleic acid (18:1n-9c, OA) and ALA from LA (Castro 
et al. 2016; Tocher et al. 2019). LC-PUFA are criti-
cal components for growth and development, acting 
as bioactive components of membrane phospholipids, 
precursors of signalling molecules and modulators of 
gene expression. Although the specific physiologi-
cal roles of n-3 LC-PUFA remain unclear, eicosap-
entaenoic acid (20:5n-3, EPA) and docosahexaenoic 
acid (22:6n-3, DHA) are thought to exert protec-
tive roles preventing atherosclerosis, stroke, obesity, 
type-2 diabetes, inflammation and autoimmune dis-
eases, among others (Calder 2018; Djuricic and Cal-
der 2021). In contrast, n-6 LC-PUFA, particularly 
arachidonic acid (20:4n-6, ARA), are precursors of 
local hormones promoting acute and chronic inflam-
mation. ARA is a highly abundant fatty acid in the 
membranes of many cell types. Inflammatory stimuli 
releases ARA from cell membranes and let cyclooxy-
genase, lipoxygenase and cytochrome P450 pathways 
convert ARA to eicosanoids, a family of mediators 
and regulators of the inflammatory response that 
include prostaglandins, thromboxanes and leukot-
rienes. Therefore, many eicosanoids are linked to 
inflammatory diseases, although some ARA-derived 
metabolites also seem to be involved in the resolution 
of inflammation (Djuricic and Calder 2021). The role 
of ARA on inflammation has been widely studied in 
mammals. In contrast, knowledge of ARA function 
is still scarce in fish and cannot be directly inferred 
from mammalian physiology. Nevertheless, it is well-
known the role of eicosanoids, mainly prostaglandins, 
in the regulation of fish immunity and inflammation 
(Xu et al. 2022). Apart from plants, fungi and some 
aquatic microorganisms, few other organisms such 
as the nematode Caenorhabditis elegans and some 
invertebrates can synthesise de novo n-3 and n-6 LC-
PUFA in significant amounts. Vegetable oils are rich 
in LA and ALA, and often contain high levels of n-6 
LC-PUFA, but are devoid of significant amounts of 
n-3 LC-PUFA, particularly EPA and DHA unless 
obtained from transgenic crops. Therefore, trophic 
transfer from microalgae and plankton to marine fish 
and seafood are major sources of LC-PUFA, notably 

n-3 LC-PUFA, in the human diet (Tocher et al. 2019; 
Osmond and Colombo 2019).

Shortage of n-3 LC-PUFA and increased n-6/n-3 
ratio in fish fillets due to substitution of fish oil (rich 
in n-3 LC-PUFA) by vegetable oils (poor in n-3 
LC-PUFA, but frequently rich in n-6 LC-PUFA) 
in aquafeeds is nowadays a major challenge for the 
aquaculture sector. To face this problem and increas-
ing demands of functional food with high nutritional 
value, intense research is being conducted in order 
to improve the n-3 LC-PUFA content in farmed fish, 
including dietary incorporation of microalgae, geneti-
cally modified organisms (GMOs) such as yeast and 
algae, and plant GMO-derived oils, such as oil from 
false flax expressing microalgal genes (Betancor 
et al. 2016; Tocher et al. 2019; Osmond and Colombo 
2019; Sales et  al. 2021; Carvalho et  al. 2022). Pro-
duction in large-scale fermenters and the supply of 
balanced amounts of EPA and DHA constrains the 
use of microalgae biomass in aquafeeds (Tocher et al. 
2019). Transgenesis of fish fatty acid desaturases 
and elongases aiming to increase EPA and DHA lev-
els was assayed in zebrafish (Alimuddin et al. 2007, 
2008; Cheng et  al. 2015). However, fish desaturases 
and elongases act on both n-3 and n-6 fatty acid series 
and generally do not substantially change the n-6/n-3 
ratio (Pang et  al. 2014). Efficient conversion of n-6 
PUFA into n-3 PUFA in transgenic mice express-
ing Caenorhabditis elegans n-3 fatty acid desaturase 
fat-1 (FAT-1), an n-3 fatty acid desaturase absent in 
vertebrates (Kang et  al. 2004), led to use syntheti-
cally humanised and fish codon-optimised C. elegans 
FAT-1 to generate transgenic zebrafish (Pang et  al. 
2014), common carp (Zhang et al. 2019), channel cat-
fish (Xing et al. 2023), and other vertebrates, includ-
ing mice, cattle, pigs and sheep (Lai et  al. 2006; Ji 
et al. 2009; Chen et al. 2013; Liu et al. 2016, 2017; 
Li et  al. 2018; Tang et  al. 2019; Luo et  al. 2020; 
Sun et  al. 2020; You et  al. 2021). Transgenesis of 
C. elegans fat-1 in zebrafish, common carp, channel 
catfish, pigs and sheep efficiently increases EPA and 
DHA, while decreases the n-6/n-3 ratio (Lai et  al. 
2006; Pang et  al. 2014; Li et  al. 2018; Zhang et  al. 
2019; Luo et al. 2020; Xing et al. 2023). The effect is 
potentiated in zebrafish and pigs by double transgen-
esis with codon-optimised C. elegans Δ12 fatty acid 
desaturase fat-2 (FAT-2), a Δ12 desaturase that con-
verts OA into LA and which is also absent in verte-
brates (Pang et al. 2014; Tang et al. 2019).
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Given that there are major concerns on environ-
mental risk, sustainability, fish welfare, food safety 
as well as consumer perception and acceptance of 
GMOs (Tocher et  al. 2019; Osmond and Colombo 
2019), in recent years we developed an alternative 
methodology to GMO generation based on the pro-
duction of chitosan-tripolyphosphate (TPP)-DNA 
nanoparticles for transient modification of the expres-
sion of target genes in the liver of gilthead seabream 
(Sparus aurata) (González et al. 2016; Gaspar et al. 
2018; Silva-Marrero et  al. 2019). Chitosan is a cati-
onic polymer of glucosamine and N-acetylglucosa-
mine derived from chitin by deacetylation. Chitosan 
is increasingly used as carrier for delivering nucleic 
acids in  vivo due to its well-known mucoadhesion, 
low toxicity, biodegradability and biocompatibility 
(Wu et al. 2020).

With the aim to promote sustained production 
of n-3 LC-PUFA in S. aurata, in the present study 
chitosan-TPP nanoparticles encapsulating plasmids 
expressing fish codon-optimised Caenorhabditis ele-
gans FAT-1 and FAT-2 were intraperitoneally admin-
istered every 4 weeks to S. aurata (3 doses in total). 
Seventy days post-treatment, the effect of chitosan-
TPP-DNA nanoparticles was assessed on growth 
parameters, intermediary metabolism and fatty acid 
content in the liver and skeletal muscle of S. aurata.

Materials and methods

Animals

S. aurata juveniles (7.7 g ± 0.2, mean weight ± SEM) 
were obtained from Piscicultura Marina Mediter-
ranea (AVRAMAR Group, Burriana, Spain) and 
maintained at 20  °C in 250-L aquaria supplied with 
running seawater in the aquatic animals facility of 
the Scientific and Technological Centers of the Uni-
versitat de Barcelona (CCiTUB) as described (Silva-
Marrero et al. 2017). Fish were fed with commercial 
diet (Dibaq Microbaq 165, Dibaq, Segovia Spain), 
containing 52% protein, 18% lipids, 12% carbohy-
drates, 10% ash, 8% moisture and 21.3  kJ/g gross 
energy. For the acclimation regime, fish were fed 
twice daily (9:00 and 17:00) at a ration of 5% body 
weight (BW). Two weeks before experimental treat-
ments, the ration was adjusted and kept to 3% BW 
until the end of the experiment. Fish were weighted 

every 2 weeks to readjust the feed amount. To study 
the long-term effect of fish codon-optimised C. ele-
gans fat-1 and fat-2 expression, 4 groups of fish were 
intraperitoneally injected up to 3 times (once every 
4 weeks) with chitosan-TPP nanoparticles complexed 
with pSG5 (empty plasmid, control), pSG5-FAT-1, 
pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2. Every 
single administration consisted of 10 μg plasmid per 
gram BW. Fourteen days after the last injection and 
24 h following the last meal, fish were sacrificed by 
cervical section, blood was collected and the liver, 
intestine, skeletal muscle and brain were dissected 
out, frozen in liquid nitrogen and kept at − 80 °C until 
use. To prevent stress, fish were anesthetised by tric-
aine methanesulfonate (MS-222; 1:12,500) before 
handling.

Preparation and characterisation of 
chitosan-TPP-DNA nanoparticles

Fish codon-optimised FAT-1 and FAT-2 cDNA 
sequences (GenBank accession nos. ON374024 and 
ON374025, respectively) were synthesised based on 
C. elegans FAT-1 and FAT-2 using GeneArt Instant 
Designer (Thermo Fisher Scientific, Waltham, MA, 
USA) and ligated into pSG5 (Agilent Technolo-
gies, Palo Alto, CA, USA). The resulting constructs 
(pSG5-FAT-1 and pSG5-FAT-2) were verified by 
cycle sequencing on both sides. Chitosan-TPP nano-
particles encapsulating pSG5 (control), pSG5-FAT-1, 
pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 were 
prepared by ionic gelation (González et  al. 2016). 
For each experimental condition, 1  mg of plasmid 
was mixed with 4  mL of 0.84  mg/mL TPP (Sigma-
Aldrich, St. Louis, MO, USA). Chitosan-TPP-DNA 
nanoparticles were formed upon dropwise addition of 
the TPP-DNA solution into 10 mL of 2 mg/mL low 
molecular weight chitosan (Sigma-Aldrich, St. Louis, 
MO, USA)-acetate buffer (pH 4.4) solution. Nanopar-
ticles were sedimented by centrifugation at 36,000 g 
for 20 min at 15 °C and resuspended in 2 mL of 2% 
w/v mannitol, which acted as cryoprotector dur-
ing lyophilisation. Nanoparticles were subjected to a 
freeze–drying process at − 47 °C. Particle size and Z 
potential were determined by dynamic light scattering 
and laser Doppler electrophoresis, respectively, using 
Zetasizer Nano ZS fitted with a 633 nm laser (Mal-
vern Instruments, Malvern, UK). Chitosan-TPP-DNA 
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nanoparticles were resuspended in 0.9% NaCl before 
intraperitoneal administration to S. aurata.

Body composition

For moisture determination, fish were dried at 85 °C 
until constant weight was reached (Busacker et  al. 
1990; Lucas 1996). Moisture was calculated as [wet 
weight (g) − dry weight (g)]*100/wet weight (g). 
Dried samples were further used for assaying nitro-
gen (N), lipid and ash. N content was determined 
with FlashEA 1112 analyser (Thermo Fisher Scien-
tific, Waltham, MA, USA) and was subsequently used 
to estimate crude protein by multiplying N content 
by a factor of 6.25. Crude lipid was extracted with 
petroleum ether using a Soxhlet extractor. For ash 
determination, samples were incinerated in a Hober-
sal 12PR/300 muffle furnace (Hobersal, Caldes de 
Montbui, Spain) at 550 °C for 12 h (Busacker et  al. 
1990; Lucas 1996). Crude protein, lipid and ash are 
expressed as percentage of dry weight.

Growth parameters

Specific growth rate (SGR), feed conversion ratio 
(FCR), hepatosomatic index (HSI), protein retention 
(PR), lipid retention (LR) and protein efficiency ratio 
(PER) were calculated according to the following 
equations:

where  Wf and  Wi are mean final and initial body fresh 
weight (g) and T is time (days)

Enzyme activity assays and metabolites

Enzyme activity assays and metabolites were spectro-
photometrically determined at 30  °C in a Varioskan 
LUX multimode microplate reader (Thermo Fisher 
Scientific, Waltham, MA, USA). Liver crude extracts 
were obtained by homogenisation of powdered 

SGR =
(

lnWf− lnWi

)

∗ 100∕T;

FCR = dry feed intake (g)∕wet weight gain (g)

HSI = liver fresh weight (g) ∗ 100∕fish body weight (g)

PR = body protein gain (g) ∗ 100∕protein intake (g)

LR = body lipid gain (g) ∗ 100∕lipid intake (g)

PER = weight gain (g)∕feed protein provided (g)

frozen tissue (1:5, w/v) in 50 mM Tris-HCl (pH 7.5), 
4  mM, EDTA, 50  mM NaF, 0.5  mM phenylmethyl-
sulfonyl fluoride, 1  mM dithiothreitol and 250  mM 
sucrose, 30  s at 4  °C using PTA-7 Polytron (Kine-
matica GmbH, Littau-Luzern, Switzerland). Follow-
ing centrifugation at 10,000 g for 30 min at 4 °C, the 
supernatant was collected for enzyme activity assays. 
Reaction mixtures for 6-phosphofructo-1-kinase 
(Pfkl), fructose-1,6-bisphosphatase (Fbp1) and total 
protein were as previously described (Metón et  al. 
1999b). Enzyme activities were expressed as specific 
activity (U/g protein). One unit of Pfkl activity was 
considered the amount of enzyme needed to oxidise 
2  μmol of NADH per min. One unit of Fbp1 activ-
ity of was defined as the amount of enzyme necessary 
for transforming 1 μmol of substrate per min. Serum 
glucose, triglycerides and cholesterol were measured 
with commercial kits (Linear Chemicals, Montgat, 
Spain).

Reverse transcription coupled to quantitative 
real-time PCR (RT-qPCR)

Total RNA from S. aurata tissues was isolated using 
HigherPurity Tissue Total RNA Purification Kit 
(Canvax, Cordoba, Spain) and reverse-transcribed 
with Moloney murine leukaemia virus reverse tran-
scriptase (Life Technologies, Carlsbad, CA, USA) 
according to manufacturer’s instructions. The mRNA 
expression levels of genes listed in Table  1 were 
determined using QuantStudio 3 Real-Time PCR 
System (Thermo Fisher Scientific, Waltham, MA, 
USA). The reaction mixture contained 0.4  μM of 
each primer (Table 1), 5 μL of SYBR Green (Thermo 
Fisher Scientific, Foster City, CA, USA), 0.8  μL of 
diluted cDNA and sterilized milli-Q water to final 
volume of 10 μL. The amplification cycle was 95 °C 
for 10 min, followed by 40 cycles at 95 °C for 15  s 
and 62 °C for 1 min. For each gene, standard curves 
for determining efficiency of the amplification reac-
tion were generated with serial dilutions of control 
cDNA. Amplification of single products was con-
firmed by checking dissociation curves after each 
experiment. Amplicon size was checked by aga-
rose gel electrophoresis. S. aurata ribosomal subu-
nit 18S (18s), β-actin (actb) and elongation factor 1 
alpha (eef1a) were used as endogenous controls to 
normalise the mRNA levels for genes of interest in 
liver samples. For tissue distribution, normalisation 
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was performed against S. aurata 18s expression. The 
standard ΔΔCT method was used to calculate varia-
tions in gene expression (Pfaffl 2001).

Fatty acid methyl ester (FAME) analysis

Fatty acid profiles of liver and muscle were analysed 
by gas chromatography with flame ionisation detec-
tion as previously described (Silva-Marrero et  al. 
2019), using GC-2025 (Shimadzu, Kyoto, Japan) with 
capillary column BPX70, 30 m × 0.25 mm × 0.25 μm 
(Trajan Scientific and Medical, Ringwood, Australia). 
Oven temperature started at 60 °C for 1 min and then 
it was raised to 260  °C (rate: 6  °C/min). Injector 
(AOC-20i, Shimadzu, Japan) and detector tempera-
tures were 260 °C and 280 °C, respectively. Sample 

(1  μL) was injected with helium as carrier gas and 
split ratio 1:20. Supelco 37 Component FAME Mix 
(Sigma-Aldrich, St. Louis, MO, USA) was used as 
reference for identifying fatty acids.

Statistics

To identify significant differences between treat-
ments, the SPSS Version 25 software (IBM, Armonk, 
NY, USA) was used to submit experimental data to 
one-way analysis of variance followed by the Duncan 
post-hoc test (> 2 groups). Statistical significance was 
considered when P < 0.05.

Table 1  Primer sequences used for RT-qPCR in the present study

Gene Forward sequences (5′–3′) Reverse sequences (5′–3′) GenBank Accession

acaca CCC AAC TTC TTC TAC CAC AG GAA CTG GAA CTC TAC TAC AC JX073712
acacb TGA CAT GAG TCC TGT GCT GG GCC TCA GTT CGT ATG ATG GT JX073714
actb CTG GCA TCA CAC CTT CTA CAA CGA G GCG GGG GTG TTG AAG GTC TC X89920
cpt1a GAA GGG CAG ATA AAG AGG GGC GCA TCG ATC GCT GCA TTC AGC JQ308822
eef1a CCC GCC TCT GTT GCC TTC G CAG CAG TGT GGT TCC GTT AGC AF184170
elovl4a AAG AAC AGA GAG CCC TTC CAG TGC CAC CCT GAC TTC ATT G MK610320
elovl4b TCT ACA CAG GCT GCC CAT TC CGA AGA GGA TGA TGA AGG TGAC MK610321
elovl5 GGG ATG GCT ACT GCT CGA CA CAG GAG AGT GAG GCC CAG AT AY660879
fads2 CAC TAT GCT GGA GAG GAT GCC TAT TTC GGT CCT GGC TGG GC AY055749
fasn GTA GAG GAC ACG CCC ATC GAT TGC GTA TGA CCT CTT GGT GTGCT JQ277708
fat-1 TTC AAC CCC ATT CCT TTC AGCG TAG GCG CAC ACG CAG CAG CA ON374024
fat-2 AAG AGG ACT ACA ACA ACA GAA CCG CCA CGA ACA GTC TGC TCC AAG GCCAA ON374025
fbp1 CAG ATG GTG AGC CGT GTG AGA AGG ATG GCC GTA CAG AGC GTA ACC AGC TGC C AF427867
gck TGT GTC AGC TCT CAA CTC GACC AGG ATC TGC TCT ACC ATG TGGAT AF169368
g6pc1 GCG TAT TGG TGG CTG AGG TCG AAG GAG AGG GTG GTG TGG AAG AF151718
g6pd TGA TGA TCC AAC AGT TCC TA GCT CGT TCC TGA CAC ACT GA JX073711
hmgcr ACT GAT GGC TGC TCT GGC TG GGG ACT GAG GGA TGA CGC AC MN047456
hnf4a GTG GAC AAA GAC AAG CGA AATC GCA TTG ATG GAT GGT AAA CTGC FJ360721
nr1h3 GCA TCT GGA CGA GGC TGA ATAC ACT TAG TGT GCG AAG GCT CACC FJ502320
pck1 CAG CGA TGG AGG AGT GTG GTG GGA GCC CAT CCC AAT TCC CGC TTC TGT GCT 

CCG GCT GGT CAG TGT 
AF427868

pfkfb1 TGC TGA TGG TGG GAC TGC CG CTC GGC GTT GTC GGC TCT GAAG U84724
pfk1 TGC TGG GGA CAA AAC GAA CTC TTC C AAA CCC TCC GAC TAC AAG CAG AGC T KF857580
pklr CAA AGT GGA AAG CCG GCA AGGG GTC GCC CCT GGC AAC CAT AAC KF857579
ppara GTG AGT CTT GTG AGT GAG GGG TTG AGT GGG GAT GGT GGG CTG AY590299
srebf1 CAG CAG CCC GAA CAC CTA CA TTG TGG TCA GCC CTT GGA GTTG JQ277709
scd1a TCC CTT CCG CAT CTC CTT TG TTG TGG TGA ACC CTG TGG TCTC JQ277703
18s TTA CGC CCA TGT TGT CCT GAG AGG ATT CTG CAT GAT GGT CACC AM490061
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Results

Delivery of chitosan-TPP complexed with 
pSG5-FAT-1 and pSG5- FAT-2 increases fish 
codon-optimised FAT-1 and FAT-2 mRNA levels in 
S. aurata

To assess the metabolic effects resulting from expres-
sion of C. elegans fat-1 and fat-2 in the liver of S. 
aurata, we designed fish codon-optimised C. elegans 
FAT-1 and FAT-2 cDNA sequences for further liga-
tion into pSG5 and prepared chitosan-TPP nanopar-
ticles complexed with empty pSG5 (control), pSG5-
FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 
by ionic gelation. Particle size and Z potential of 
naked chitosan-TPP, expressed as mean ± SEM 
(n = 3), was 214.6  nm ± 20.2 and 37.5  mV ± 0.6, 
respectively. Incorporation of plasmid DNA to chi-
tosan-TPP did not significantly modify particle size, 
which was 262.7 nm ± 74.0 (mean ± SEM, n = 3), but 
decreased Z potential to 12.0 mV ± 0.8 (mean ± SEM, 
n = 3).

For long-term sustained expression of fish codon-
optimised fat-1 and fat-2 in the liver of S. aurata, 
each experimental group of fish received every 
4 weeks up to 3 intraperitoneal injections of chitosan-
TPP complexed with 10 μg/g BW of the correspond-
ing plasmid (pSG5, pSG5-FAT-1, pSG5-FAT-2 or 
pSG5-FAT-1 + pSG5-FAT-2). The dosing sched-
ule was based on preliminary studies showing that 
28  days post-administration of chitosan-TPP-pSG5-
FAT-1 and chitosan-TPP-pSG5-FAT-2 (10  μg/g BW 
of plasmid) to S. aurata increased the hepatic mRNA 
levels of fish codon-optimised fat-1 and fat-2 to levels 
even higher than those found at 72 h post-treatment. 
Expressed as mean ± SEM (n = 3), fold increase over 
control values at 72  h and 28  days post-treatment 
were 31.6 ± 4.1 and 74.8 ± 29.0, respectively, for fat-
1 mRNA levels, while for fat-2 mRNA levels fold 
increase was 20.3 ± 2.8 and 70.2 ± 7.0, respectively. 
Seventy days after the beginning of the experiment 
(14  days following the last injection), the mRNA 
levels of fish codon-optimised fat-1 and fat-2 were 
determined by RT-qPCR in several tissues of treated 
fish, including the liver, intestine, skeletal muscle and 
brain (Fig. 1).

When compared with control fish, chitosan-TPP 
nanoparticles complexed with pSG5-FAT-1 and 
pSG5-FAT-2 significantly increased the mRNA levels 

of fat-1 and fat-2, respectively, in the liver and intes-
tine of S. aurata. Specifically, fat-1 mRNA abun-
dance in the liver of fish administered with pSG5-
FAT-1 was 201.8-fold higher than in control fish, 
while treatment with pSG5-FAT-2 upregulated fat-2 
297.4-fold. For the intestine, pSG5-FAT-1 and pSG5-
FAT-2 upregulated 10.6-fold fat-1 and 24.7-fold fat-
2, respectively. Nanoparticle administration did not 
exert effects on the skeletal muscle and brain.

Effect of fish codon-optimised FAT-1 and FAT-2 
expression on whole-body composition, growth 
performance and serum metabolites in S. aurata

Sustained expression of fish codon-optimised 
FAT-1 + FAT-2 in the liver of S. aurata caused a mod-
erate but significant 7.6% decrease of whole-body 
crude protein values observed in control fish. No 
effect was observed in moisture, ash and crude lipid 
body composition (Table 2). Analysis of growth per-
formance parameters showed significantly increased 
weight gain values in fish expressing fat-1 (18% of 
increase) and fat-1 + fat-2 (26% of increase) com-
pared to control fish. No significant difference was 
found between controls and treatment with FAT-2. 
Similarly, the highest SGR was found in fish treated 
with FAT-1 + FAT-2, followed by fish treated with 
FAT-1, controls and fish treated with FAT-2. Fish 
expressing fat-2 also presented the lowest PER. HSI 
significantly decreased in fish treated with FAT-1 and 
FAT-1 + FAT-2 to 72% of control values. No signifi-
cant differences were observed in PR and LR.

Serum glucose, triglycerides and cholesterol were 
also determined in 70-day treated S. aurata. Any of 
the treatments assayed affected blood glucose levels. 
However, co-expression of fat-1 + fat-2 significantly 
decreased 1.8-fold triglycerides and 1.5-fold choles-
terol compared to control levels (Fig. 2).

Effect of fish codon-optimised FAT-1 and FAT-2 on 
the fatty acid profile in the liver and skeletal muscle

The effect of long-term expression of fat-1 and fat-
2 was analysed on the fatty acid profile of the liver 
and skeletal muscle of S. aurata. Table 3 shows the 
fatty acid composition in the liver of S. aurata long-
term treated with chitosan-TPP nanoparticles com-
plexed with pSG5 (control), pSG5-FAT-1, pSG5-
FAT-2, and pSG5-FAT-1 + pSG5-FAT-2. Among 



Rev Fish Biol Fisheries 

1 3
Vol.: (0123456789)

30 different fatty acids identified in this study, treat-
ment with FAT-1 and FAT-1 + FAT-2 significantly 
increased EPA (1.5-fold and 1.6-fold, respectively), 
DHA (2.4-fold and 2.3-fold, respectively) and total 
n-3 fatty acids (1.7-fold in both cases). The n-6/n-3 
ratio significantly decreased in fish expressing fat-1 
(to 60.3% of control values), fat-2 (66.9%) and fat-
1 + fat-2 (63.7%). A moderate 1.2-fold increase of cis-
10-heptadecenoic acid (17:1n-7) was also observed in 
FAT-1 + FAT-2 treated fish, while expression of fat-1 
decreased palmitoleic acid (16:1n-7) to 58.4% of con-
trol levels.

The effect of long-term hepatic expression of fat-
1, fat-2 and fat-1 + fat-2 on the fatty acids profile in 
the skeletal muscle is shown in Table 4. Twenty-one 

out of 29 fatty acids identified in the skeletal muscle 
were significantly affected by co-expression of fat-
1 and fat-2. Total saturated fatty acids significantly 
decreased to 57.1% of control levels, mostly result-
ing from the low content in myristic acid (14:0; 
34.4% of controls), palmitic acid (16:0; 56.3% of 
controls) and margaric acid (17:0; 50.0% of con-
trols). In addition, treatment with FAT-1 and FAT-2 
also decreased margaric acid to 50.0% of control 
values. In contrast, longer saturated fatty acids (with 
more than 17 carbons) presented increased values 
than in controls. Thus, stearic acid (18:0) increased 
1.2-fold, while arachidic acid (20:0), behenic acid 
(22:0), tricosylic acid (23:0) and lignoceric acid 
(24:0) rised from non-detectable levels in control 

Fig. 1  Effect of long-term 
treatment with chitosan-TPP 
nanoparticles complexed 
with pSG5 (control), 
pSG5-FAT-1, pSG5-FAT-2 
and pSG5-FAT-1 + pSG5-
FAT-2 on the mRNA levels 
of fish-codon optimised C. 
elegans FAT-1 and FAT-2 
in S. aurata tissues (brain, 
skeletal muscle, liver 
and intestine). Fourteen 
days after the last injec-
tion and 24 h following 
the last meal, exogenous 
fat-1 (a) and fat-2 (b) 
expression was assayed by 
RT-qPCR, normalised to 
the S. aurata 18 s mRNA 
levels and represented as 
mean ± SEM (n = 4). For 
each tissue, homogeneous 
subsets for the treatment are 
shown with different letters 
(P < 0.05)
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fish to low but detectable levels in fish treated with 
FAT-1 + FAT-2.

Monounsaturated, PUFA and total n-3, n-6 and 
n-9 fatty acids increased 1.3-fold, 1.3-fold, 2.2-fold, 
1.1-fold and 1.5-fold, respectively, in the skeletal 
muscle of fish expressing fat-1 + fat-2. As a result of 
greater effect on n-3 series than on n-6 fatty acids, the 
n-6/n-3 ratio significantly decreased to 52.0% of con-
trol levels. Considering unsaturated fatty acids with 
a content greater than 1% for any assayed treatment, 
expression of fat-1 + fat-2 significantly increased 
EPA (1.7-fold) and DHA (3.0-fold) from the n-3 
series, LA (18:2n-6c; 1.1-fold) and OA (18:1n-9c; 
1.5-fold), while decreased palmitoleic acid to 61.5% 
of control levels. For less abundant unsaturated fatty 
acids (content between 0.1 and 1%), treatment with 
FAT-1 + FAT-2 also resulted in significant increases 
of cis-10-heptadecenoic acid (1.5-fold), gondoic acid 
(20:1n-9; 3.2-fold), erucic acid (22:1n-9; 5.2-fold), 
eicosadienoic acid (20:2n-6; 5.5-fold) and ARA 
(20:4n-6; 1.4-fold).

Effect of fish codon-optimised FAT-1 and FAT-2 on 
the expression of key genes in de novo lipogenesis 
and fatty acid oxidation in the liver

The effect of chitosan-TPP-DNA nanoparticles express-
ing fat-1 and fat-2 was also assessed on the hepatic 
expression of genes involved in de novo lipogenesis 
and fatty acid oxidation. As shown in Fig. 3, treatment 
with FAT-1 significantly decreased the mRNA levels 
of elongation of very long chain fatty acids protein 4a 
(elovl4a; to 43.3% of control values), elongation of very 
long chain fatty acids protein 4b (elovl4b; to 45.4%), 
elongation of very long chain fatty acids protein 5 
(elovl5; to 62.3%), sterol regulatory element-binding 
protein 1 (srebf1; to 41.3%) and peroxisome prolifer-
ator-activated receptor alpha (ppara; to 46.0%), while 
treatment with FAT-2 decreased elovl5 (to 43.6%) and 
ppara (to 56.3%) mRNA levels (Fig.  3f–h, k, l). Co-
expression of fat-1 and fat-2 also significantly down-
regulated acetyl-CoA carboxylase 1 (acaca; to 31.4% 
of control values), acetyl-CoA carboxylase 2 (acacb; 
to 65.0%), acyl-CoA 6-desaturase (fads2; to 69.4%), 
elovl4b (to 59.1%), elovl5 (to 41.8%), 3-hydroxy-
3-methylglutaryl-coenzyme A reductase (hmgcr; to 
64.2%) and srebf1 (to 41.9%) (Fig. 3a, b, e, g, h, j, k). 
No significant differences were found for fatty acid 

Table 2  Growth performance, nutrient retention and body composition of S. aurata after intraperitoneal injection of chitosan-TPP 
complexed with empty vector (pSG5, control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2

All fish were fed twice a day at a total daily ration of 3% BW. Every 2 weeks, fish were individually weighted to readjust the feed 
amount. Data are expressed as mean ± SEM (n = 3). Different superscript letters indicate significant differences between groups 
(P < 0.05)
SGR specific growth rate, FCR feed conversion ratio, HSI hepatosomatic index, PR protein retention, LR lipid retention, PER protein 
efficiency ratio

Control FAT-1 FAT-2 FAT-1 + FAT-2

Initial body weight (g) 9.97 ± 0.69 11.42 ± 0.90 9.74 ± 0.44 11.04 ± 0.55
Final body weight (g) 34.64 ± 1.03a 40.51 ± 1.63b 31.46 ± 1.57a 42.15 ± 1.25b

Weight gain (g) 24.67 ± 0.51a 29.09 ± 1.06b 21.73 ± 1.23a 31.11 ± 0.73b

SGR (%) 1.79 ± 0.05ab 1.85 ± 0.08ab 1.59 ± 0.04a 2.01 ± 0.03b

FCR 1.40 ± 0.03ab 1.36 ± 0.04ab 1.53 ± 0.08b 1.29 ± 0.03a

HSI (%) 1.55 ± 0.12b 1.12 ± 0.08a 1.49 ± 0.18ab 1.12 ± 0.15a

PR (%) 24.98 ± 3.24 21.96 ± 0.85 18.90 ± 2.45 21.81 ± 1.56
LR (%) 28.00 ± 7.50 31.47 ± 1.12 25.17 ± 2.03 26.24 ± 2.02
PER 1.40 ± 0.03ab 1.45 ± 0.05ab 1.31 ± 0.07a 1.52 ± 0.04b

Moisture (%) 71.34 ± 1.22 70.68 ± 0.29 72.03 ± 0.98 71.10 ± 1.28
Ash (%) 13.72 ± 1.47 13.93 ± 0.12 13.07 ± 0.73 12.94 ± 0.45
Protein (%) 62.20 ± 3.88b 58.81 ± 1.80ab 57.98 ± 1.04ab 57.50 ± 1.24a

Lipid (%) 27.28 ± 1.44 29.28 ± 0.55 26.09 ± 1.85 25.02 ± 2.3
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synthase (fasn), stearoyl-CoA desaturase-1a (scd1a) 
and carnitine O-palmitoyltransferase 1, liver isoform 
(cpt1a) (Fig. 3c, d, i).

Effect of fish codon-optimised FAT-1 and FAT-2 on 
glycolysis-gluconeogenesis, the pentose phosphate 
pathway, hnf4a and nr1h3 in the liver

Figure  4a–h shows the effect of long-term expression 
of fish codon-optimised fat-1 and fat-2 on the hepatic 
expression of rate-limiting enzymes in glycolysis-glu-
coneogenesis. Due to the pivotal role of the enzymes 
that control the flux through the fructose-6-phosphate/
fructose-1,6-bisphosphate cycle in the regulation of 
glycolysis-gluconeogenesis, we measured both the 
mRNA levels and the enzyme activity of Pfkl and 
Fbp1. Gene expression of pfkl and fbp1 was not sig-
nificantly affected by the treatments (Fig. 4d, e). How-
ever, when considering the Pfkl/Fbp1 activity ratio, 
fish treated with FAT-1 + FAT-2 exhibited a significant 
increased glycolytic flux (29.9%) compared to control 
fish (Fig. 4f). Similarly, treatment with FAT-2 showed 
a trend to increase the Pfkl/Fbp1 activity ratio (22.7%).

In regard of other glycolytic-gluconeogenic 
enzymes, expression of fat-2 and fat-1 + fat-2 signifi-
cantly upregulated 1.5-fold and 1.8-fold, respectively, 
the mRNA levels of liver pyruvate kinase (pklr) and 
1.4-fold those of 6-phosphofructo-2-kinase/fructose-
2,6-bisphosphatase (pfkfb1) (Fig.  4c). Compared to 
controls, the expression levels for glucokinase (gck), 
glucose-6-phosphatase catalytic subunit (g6pc1) and 
phosphoenolpyruvate carboxykinase (pck1) were not 
affected (Fig. 4a, b, h).

In addition, expression of fat-2 also significantly 
increased the hepatic mRNA levels (2.0-fold) of 
glucose-6-phosphate dehydrogenase (g6pd), the rate-
limiting enzyme in the oxidative phase of the pentose 
phosphate pathway (Fig.  4i), while treatment with 
FAT-2 and FAT-1 + FAT-2 upregulated hepatocyte 
nuclear factor 4-alpha (hnf4a; 1.5-fold) and oxyster-
ols receptor LXR-alpha (nr1h3; 1.6-fold) mRNA lev-
els, respectively (Fig. 4j–k).

Discussion

With the aim to induce sustained production of n-3 
LC PUFA in S. aurata, the ionotropic gelation tech-
nique was used to obtain chitosan-TPP nanoparticles 

Fig. 2  Effect of long-term treatment with chitosan-TPP nano-
particles complexed with pSG5 (control), pSG5-FAT-1, pSG5-
FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on serum glucose (a), 
triglycerides (b) and cholesterol (c) in S. aurata. Fourteen days 
after the last injection and 24  h following the last meal, fish 
were sacrificed and the blood was collected. Values are repre-
sented as mean ± SEM (n = 6–7). Homogeneous subsets for the 
treatment are shown with different letters (P < 0.05)
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complexed with plasmids expressing fish codon-opti-
mised C. elegans fat-1 and fat-2. C. elegans fat-1 and 
fat-2 were chosen to improve n-3 LC PUFA biosyn-
thesis in S. aurata on the basis of their functionality in 
transgenic vertebrates, including fish. In fact, methyl-
end desaturases from nematodes, including C. ele-
gans fat-1 and fat-2, are considered one of the three 
main clades in the evolution of animal methyl-end 

desaturase genes, together with those from two dis-
tinct gene lineages of cnidarians and some lophotro-
chozoans and arthropods (Kabeya et al. 2018). Even 
though knowledge on pathways of PUFA biosynthe-
sis in non-vertebrate animals is still limited, increas-
ing availability of genomic data and functional char-
acterisation of methyl-end desaturases from marine 
invertebrates will contribute to a better understanding 

Table 3  Effect of chitosan-
TPP complexed with empty 
vector (pSG5, control), 
pSG5-FAT-1, pSG5-FAT-2 
and pSG5-FAT-1 + pSG5-
FAT-2 on the fatty acid 
profile of S. aurata liver

Data are expressed as 
percentage of total fatty 
acids and represented 
as mean ± SEM (n = 4). 
Different superscript 
letters indicate significant 
differences between groups 
(P < 0.05)

Fatty acid Control FAT-1 FAT-2 FAT-1 + FAT-2

14:0 9.38 ± 0.46 7.31 ± 1.45 7.43 ± 0.60 7.40 ± 1.45
15:0 0.10 ± 0.10 0.32 ± 0.12 0.37 ± 0.13 0.32 ± 0.11
16:0 27.49 ± 0.66 27.09 ± 3.37 26.33 ± 1.42 25.29 ± 2.50
17:0 0.21 ± 0.03 0.11 ± 0.04 0.22 ± 0.11 0.11 ± 0.04
18:0 3.73 ± 0.39 3.88 ± 0.30 4.20 ± 0.38 4.03 ± 0.33
20:0 0.02 ± 0.02 0.20 ± 0.13 0.08 ± 0.03 0.08 ± 0.04
21:0 0.06 ± 0.06 0.16 ± 0.06 0.12 ± 0.07 0.11 ± 0.04
22:0 0.00 ± 0.00 0.06 ± 0.04 0.11 ± 0.04 0.05 ± 0.05
23:0 0.02 ± 0.02 0.01 ± 0.01 0.00 ± 0.00 0.01 ± 0.01
24:0 0.01 ± 0.01 0.03 ± 0.02 0.06 ± 0.02 0.04 ± 0.02
14:1n-5 0.06 ± 0.05 0.00 ± 0.00 0.14 ± 0.09 0.13 ± 0.04
15:1n-5 0.06 ± 0.02 0.02 ± 0.01 0.05 ± 0.03 0.05 ± 0.02
16:1n-7 6.93b ± 0.27 4.05a ± 1.23 5.58ab ± 0.48 5.38ab ± 0.42
17:1n-7 0.20 ± 0.02 0.22 ± 0.00 0.26 ± 0.02 0.23 ± 0.01
18:1n-9c 21.24 ± 1.24 22.04 ± 1.60 22.45 ± 1.15 21.84 ± 1.89
18:1n-9t 0.06 ± 0.03 0.04 ± 0.01 0.08 ± 0.02 0.04 ± 0.01
20:1n-9 0.58 ± 0.08 0.83 ± 0.02 0.71 ± 0.13 0.72 ± 0.14
22:1n-9 0.17 ± 0.03 0.30 ± 0.08 0.25 ± 0.05 0.31 ± 0.08
24:1n-9 0.00 ± 0.00 0.07 ± 0.05 0.07 ± 0.03 0.05 ± 0.03
18:2n-6c 23.23 ± 0.52 23.55 ± 1.4 22.42 ± 1.36 24.19 ± 1.29
18:2n-6t 0.26 ± 0.22 0.09 ± 0.03 0.09 ± 0.04 0.13 ± 0.05
20:2n-6 0.17 ± 0.05 0.25 ± 0.03 0.21 ± 0.05 0.19 ± 0.07
22:2n-6 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01
18:3n-3 1.29 ± 0.10 1.26 ± 0.25 1.76 ± 0.45 1.16 ± 0.20
18:3n-6 0.76 ± 0.17 0.65 ± 0.14 0.81 ± 0.06 0.72 ± 0.14
20:3n-3 0.00 ± 0.00 0.06 ± 0.06 0.00 ± 0.00 0.07 ± 0.07
20:3n-6 0.23 ± 0.04 0.29 ± 0.06 0.21 ± 0.06 0.25 ± 0.02
20:4n-6 0.22 ± 0.02 0.29 ± 0.10 0.40 ± 0.14 0.30 ± 0.11
20:5n-3 1.79a ± 0.09 2.76b ± 0.29 2.43ab ± 0.26 2.89b ± 0.33
22:6n-3 1.70a ± 0.15 4.02b ± 0.65 3.15ab ± 0.74 3.87b ± 0.66
Saturated 41.02 ± 0.58 39.18 ± 4.49 38.92 ± 1.64 37.45 ± 3.54
Monounsaturated 29.3 ± 1.10 27.57 ± 2.60 29.59 ± 1.30 28.75 ± 1.79
PUFA 29.67 ± 0.60 33.25 ± 2.51 31.49 ± 1.39 33.80 ± 1.94
n-3 4.78a ± 0.28 8.11b ± 0.99 7.34ab ± 0.99 8.00b ± 0.93
n-6 24.89 ± 0.47 25.14 ± 1.63 24.15 ± 1.48 25.8 ± 1.54
n-9 22.05 ± 1.18 23.28 ± 1.74 23.56 ± 1.07 22.96 ± 2.06
n-6/n-3 5.26b ± 0.28 3.17a ± 0.26 3.52a ± 0.65 3.35a ± 0.42
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of n-3 LC-PUFA biosynthesis in marine ecosystems 
(Monroig et al. 2022).

Monthly intraperitoneal administration of 3 doses 
of chitosan-TPP-DNA nanoparticles allowed long-
standing high expressional levels of the exogenous 
proteins in the liver, mild expression in the intestine 
and barely detectable levels in the skeletal muscle 
and brain. Biodistribution of fish codon-optimised 
fat-1 and fat-2 expression shows that the particle size 
of chitosan-TPP-DNA complexes used in the present 

study favoured liver retention in S. aurata, which con-
firms previous reports where we analysed the acute 
effect of expressing exogenous SREBP1a and silenc-
ing of endogenous cytosolic alanine aminotransferase 
and glutamate dehydrogenase (González et al. 2016; 
Gaspar et  al. 2018; Silva-Marrero et  al. 2019). Pos-
sibly, discontinuous endothelia of the intestine ena-
bles chitosan-TPP-DNA nanoparticle absorption and 
transportation to the liver through portal circulation 
(Hagens et  al. 2007), while the tight morphology of 

Table 4  Effect of chitosan-
TPP complexed with empty 
vector (pSG5, control), 
pSG5-FAT-1, pSG5-FAT-2 
and pSG5-FAT-1 + pSG5-
FAT-2 on the fatty acid 
profile of S. aurata skeletal 
muscle

Data are expressed as 
percentage of total fatty 
acids and represented 
as mean ± SEM (n = 4). 
Different superscript 
letters indicate significant 
differences between groups 
(P < 0.05)

Fatty acid Control FAT-1 FAT-2 FAT-1 + FAT-2

14:0 8.83b±0.37 7.86b±1.39 7.44b±1.22 3.04a±0.10
16:0 29.58b ± 1.31 27.00b ± 3.05 26.93b ± 2.85 16.64a ± 0.34
17:0 0.18b ± 0.01 0.09a ± 0.00 0.09a ± 0.00 0.09a ± 0.00
18:0 2.77a ± 0.04 2.78a ± 0.15 2.96a ± 0.11 3.29b ± 0.08
20:0 0.00a ± 0.00 0.11a ± 0.07 0.09a ± 0.07 0.28b ± 0.03
22:0 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.10b ± 0.01
23:0 0.00a ± 0.00 0.00a ± 0.00 0.00a ± 0.00 0.09b ± 0.03
24:0 0.00a ± 0.00 0.01a ± 0.01 0.02a ± 0.02 0.08b ± 0.00
14:1n-5 0.01 ± 0.01 0.01 ± 0.01 0.01 ± 0.01 0.02 ± 0.00
15:1n-5 0.02 ± 0.02 0.04 ± 0.02 0.06 ± 0.02 0.05 ± 0.00
16:1n-7 6.63b ± 0.16 6.42b ± 0.68 6.14b ± 0.56 4.08a ± 0.05
17:1n-7 0.16a ± 0.01 0.20ab ± 0.03 0.20ab ± 0.01 0.24b ± 0.00
18:1n-9c 19.6a ± 0.53 21.98a ± 2.33 21.65a ± 2.01 28.45b ± 0.30
18:1n-9t 0.11b ± 0.04 0.06ab ± 0.03 0.11b ± 0.04 0.00a ± 0.00
20:1n-9 0.26a ± 0.16 0.48ab ± 0.12 0.54ab ± 0.10 0.84b ± 0.01
22:1n-9 0.12a ± 0.01 0.20a ± 0.09 0.21a ± 0.09 0.62b ± 0.05
24:1n-9 0.00a ± 0.00 0.01a ± 0.01 0.00a ± 0.00 0.08b ± 0.01
18:2n-6c 24.49a ± 0.62 24.57a ± 0.64 25.29a ± 0.67 27.98b ± 0.26
18:2n-6t 0.40 ± 0.23 0.16 ± 0.16 0.17 ± 0.17 0.00 ± 0.00
20:2n-6 0.06a ± 0.02 0.12a ± 0.05 0.13a ± 0.04 0.33b ± 0.02
22:2n-6 0.00a ± 0.00 0.01a ± 0.01 0.02a ± 0.02 0.10b ± 0.01
18:3n-3 0.86 ± 0.26 0.89 ± 0.17 0.83 ± 0.16 1.11 ± 0.13
18:3n-6 0.97 ± 0.13 0.99 ± 0.06 0.90 ± 0.07 1.12 ± 0.04
20:3n-3 0.00 ± 0.00 0.04 ± 0.04 0.04 ± 0.04 0.09 ± 0.01
20:3n-6 0.13 ± 0.01 0.13 ± 0.03 0.13 ± 0.02 0.20 ± 0.02
20:4n-6 0.23a ± 0.01 0.24a ± 0.03 0.28ab ± 0.03 0.32b ± 0.01
20:5n-3 2.36a ± 0.13 2.62a ± 0.44 2.79a ± 0.45 4.07b ± 0.03
22:6n-3 2.25a ± 0.31 2.97a ± 0.99 2.98a ± 0.98 6.69b ± 0.21
Saturated 41.36b ± 1.46 37.86b ± 4.21 37.53b ± 3.86 23.62a ± 0.38
Monounsaturated 26.9a ± 0.80 29.39a ± 1.95 28.92a ± 1.68 34.38b ± 0.34
PUFA 31.75a ± 0.67 32.75a ± 2.26 33.55a ± 2.19 42.00b ± 0.38
n-3 5.47a ± 0.19 6.52a ± 1.59 6.64a ± 1.62 11.96b ± 0.16
n-6 26.27a ± 0.82 26.23a ± 0.74 26.91a ± 0.76 30.04b ± 0.26
n-9 20.09a ± 0.65 22.73a ± 2.53 22.51a ± 2.16 29.99b ± 0.32
n-6/n-3 4.83b ± 0.30 4.52b ± 0.69 4.59b ± 0.76 2.51a ± 0.03



 Rev Fish Biol Fisheries

1 3
Vol:. (1234567890)

Fig. 3  Effect of long-term treatment with chitosan-TPP nano-
particles complexed with pSG5 (control), pSG5-FAT-1, pSG5-
FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the expression of 
key genes in de novo lipogenesis and fatty acid oxidation in 
the liver of S. aurata. (a-l) Fourteen days after the last injection 

and 24 h following the last meal, fish were sacrificed and the 
liver were collected. Data are means ± SEM (n = 6). Expression 
data were normalised by the geometric mean of S. aurata 18 s, 
actb and eef1a mRNA levels. Homogeneous subsets for the 
treatment are shown with different letters (P < 0.05)
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Fig. 4  Effect of long-term treatment with chitosan-TPP nano-
particles complexed with pSG5 (control), pSG5-FAT-1, pSG5-
FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the expression 
of key genes in glycolysis-gluconeogenesis and the pentose 
phosphate pathway, hnf4a and nr1h3 in the liver of S. aurata. 
(a–k) Fourteen days after the last injection and 24 h following 

the last meal, fish were sacrificed and the liver were collected. 
Hepatic mRNA levels and enzyme activity of Pfkl and Fbp1 
are presented as mean ± SEM (n = 6). Expression data were 
normalised by the geometric mean of S. aurata 18 s, actb and 
eef1a mRNA levels. Homogeneous subsets for the treatment 
are shown with different letters (P < 0.05)
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capillary endothelium in the muscle and brain may 
limit the transfer of nanoparticles and result in the 
scarce levels of transcript (Kooij et al. 2005). The fea-
sibility of implementing chitosan-TPP-DNA adminis-
tration in aquaculture relies on the fact that chitosan 
is recognised as safe by the U.S. Food and Drug 
Administration, on one hand, and that a procedure 
similar to that currently used to administer commer-
cialised DNA vaccines for fish, could be applied to 
induce endogenous production of n-3 LC PUFA, on 
the other.

Transgenesis of fat-1, a gene that facilitates the 
conversion of n-6 to n-3 fatty acids, scarcely affected 
body growth in zebrafish, common carp, mice, pig 
and lamb (Bhattacharya et al. 2006; Ji et al. 2009; Liu 
et al. 2016; Zhang et al. 2018, 2019; Sun et al. 2020). 
However, in the present study long-term hepatic 
expression of fat-1 and fat-1 + fat-2 significantly 
increased weight gain but not lipid content in S. 
aurata. A trend to increase SGR was observed in fish 
co-expressing fat-1 and fat-2, while SGR values in 
control fish were in agreement with those reported for 
Sparus aurata under similar experimental conditions 
but non-treated with chitosan nanoparticles (Cabal-
lero-Solares et  al. 2015; Sáez-Arteaga et  al. 2022). 
Our findings suggest that increased levels of n-3 LC-
PUFA and decreased n-6/n-3 fatty acid ratio resulting 
from expression of fish codon-optimised fat-1 and fat-
2 may contribute to increased growth performance in 
S. aurata. In support of this hypothesis, substitution 
of fish oil (rich in n-3 LC-PUFA) by vegetable oil 
enhances the n-6/n-3 ratio and lowers n-3 LC-PUFA 
and weight gain in S. aurata (Houston et al. 2017), as 
well as in other marine fish such as cobia (Trushen-
ski et al. 2012) and the anadromous Atlantic salmon 
(Qian et al. 2020). However, dietary fish oil does not 
significantly affect growth in other fish species such 
as zebrafish (Meguro and Hasumura 2018), common 
carp (Ljubojević et al. 2015), red hybrid tilapia (Al-
Souti et  al. 2012) and rainbow trout (Richard et  al. 
2006). Different adaptative responses to dietary n-3 
LC-PUFA and the specific ability for converting n-3 
and n-6  C18 PUFA into highly unsaturated long-chain 
fatty acids may result at least in part from functional 
diversification of Fads2 activity among teleosts, 
which in turn may have been influenced by a variety 
of factors such as phylogeny, trophic level, habitat 
(marine vs. freshwater) and trophic ecology (Cas-
tro et  al. 2016; Garrido et  al. 2019). Better growth 

performance of S. aurata submitted to sustained 
expression of fish codon-optimised fat-1 and fat-
1 + fat-2 may also result from improved health con-
dition due to increased n-3 LC-PUFA and decreased 
n-6/n-3 ratio. Consistently, fat-1 transgenesis prevents 
liver steatosis and lipid deposition in the abdominal 
cavity of zebrafish by a mechanism involving hepatic 
downregulation of lipogenic-related genes and upreg-
ulation of steatolysis-related genes (Sun et al. 2020). 
Moreover, fat-1 transgenesis prevents glucose intoler-
ance, insulin resistance, non-alcoholic fatty liver dis-
ease and allergic airway responses in mice (Bilal et al. 
2011; Kim et al. 2012; Romanatto et al. 2014; Boyle 
et  al. 2020), and exerts protective vascular effects 
on pigs and cattle by reducing inflammatory factors 
and improving the immune system (Liu et  al. 2016, 
2017). Accordingly, S. aurata treated with FAT-1 and 
FAT1 + FAT-2 showed decreased HSI levels, which 
therefore may essentially result from lower lipid dep-
osition in the liver of fish expressing fat-1.

Body fatty acid composition is affected by mul-
tiple factors, including de novo fatty acid synthesis, 
physiological requirements and dietary fatty acid 
profile. Single-gene expression of either fat-1 or fat-
2 enhanced fatty acid desaturation and, consequently, 
n-3 LC-PUFA synthesis in transgenic mice (Pai et al. 
2014), pig (Tang et  al. 2019), zebrafish (Pang et  al. 
2014), and common carp (Zhang et  al. 2019). Simi-
larly, S. aurata long-term treated with chitosan-TPP-
DNA nanoparticles expressing either fat-1 or fat-2 
showed a general trend to increase liver and muscle 
EPA, DHA, and total n-3 fatty acids and PUFA, 
while decreased the n-6/n-3 ratio and saturated fatty 
acids, conceivably by conversion into unsaturated 
fatty acids. Most of these effects were potentiated 
by hepatic co-expression of fat-1 and fat-2. Com-
bined activities of FAT-1 and FAT-2 decreased satu-
rated fatty acids such as 14:0, 16:0 and 17:0, while 
increased unsaturated fatty acids, particularly n-3, 
and to a lesser extend n-9 and n-6. Thus, co-expres-
sion of fat-1 and fat-2 promoted a synergistic effect 
that favoured liver production of n-3 LC-PUFA and 
its accumulation in the muscle, particularly EPA and 
DHA. Given that fat-1 and fat-2 mRNA levels were 
scarcely detected in the skeletal muscle of S. aurata, 
changes in the muscle fatty acid profile between treat-
ments may ascribe to hepatic fat exportation forming 
part of very low density lipoproteins (VLDL).
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In contrast to most animals where fat-1 transgen-
esis generally results in a significant decrease of 
the n-6 fatty acid series (Kang et al. 2004; Lai et al. 
2006; Liu et  al. 2016, 2017; Li et  al. 2018; You 
et al. 2021), the effect of fat-1 transgenesis in fishes 
seems species-dependent. Similarly as in S. aurata, 
transgenesis of fat-1 did not affect total n-6 fatty acids 
in the muscle of channel catfish (Xing et  al. 2023), 
while a slight decrease was observed in zebrafish 
muscle (Pang et al. 2014). In contrast, fat-1 transgen-
esis largely decreased total n-6 PUFAs in common 
carp muscle (Zhang et  al. 2019). The effect of fat-2 
transgenesis in the fatty acid profile also depended 
on the fish species. Thus, fat-2 transgenesis in chan-
nel catfish decreased palmitic acid (16:0) and, as in S. 
aurata, led to a not significant trend to increase total 
n-6 and n-3 series in the muscle (Xing et  al. 2023). 
However, fat-2 increased total n-6 PUFAs while did 
not affect the n-3 series in zebrafish muscle (Pang 
et  al. 2014). Divergent effects of C. elegans fat-
1 and fat-2 among fish species may be attributed to 
the interaction between exogenous enzymes and the 
diversity of endogenous desaturases and elongases 
that are distributed within different teleost taxonomic 
groups, and which in turn are responsible for different 
specific abilities for converting n-3 and n-6  C18 PUFA 
into highly unsaturated LC-PUFAs in teleosts (Mon-
roig et al. 2022).

Among biochemical parameters improved by fat-1 
transgenesis, reduced circulating levels for triglycer-
ides and cholesterol were reported in mice (Roman-
atto et al. 2014), pigs (Liu et al. 2016), and cattle (Liu 
et al. 2017), while decreased hepatic triglycerides and 
cholesterol ester were found in zebrafish (Sun et  al. 
2020). Similarly, hepatic co-expression of fat-1 and 
fat-2 reduced serum triglycerides and cholesterol in S. 
aurata. In this regard, the present study showed that 
long-term co-expression of fat-1 and fat-2 promoted 
a general decrease of the expression of key enzymes 
for de novo lipogenesis in the liver of S. aurata. In 
addition, decreased serum triglycerides may also be 
attributed in part to the increase of n-3 LC-PUFA in 
the liver, where n-3 fatty acids are generally thought 
to reduce the production of VLDL and induce fatty 
acid β-oxidation (Shearer et al. 2012).

Treatment with FAT-1 + FAT-2 significantly down-
regulated hmgcr, which encodes the rate-limiting 
enzyme in cholesterol synthesis, and key genes in 
fatty acid synthesis, such as acaca and acacb, which 

catalyse conversion of acetyl-CoA into malonyl-
CoA in the cytosol and mitochondrion, respectively, 
fatty acid elongases (elovl4b and elovl5) and fads2 
desaturase. Although no significant, the expression 
of scd1a, which catalyses the insertion of a cis dou-
ble bond at the Δ9 position into saturated  C16 and 
 C18 fatty acyl-CoA (Wang et  al. 2005), also showed 
a trend to decrease in fish treated with nanoparticles 
expressing fat-1 + fat-2. Furthermore, the expres-
sion of the three fatty acid elongases herein analysed 
(elovl4a, elovl4b and elovl5) strongly decreased by 
sustained expression of fat-1. In transgenic animals, 
the effect of FAT-1 seems to depend on a variety of 
factors including the species, environmental condi-
tions and dietary lipid content. Similarly as in S. 
aurata, a high-fat diet (13.4% of crude lipid versus 
18.0% used in the present study) downregulated the 
hepatic expression of acaca, fasn and scd1 in fat-1 
transgenic zebrafish. However, a low-fat diet (3.1% of 
crude lipid) caused the opposite effects, upregulating 
the expression of the three genes (Sun et  al. 2020). 
In line with our findings, fat-1 transgenesis in mice 
decreased the levels of phosphorylated ACACA and 
FASN (Romanatto et al. 2014). However, fat-1 trans-
genic common carp showed upregulation of fads2, 
elovl5 and elovl2 in the liver, and transgenic pigs co-
expressing fat-1 and fat-2 also presented increased 
expression levels of elovl5 and elovl2 in the muscle, 
skin and fat (Zhang et al. 2019; Tang et al. 2019).

Downregulation of acacb in S. aurata treated with 
FAT-1 + FAT-2 suggests a limited synthesis rate of 
mitochondrial malonyl-CoA. Any of the treatments 
affected the mRNA abundance of cpt1a, which is 
essential for the mitochondrial uptake of long-chain 
fatty acids and their subsequent β-oxidation in the 
mitochondrion. However, given that malonyl-CoA 
is a potent allosteric inhibitor of CPT1A (Saggerson 
2008), our data suggest that in addition to decrease 
de novo lipogenesis, sustained co-expression of fat-
1 and fat-2 may increase fatty acid oxidation in the 
liver of S. aurata fed medium- or high-fat diets. Simi-
lar results were reported for zebrafish fed a high-fat 
diet, where fat-1 transgenesis stimulated lipolysis-
related genes and mitochondrial energy metabo-
lism-related genes while downregulated the hepatic 
expression of genes related with lipogenesis and lipid 
deposition (Sun et  al. 2020). Accordingly, upregula-
tion of hepatic fatty acid oxidation-related genes by 
fat-1 transgenesis was also reported in common carp 
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(Zhang et  al. 2019), mice (Romanatto et  al. 2014; 
Boyle et al. 2020) and goat cells (Fan et al. 2016), as 
well as in fat-1 and fat-2 double transgenic zebrafish 
(Pang et al. 2014).

In mammals, alternate promoters in the srebf1 
gene generate SREBP1a and SREBP1c, which consti-
tute transcription factors with a major role in de novo 
lipogenesis activation. SREBP1c primarily transac-
tivates genes required for fatty acid and triglyceride 
synthesis while SREBP1a is a potent activator of all 
SREBP-responsive genes, including genes associ-
ated with cholesterol synthesis. Consistent with the 
role of srebf1 in the transcription of lipogenic genes 
both in fish and mammals (Carmona-Antoñanzas 
et  al. 2014; Silva-Marrero et  al. 2019), downregu-
lation of srebf1 in the liver of S. aurata submitted 
to long-term expression of fish codon-optimised 
fat-1 and fat-1 + fat-2 led to a trend to decrease the 
expression of genes involved in cholesterol synthesis 
(hmgcr) and fatty acid synthesis (acaca, acacb and 
fasn), desaturation (scd1a and fads2) and elongation 
(elovl4a, elovl4b and elovl5). In agreement with our 
findings, transgenic zebrafish expressing fat-1 (when 
feeding a high-fat diet), fat-2 and fat-1 + fat-2 and 
double transgenic pigs for fat-1 and fat-2 also showed 
downregulated expression levels of srebf1 (Pang et al. 
2014; Tang et al. 2019; Sun et al. 2020). Since DHA 
suppresses srebf1 expression and enhances its protein 
degradation (Jump 2008), increased levels of DHA 
seem the main responsible for decreased expression 
of srebf1 and de novo lipogenic genes in the liver of 
S. aurata expressing fat-1 and fat-1 + fat-2. Consist-
ently, substitution of fish oil, rich in DHA, by vegeta-
ble oil leads to upregulation of srebf1 and fatty acid 
synthesis-related genes in S. aurata (Ofori-Mensah 
et al. 2020).

In the present study, FAT-1 and FAT-2 downreg-
ulated ppara in the liver of S. aurata. PPARA is a 
nuclear receptor activated by a wide range of ligands 
including fatty acids and fatty acid metabolites, such 
as eicosanoids. In the mammalian liver, PPARA con-
trols the expression of genes involved in fatty acid 
uptake, intracellular transport, acyl-CoA formation 
and fatty acid mitochondrial and peroxisomal oxida-
tion, ketogenesis and lipoprotein metabolism (Bou-
garne et  al. 2018). Supplementation of fish oil to 
rodents enhances ppara expression in the liver (Hein 
et al. 2010; Kamisako et al. 2012), possibly as a result 
of increased availability of n-3 LC-PUFA, particularly 

EPA. However, the effect of dietary fish oil on ppara 
expression in fish depends on the species. Similarly 
as in S. aurata expressing fat-1 and fat-2, fish oil was 
shown to decrease the hepatic mRNA levels of ppara 
in S. aurata and juvenile turbot (Peng et  al. 2014; 
Ofori-Mensah et  al. 2020), while the opposite effect 
was reported in large yellow croaker and lean, but 
not fat, Atlantic salmon (Morais et al. 2011; Du et al. 
2017). As pointed out by Peng et  al. (2014), fatty 
acid-derived factors other than EPA-mediated activa-
tion may contribute to species-specific regulation of 
ppara expression in fishes.

In spite of limited knowledge of the effect of C. 
elegans FAT-1 and FAT-2 on glucose metabolism, 
fat-1 transgenesis was reported to improve glucose 
homeostasis by lowering hepatic gluconeogenesis 
and decreasing blood glucose and insulin in mice 
(Romanatto et  al. 2014). Similarly, reduced plasma 
glucose was found in fat-1 transgenic cattle (Liu et al. 
2017). In the present study, we found that long-term 
expression of fish codon-optimised C. elegans FAT-2 
and FAT-1 + FAT-2 stimulated glycolysis and the 
expression levels of hnf4a and nr1h3 in the liver of 
S. aurata. By controlling the flux through the fruc-
tose-6-phosphate/fructose-1,6-bisphosphate substrate 
cycle, pfkl and fbp1 exert critical roles in hepatic 
glycolysis-gluconeogenesis. Although the mRNA 
levels of pfkl and fbp1 were not significantly affected 
by any of the treatments, expression of fat-2 and fat-
1 + fat-2 promoted higher levels of Pfkl/Fbp1 activity 
ratio, possibly as a result of pfkfb1 upregulation. The 
bifunctional enzyme pfkfb1 catalyses the synthesis 
and degradation of fructose-2,6-bisphosphate, which 
is a major regulator of glycolysis–gluconeogenesis 
through allosteric activation of Pfkl and inhibition 
of Fbp1 (Okar et  al. 2004). We previously showed 
that refeeding and high carbohydrate diets upregu-
late pfkfb1 and the kinase activity of the bifunctional 
enzyme in the liver of S. aurata, leading to a con-
comitant increase in fructose-2,6-bisphosphate levels 
(Metón et al. 1999a, 2000). As in mammals, fructose-
2,6-bisphosphate is an allosteric activator of S. aurata 
PFKL (Mediavilla et al. 2008). Therefore, our results 
suggest that pfkfb1 upregulation in the liver of fish 
expressing fat-2 and fat-1 + fat-2 may be a key step 
favouring the glycolytic flux through the fructose-
6-phosphate/fructose-1,6-bisphosphate substrate 
cycle, which in turn will increase the hepatic content 
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of fructose-1,6-bisphosphate, an allosteric activator 
of Pklr.

The nuclear receptor HNF4A is a master regula-
tor of liver metabolism through transcriptional regu-
lation of target genes involved in glucose metabo-
lism, lipid metabolism and hepatocyte differentiation 
(Meng et  al. 2016). In mammals, HNF4A transacti-
vates both glycolytic and gluconeogenic genes. Thus, 
HNF4A-binding to the gene promoter is required for 
insulin-stimulated upregulation of gck and pklr in 
the fed state, while a synergistic action of HNF4A 
and FOXO1 enhances the transcription of g6pc1 and 
pck1 during fasting (Hirota et al. 2008; Ganjam et al. 
2009). Furthermore, HNF4A was previously shown 
to induce the expression of nr1h3 (Theofilatos et al. 
2016), which encodes LXR-alpha, a nuclear recep-
tor stimulated by insulin that is also involved in glu-
cose and lipid metabolism (Zhao et al. 2012). Indeed, 
LXR-alpha was shown to upregulate pklr mRNA 
levels in mice (Cha and Repa 2007), and behave as 
a key regulator of pfkfb expression in humans by 
binding and transactivating the gene promoter of the 
bifunctional enzyme (Zhao et  al. 2012). Therefore, 
increased hnf4a and nr1h3 mRNA abundance in S. 
aurata expressing fat-2 and fat-1 + fat-2 may enhance 
hepatic upregulation of pfkfb1 and pklr expression, 
and thus increase the glycolytic flux in the liver. Con-
sistent with HNF4A-dependent enhancement of gly-
colysis in S. aurata, hnf4a expression was previously 
shown to increase in S. aurata under glycolytic con-
ditions versus gluconeogenic conditions such as fast-
ing and treatment with streptozotocin (Salgado et al. 
2012). Increased levels of n-3 LC-PUFA may be a 
key factor leading to hnf4a and nr1h3 upregulation 
in the S. aurata liver. In agreement, fat-1 transgenic 
mice presented increased hepatic mRNA levels of 
hnf4a and to a lesser extend nr1h3 (Kim et al. 2012). 
Similarly, dietary supplementation with dried marine 
algae, rich in n-3 LC-PUFA (particularly DHA), 
induced hnf4a expression in the pig liver (Meadus 
et al. 2011). Furthermore, fish oil upregulated nr1h3 
in S. aurata adipocytes (Cruz-Garcia et al. 2011), and 
in the liver of juvenile turbot, Nile tilapia and mice 
(Kamisako et al. 2012; Peng et al. 2014; Ayisi et al. 
2018).

To our knowledge, the effect of fat-1 and fat-2 
transgenesis on the pentose phosphate pathway was 
not previously addressed. In the present study, long-
term expression of fish codon-optimised fat-2 and 

fat-1 + fat-2 promoted higher expression levels of 
g6pd, which encodes the rate-limiting enzyme for 
the production of NADPH in the oxidative phase of 
the pentose phosphate pathway. Previous reports 
indicated that dietary carbohydrates are a key factor 
that enhances G6pd activity in the liver of S. aurata 
(Metón et al. 1999b). Nevertheless, our findings sup-
port that fatty acid composition, particularly the n-
3/n-6 ratio, also seems to regulate the hepatic expres-
sion of g6pd. In agreement with g6pd upregulation 
by n-3 LC-PUFA, fish oil stimulated G6PD activity 
in the rat liver (Yilmaz et al. 2004), and dietary sup-
plementation with n-3 PUFA increased g6pd mRNA 
levels in the pig muscle (Vitali et al. 2018). Further-
more, n-6 PUFA, particularly LA, decreased g6pd 
mRNA levels in rat hepatocytes (Kohan et al. 2011). 
Species-specific regulation of g6pd expression by 
fatty acid composition may occur in other fishes. In 
this regard, total replacement of fish oil by vegeta-
ble oil did not affect G6pd activity but increased the 
mRNA levels in the liver of Nile tilapia (Ayisi et al. 
2018), while enhanced G6pd activity in the liver of 
Atlantic salmon (Menoyo et  al. 2005). Bearing in 
mind a general trend to downregulate de novo hepatic 
lipogenesis in S. aurata co-expressing fat-1 and fat-2, 
NADPH resulting from g6pd upregulation by n-3 LC-
PUFA may reinforce cellular protection from oxida-
tive stress.

Considered together, the metabolic effects of peri-
odical administration of chitosan-TPP-DNA nano-
particles expressing fish codon-optimised C. elegans 
fat-1 and fat-2 included hepatic downregulation of de 
novo lipogenesis-related genes, leading to reduced 
circulating levels of triglycerides and cholesterol, 
stimulation of fatty acid oxidation and upregulation 
of glucose oxidation via glycolysis and pentose phos-
phate pathway without affecting glycemia. Although 
co-expression of C. elegans fat-1 and fat-2 in S. 
aurata reduced blood triglycerides, the action of fat-
1 and fat-2 may allow protein sparing in the liver of 
a carnivorous teleost, such as S. aurata, by a mecha-
nism involving increased glucose and fatty acid oxi-
dation to obtain energy in fish fed medium- or high-
fat diets.
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Conclusion

The present study shows that long-term treatment 
with chitosan-TPP nanoparticles complexed with 
plasmids expressing fish codon-optimised C. elegans 
fat-1 and fat-2 allowed efficient expression of exog-
enous FAT-1 and FAT-2 desaturases in the liver of 
S. aurata, which in turn elevated the n-3 LC-PUFA 
content, particularly EPA and DHA, and decreased 
the n-6/n-3 ratio both in the liver and the skeletal 
muscle. Co-expression of fish codon-optimised fat-1 
and fat-2 promoted the highest weight gain, n-3 LC-
PUFA accumulation in the muscle, and had meta-
bolic effects that included downregulation of lipid 
biosynthesis and stimulation of fatty acid and glu-
cose oxidation in the liver. Expression of fish codon-
optimised fat-1 and fat-1 + fat-2 downregulated the 
hepatic expression of srebf1 and as a consequence, 
the mRNA levels of key genes in de novo lipogen-
esis, while fat-2 and fat-1 + fat-2 upregulated hnf4a, 
nr1h3 and glucose oxidation through glycolysis and 
the pentose phosphate pathway. Our findings support 
that chitosan-TPP-DNA nanoparticles co-expressing 
fish codon-optimised fat-1 and fat-2 can alleviate the 
effect of fish oil replacement with vegetable oil cur-
rently occurring in aquafeeds and enable production 
of functional fish rich in EPA and DHA for human 
consumption. Future studies will help to deter-
mine dosage and the optimal developmental stage to 
administer fat-1 and fat-2 chitosan-TPP-DNA nano-
particles in cultured fish.
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