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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 SREBPla mRNA levels in the liver of S. aurata. Consistent with improved
conversion of dietary carbohydrates into lipids, overexpression of SREBPla 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 SREBPIla 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 carnivoros,
hemos estudiado el efecto de metformina, firmaco antidiabético para humanos, sobre
metabolitos, enzimas clave y factores lipogénicos en higado de dorada (Sparus aurata). El
tratamiento con metformina mejor6 la homeostasis de glucosa en S. aurata, contrarrestando la
activacion dependiente de glucosa de enzimas clave en glucdlisis y ciclo del 4cido citrico, y la
expresion de factores lipogénicos. Ademés de avanzar en la caracterizacion del metabolismo
intermediario de un pez carnivoro intolerante a glucosa, nuestros resultados sugieren que la
metformina redujo la gluconeogénesis al disminuir transdesaminacion hepatica y la entrada de
aminoacidos al ciclo del acido citrico para su uso como sustratos gluconeogénicos. Para ahorrar
proteina en S. aurata promoviendo la conversion de carbohidratos en lipidos, un objetivo
adicional de esta tesis fue estudiar el efecto de nanoparticulas de quitosano-tripolifosfato (TPP)
encapsulando un plasmido de expresion del extremo N-terminal de SREBPla de hamster
(pSGS5-SREBP1a), mediante inyecciones intraperitoneales periodicas (cada 4 semanas; 3 dosis
en total) a doradas alimentadas con diferentes dietas. Tras 70 dias, la administracion de
nanoparticulas de quitosano-TPP-pSG5-SREBP1a aumento6 considerablemente la expresion de
SREBP1a en higado. Consistentemente con una mayor conversion de carbohidratos de la dieta
en lipidos, la sobreexpresion hepatica de SREBP1a aument6 triglicéridos y colesterol séricos,
asi como la oxidacion hepatica de glucosa mediante glucdlisis y la via de las pentosas fosfato,
sin afectar la gluconeogénesis ni la transaminacion. Ademas, la expresion de SREBPla
aument6 significativamente el peso, la tasa de crecimiento especifico y el indice de eficiencia
proteica, mientras que disminuy6 el indice de conversion alimenticia, incluso en peces
alimentados con una dieta baja en proteinas y alta en carbohidratos. Ademas de demostrar que
las nanoparticulas de quitosano constituyen un método eficiente para expresar genes exogenos
en peces evitando el uso de organismos genéticamente modificados, nuestros resultados
indican que la administracion periddica de quitosano-TPP-DNA para sobreexpresar SREBP1a
en higado mejord el crecimiento de S. aurata, ahorrando proteina mediante la induccion de la

metabolizacion de los carbohidratos de la dieta en un pez carnivoro intolerante a la glucosa.
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Introduction

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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Introduction

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 (Metdn et al., 1999; Fernandez 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 (Meton et al., 1999; Meton et al., 2000a; Meton et al.,
2000b; Caseras et al., 2002; Fernandez 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

(Fernandez 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

(Talijanci¢ 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

etal., 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 (Lopez-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

etal., 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 a-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 (GLUTSs), 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 (Talijanci¢ 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-P,), 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).
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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, a-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 (Salmeron,

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 -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 (Meton et al., 2000; Caseras et al.,

2002; Meton 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 (Metdn et al., 1999; Fernandez 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

(Meton 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; Gonzélez 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 FADH:. These metabolic intermediates enter the
citric acid cycle (Krebs cycle) to generate ATP, the primary energy currency of cells (Hematyar
etal., 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
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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 (18:17-9) in an
aerobic process, which requires NADPH and O, and occurs in the endoplasmic reticulum
through a complex system involving NADPH-cytochrome b5 reductase, cytochrome b5, and
desaturases such as stearoyl A9 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 (18:2rn-6) and alpha-
linolenic acid (18:3x-3), which are produced by A12 and A15 desaturases in other organisms.
Therefore, these fatty acids, which in turn are precursors of long-chain (LC) -6 and -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 A6 and A5 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 C1s 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).
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Figure 2. Synthetic pathway of C»y and C»; polyunsaturated fatty acids from n-3 and »n-6 18-carbon
precursors. Desaturase activities: A4, A5, A6, A6*, A8, A9, A12, and A15. The A6* desaturase
enzyme, which acts on 24-carbon fatty acids, may or may not be the same enzyme (A6) 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), Il-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)
(Sanchez-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 srebfl
gene generate SREBPla and SREBPIc 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), SREBPI 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, SREBPIla
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 (Meton 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 (Sanchez-Nufio 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 (Teodosio
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 (laconisi 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 Oztiirk et al., 2020).

Efficient amino acid absorption and transport are essential for supporting protein
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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 (Saez-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 a-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/EBPf) 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 (IncRNAs) 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 (Saez-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-Velazquez 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 (Sdez 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 (EI-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 (RNA1). 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 GOPC. 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
SREBPI 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 PFKFBI1) 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., SLC7AS),
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-silshl). In fish subjected to various protein-to-carbohydrate ratio diets and
treated with chitosan-TPP-pCpG-silshl, 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-
silshl 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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Abstract: Chitosan is increasingly used for safe nucleic acid delivery in gene therapy studies, due
to well-known properties such as bioadhesion, low toxicity, biodegradability and biocompatibility.
Furthermore, chitosan derivatization can be easily performed to improve the solubility and stability
of chitosan—nucleic acid polyplexes, and enhance efficient target cell drug delivery, cell uptake,
intracellular endosomal escape, unpacking and nuclear import of expression plasmids. As in other
fields, chitosan is a promising drug delivery vector with great potential for the fish farming industry.
This review highlights state-of-the-art assays using chitosan-based methodologies for delivering
nucleic acids into cells, and focuses attention on recent advances in chitosan-mediated gene delivery
for fish biotechnology applications. The efficiency of chitosan for gene therapy studies in fish
biotechnology is discussed in fields such as fish vaccination against bacterial and viral infection,
control of gonadal development and gene overexpression and silencing for overcoming metabolic
limitations, such as dependence on protein-rich diets and the low glucose tolerance of farmed fish.
Finally, challenges and perspectives on the future developments of chitosan-based gene delivery in
fish are also discussed.

Keywords: chitosan; gene delivery; gene overexpression; gene silencing; fish biotechnology

1. Introduction

Chitosan is a cationic polymer of {3 (1-4)-linked 2-amino-2-deoxy-p-glucose interspersed by residual
2-acetamido-2-deoxy-B-p-glucose, derived from chitin by deacetylation under alkaline conditions.
Chitin is the second most abundant polysaccharide in nature, after cellulose, and it is obtained from the
external skeleton and skin of arthropods and insects. Chitin is also found in some microorganisms, yeast
and fungi. Mucoadhesion, low toxicity, biodegradability and biocompatibility, as well as antioxidant,
antibacterial, antifungal, antitumor and anti-inflammatory properties led, in recent years, to the
increasing use of chitosan in a wide variety of pharmaceutical, biomedical and biotechnological fields,
including wound healing, tissue engineering, bone regeneration, gene therapy, food industry and
agriculture [1-6].

Chitosan has many desirable biological properties that make it a highly suitable carrier to deliver
nucleic acids for the development of gene therapy assays. The goal of gene therapy is to introduce
exogenous genetic material into target cells, with the aim of modifying the expression of specific
genes. The efficient delivery of plasmid DNA to express exogenous genes or siRNA to knockdown the
expression of target genes must overcome systemic and cell barriers, depending on the target tissue

Polymers 2020, 12, 1177; doi:10.3390/polym12051177 www.mdpi.com/journal/polymers
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and nature of the molecular mechanism triggered by the gene therapy. Ideally, for safe nucleic acid
delivery, the vector must establish a stable interaction with the cargo, protect it from the action of
nucleases, reach target cells, enable crossing the cell membrane and, once inside the cell, facilitate
escape from endosomes and lysosomes. Decomplexation from the carrier must allow plasmid DNA to
cross the nuclear membrane and become transcribed, or in the case of siRNA, render the cargo in the
cytosol [7-9].

Nucleic acid delivery into cells is facilitated by viral and non-viral vectors. The choice of the vector
for gene therapy is a key step to properly reach target cells, confer protection from nucleases, cross the
cell membrane, nucleic acid escape from endosomal vesicles, determine transient or permanent effects,
allow transcription of delivered plasmid DNA and knockdown the expression of target genes by RNA
interference (RNAI) [7,10].

Due to its high transfection efficiency, viral vectors are still used in most gene therapy assays.
However, immunogenicity, acute inflammation and other unwanted effects, such as reversal of the
wild-type phenotype associated with the use of viral vectors, have focused attention on the development
of safer alternative gene delivery systems [9,11,12]. Non-viral vectors include lipid-based vectors
and cationic polymers. Low transfection efficiency in vivo, reduced half-life of lipoplex circulation,
cytotoxicity and other non-desired effects, such as complement activation, limit in vivo use of cationic
lipids and lipid-based vectors [10,13-16]. Unlike viral vectors, cationic polymers, such as chitosan and
its derivatives, exhibit increased ability to select target tissues, easy large-scale production, low toxicity
and immunogenicity in vivo and biocompatibility [4,9,10]. In this review, we will summarize recent
advances in chitosan-based formulations for delivering nucleic acids, and address current progress of
the use of chitosan for fish biotechnology applications and gene therapy.

2. Chitosan as a Nucleic Acid Delivery Vector

The use of chitosan as a vector for nucleic acid delivery was proposed in 1995 [17]. A few
years later, in 1998, in vivo administration of chitosan complexed with plasmid DNA to express a
reporter gene in the upper small intestine and colon of rabbits was published [18]. It was in 2006
when chitosan nanoparticles encapsulating small interfering RNA (siRNA) were shown to be also
effective for silencing the expression of target genes [19]. Since pioneering studies, much progress
has been made in this area, and chitosan is considered, at present, one of the most effective non-viral
gene delivery systems. Figure 1 shows Web of Science (Clarivate Analytics) citations, with the topics
chitosan, fish and gene delivery until 2019.
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Figure 1. Web of Science (Clarivate Analytics) citations published until 2019 with the topics: (a) chitosan
and gene therapy; (b) chitosan, fish and gene therapy.

The presence of numerous primary amine groups that are protonated at slightly acidic pH in
chitosan allows electrostatic interaction with negatively charged nucleic acids. The stability of the
complex formed between chitosan and nucleic acids allows oral, nasal, intravenous and intraperitoneal
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administration of chitosan-DNA complexes, and prevents dissociation before reaching the intracellular
compartment [20-22]. Oral delivery would mainly result in intestinal absorption of the product [22].
Biodistribution of radioiodinated chitosan fractions with different molecular mass, intravenously
injected to rats, showed rapid plasma clearance (<15% in the blood 5 min following treatment) and
localization in the liver of most of the chitosan with diameter size >10 kDa (>50% at 5 min following
intravenous administration and >80% at 60 min post-treatment). However, low molecular weight
chitosan (<5 kDa) was cleared more slowly from the circulation and significantly less retained in the
liver at the short- and long-term [20].

2.1. Chitosan Derivatization

Derivatization can greatly influence biodistribution of chitosan complexes. An illustrative
example was developed by Kang et al. to down-regulate Akt2 expression for treatment of colorectal
liver metastases in mice [23]. To protect siRNA from gastrointestinal degradation, facilitate active
transport into enterocytes and enhance transportation to the liver through the enterohepatic circulation,
the authors first obtained gold nanoparticles conjugated with thiolated siRNA (AR). The resulting
complex was subsequently complexed with glycol chitosan—taurocholic acid (GT) through electrostatic
interaction to generate AR-GT nanoparticles. Derivatization with taurocholic acid successfully
protected Akt2-siRNA from gastrointestinal degradation and favored targeting to the liver through the
enterohepatic circulation. Chitosan derivatization with hydrophilic ethylene glycol (glycol chitosan)
increases solubility in water at a neutral/acidic pH. In addition, the reactive functional groups of glycol
chitosan facilitate chemical modifications and formation of different derivatives useful for targeting
gene delivery [24]. In addition to the properties of chitosan derivatives, the efficient delivery of the
cargo greatly depends on chitosan polyplex properties, such as pH, molecular weight, deacetylation
degree and N/P ratio [7,9].

The molecular weight of chitosan is a major factor affecting polyplex formation, the stability of the
chitosan/DNA complex, cell entry, DNA unpacking after endosomal escape and transfection efficiency.
Furthermore, the average particle size is highly dependent on the molecular weight of chitosan [7,9,25].
Chitosan between ~20-150 kDa forms chitosan—plasmid DNA complexes with diameter size of ~155-200
nm. High molecular weight chitosan >150 kDa losses solubility and favors aggregate formation,
whereas chitosan of molecular weight <20 kDa tends to form polyplexes with diameter size >200
nm [26]. The optimal molecular weight range for stable chitosan-siRNA nanoparticle formation and
efficient transfection and silencing effect is considered to be ~65-170 kDa [27].

Chemical modification of chitosan can greatly improve desirable properties for gene delivery.
Functional groups of chitosan include C3-OH, C¢-OH, C;-NHy, acetyl amino and glycoside bonds [6,28].
Two of the functional groups, C¢-OH and C2-NHj, have chemical properties that make them of particular
interest for derivatization (Figure 2).

OH OH OH

o) 0 0)
HO ) O

HO NH,* HO NH;* HO NHg*
n

OH

Figure 2. Schematic representation of chitosan. Functional groups C,-NH; and C¢-OH and are
represented in blue and red color, respectively.

2.2. Chitosan Solubility

The water solubility of chitosan is low due to the presence of highly crystalline intermolecular
and intramolecular hydrogen bonds, and can be greatly influenced by the pH, molecular weight and
deacetylation degree [6,9,29]. The solubility of chitosan has been improved by introducing a hydrophilic
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group on amino or hydroxyl groups. Examples include: N-acylated chitosan derivatives, which exhibit
enhanced biocompatibility, anticoagulability, blood compatibility and sustained drug release [6,30];
chitosan conjugation with saccharides through N-alkylation, such as glycosylation [3,31,32]; and the
introduction of a quaternary ammonium salt group, which increases chargeability, mucoadhesion,
crossing of mucus layers and binding to epithelial surfaces [6,33,34].

2.3. Stability of Chitosan Polyplexes

To increase the stability of chitosan-based formulations, a number of chitosan derivatives have
been developed. Among them, PEGylation [35-37], glycosylation [3,38,39] and quaternization [39-42].
The choice of the method for preparing chitosan—nucleic acid complexes can also significantly
affect stability of the complex and transfection efficiency. Katas and Alpar showed that for efficient
siRNA-mediated silencing of the expression of target genes in CHO K1 and HEK 293 cells, nanoparticles
produced by ionic gelation of tripolyphosphate (TPP) with chitosan were more efficient in delivering
siRNA than chitosan—-siRNA complexes and siRNA adsorbed onto chitosan-TPP nanoparticles.
Chitosan-TPP-siRNA nanoparticles generated by ionic gelation presented higher binding capacity and
loading efficiency [19]. During ionic gelation, TPP is a polyanion that crosslinks with positively charged
chitosan through electrostatic interaction, avoiding the use of toxic reagents for chemical crosslinking,
and allowing for the easy modulation of size and surface charge of the nanoparticles (Figure 3).
The addition of TPP was shown to reduce the particle size and increase the stability of complexes in
biological fluids [19,43-47]. The inclusion of hyaluronic acid in chitosan-siRNA polyplexes can be also
a promising strategy to increase stability and targeting capacity, while lowering aggregation in the
presence of serum proteins [48].
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Figure 3. Molecular structure and electrostatic interactions of chitosan-tripolyphosphate (TPP) (a), and
chitosan-TPP—plasmid DNA nanoparticles (b).

One major advantage of chitosan is that chitosan-DNA complexation protects DNA from
DNase-mediated degradation, possibly as a result of modification of the DNA tertiary structure [20,49].
Cell penetration of chitosan-based gene delivery systems involves interaction between positively
charged chitosan—nucleic acid polyplexes and negatively charged cell membrane components,
such as heparan sulfate proteoglycans, enabling ATP-driven crossing of the cell membrane,
or receptor-mediated endocytosis. In any case, chitosan polyplexes are internalized following the
endocytic-lysosomal pathway [7].
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2.4. Targeting Drug Delivery, Cellular Uptake and Intracellular Trafficking

Safe and effective therapies can be performed by using chitosan derivatives to improve target
drug delivery. To this end, a variety of molecules can be conjugated to chitosan, such as proteins and
peptides, polysaccharides, oligonucleotides and other molecules [4].

2.4.1. Targeting Drug Delivery with Chitosan Derivatives

A common strategy to target drug delivery is based on ligand-receptor specificity. Cell-target
delivery drugs can be thus enhanced by conjugation of chitosan-nucleic acid complexes with ligands
that enable binding to receptors specifically found in the target cell membrane. Examples of ligands
conjugated to chitosan formulations include transferrin, galactose and mannose. For instance,
transferrin can be used as a targeting ligand for delivery into tumor cells through binding to the
transferrin receptor, whose expression is enhanced in tumor cells to provide iron as a necessary cofactor
for DNA synthesis and rapid cell proliferation [50-52]. The presence of asialoglycoprotein receptors
on the hepatocyte surface and selective binding of asialoglycoprotein receptors to galactose allow
galactosylated chitosan to target hepatocytes [53,54]. Mannosylated chitosan takes advantage of
mannose recognition by mannose receptors to target dendritic cells [55].

Chitosan derivatives generally achieve mucosal adhesion through hydrogen bonding or
non-specific, non-covalent, electrostatic interactions. Thiolated chitosan increases mucoadhesion
and enhances crossing capability trough the cell membrane and ophthalmic drug delivery [56-60].
The mucoadhesive properties of chitosan derivatives allow oral administration and nasal immunization
to treat respiratory diseases [61]. Other examples include O-carboxymethyl chitosan, which can be
used for intestine-targeted drug delivery [62], and acetylated low molecular weight chitosan, for
targeting the kidneys [63].

2.4.2. Endosomal Escape, Unpacking and Nuclear Import of DNA

The proton sponge effect of chitosan gene delivery formulations allows endosomal escape before
the maturation of early endosomes into late endosomes, and the ultimate fusion with lysosomes.
The increasing acidification in early endosomes generated by the V-type ATPase proton pump results
in progressive protonation of the amine groups of chitosan (pKa value of ~6.5), leading to the influx of
water and chloride ions into the endosomes, increased osmotic swelling, endosome lysis and cytosolic
release of the endosomal content [9,64]. The endosomal release of chitosan polyplexes can be enhanced
by fusogenic peptides [65,66] and pH-sensitive neutral lipids [67]. Efficient transfection and endosomal
escape of chitosan polyplexes can be also enhanced by chitosan—polyethylenimine (PEI) copolymeric
delivery systems. PEl is a cationic polymer non-viral vector with high transfection efficiency and a
strong buffering capacity, which may enhance the influx of chloride anions, osmotic swelling and
endosomal lysis. However, PEI-dependent cytotoxic effects constitute a major concern when using PEI
for gene delivery [7,68-70]. In contrast, chitosan-PEI complexes exhibit efficient uptake by target cells,
high transfection efficiency and negligible toxicity [36,71-75].

Following endosomal escape into the cytosol, chitosan polyplexes carrying DNA must be
unpacked, and the entrance of loaded DNA into the nucleus is needed for transfection. The molecular
events that mediate DNA unpacking after endosomal release and translocation to the nucleus remain
not fully understood. It is generally accepted that, in non-dividing cells, molecules smaller than
~40 kDa can passively diffuse through the nuclear pores, while larger molecules must carry nuclear
localization signals for active transportation [68]. Sun et al. largely improved DNA unpacking from
chitosan and transfection efficiency upon the conjugation of chitosan with small peptides that can
be phosphorylated [76]. The phosphorylation of conjugated peptides mimics the process leading
to genomic DNA release and the activation of transcription, mediated by histone phosphorylation.
In addition, the introduction of negatively charged phosphate groups may result in electric repulsion
between DNA and chitosan conjugated with phosphorylated peptides. Hence, further enhancement of
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transfection was obtained by conjugating chitosan with small peptides carrying a nuclear localization
signal, in addition to a potentially phosphorylatable serine residue [77]. Exogenous gene expression
was improved through a mechanism that enabled DNA import into the nucleus, and enhanced
unpacking by the action of nuclear histone kinases. Miao et al. improved endosomal escape and
intracellular drug release in HepG2.2.15 cells by loading DNA into a redox-responsive chitosan
oligosaccharide-SS-octadecylamine (CSSO) polymer. Intracellular reduction and cleavage of CSSO
disulfide bonds ‘-SS-" by gluthation allowed rapid DNA release [78].

For strategies aiming RNAi on target genes, chitosan has been mostly complexed with siRNA,
microRNA (miRNA) and plasmids expressing short hairpin RNA (shRNA). After unpacking,
siRNA/miRNA associates with RNA-induced silencing complex (RISC) in the cytosol. The RNAi-guided
complex hybridizes with target mRNA, leading to mRNA cleavage and/or translation repression,
and subsequent inhibition of protein synthesis [9,10,48,79]. The use of shRNA expression plasmids
allowing long lasting expression of siRNA may improve RNAI in vivo. Following plasmid DNA
transcription in the nucleus, the transcribed shRNA is processed by Drosha, exported to the cytosol
and processed by Dicer, leading to cleavage of double-stranded shRNA and the formation of specific
siRNA [75,80-85].

Sequential events associated with three illustrative examples using chitosan to deliver nucleic
acids are represented in Figure 4 (chitosan-TPP complexed with a plasmid construct, to express an
exogenous protein), Figure 5 (chitosan-TPP complexed with a plasmid construct, to express a shRNA
designed for target gene silencing) and Figure 6 (chitosan loading siRNA for target gene silencing).
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Figure 4. Cellular events associated with chitosan-based plasmid delivery for exogenous gene
expression. 1, Cellular uptake of chitosan-DNA by endocytosis. 2, Endosomal escape of the
chitosan-DNA complex, plasmid dissociation from chitosan and translocation to the nucleus. 3,
Transcription of plasmid (exogenous DNA) in the nucleus and mRNA generation. 4, Translation of
newly transcribed mRNA in the cytosol. 5, Exogenous protein assembly.
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Figure 5. Cellular events associated with chitosan-based plasmid delivery for short hairpin RNA (shRNA)
expression, siRNA formation and target gene silencing. 1, Cellular uptake of chitosan-DNA by endocytosis.
2, Endosomal escape of chitosan-DNA complex, plasmid dissociation from chitosan and translocation to
the nucleus. 3, Transcription of plasmid (exogenous DNA) in the nucleus and generation of shRNA. 4,
Transportation of ShRNA to the cytosol and association with Dicer to generate siRNA. 5, siRNA association
with RNA-induced silencing complex (RISC) and target mRINA by base pairing, resulting in mRNA
cleavage and/or translation repression, and subsequent inhibition of protein synthesis.
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Figure 6. Cellular events associated with chitosan-based siRNA delivery for target gene silencing. 1,
Cellular uptake of chitosan-siRNA by endocytosis. 2, Endosomal escape of chitosan-siRNA. 3, Dissociation
of siRNA from chitosan. 4, siRNA association with RISC and target mRNA by base pairing, resulting in
target mRNA cleavage and/or translation repression, and subsequent inhibition of protein synthesis.
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3. Use of Chitosan in Fish Biotechnology

Chitosan and its derivatives are widely used in aquaculture. Low toxicity, biodegradability,
biocompatibility, bioadhesion and immunomodulatory properties make chitosan and its derivatives
of increasing interest for the fish farming industry as dietary additives, non-viral vectors enabling
fish vaccination and protection against diseases, control of gonadal development and for the gene
therapy-based modulation of fish metabolism.

3.1. Chitosan and Its Derivatives as Dietary Additives

Dietary supplementation with chitosan and its derivatives has been shown to improve fish growth
performance, non-specific immunity and antioxidant effects [86,87]. However, the strategy for chitosan
dietary supplementation in fish requires extensive investigation, according to the species and the
growth stage of fish.

3.1.1. Dietary Supplementation with Chitosan

The inclusion of chitosan as feed additive for fish has been receiving attention since the 1980s [88].
Shiau et al. reported that inclusion of dietary levels of chitosan from 2% to 10% for 28 days decreases
the weight gain and increases the feed conversion ratio (FCR) in hybrid tilapia (Oreochromis niloticus X
Oreochromis aureus) [89]. However, other studies performed in Oreochromis niloticus showed positive
effects of chitosan on fish growth. Feed supplementation of tilapia with chitosan (0-8 g/kg dry
diet) for 56 days led to the conclusion that 4 g/kg of chitosan was the optimal dose to promote
the highest body weight gain (BWG) rate and specific growth rate (SGR) [90]. Similarly, chitosan
supplementation at 5 g/kg diet for 60 days improved growth performance, BWG, SGR and FCR in
tilapia [91]. The contradictory effects reported for chitosan on tilapia growth could be attributed to the
fact that the studies were performed using different fish growth stages. Indeed, the initial weight of
fish in the study by Shiau et al. was of 0.99 + 0.01 g, while the latter two reports used a significantly
higher initial body weight (50.1 + 4.1 g and 39.3 + 0.3 g, respectively).

In addition to the developmental stage and amount of dietary chitosan supplied, chitosan effects
exerted on fish growth performance also seem to depend on the species [87]. According to the effect
observed on SGR, the apparent digestibility coefficient of dry matter and the apparent digestibility
coefficient of protein, 75 days of feeding on diets supplemented with 10-20 g chitosan/kg significantly
reduced the growth performance of gibel carp (Carassius gibelio) (initial body weight, 4.80 + 0.01 g) [92].
However, the supply of 0-0.2 g chitosan/kg diet caused a dose dependent increase of the average daily
weight and SGR in post-larvae sea bass (Dicentrarchus labrax) [93]. Yan et al. also reported that dietary
supplementation of 0%-5% chitosan improved growth performance by inducing dose dependent
increases of BWG and SGR, while FCR decreased [94]. Similarly, 70 days of supplementation with 1-5
g chitosan/kg diet of loach fish (Misgurnus anguillicadatus) with an average body weight of 3.14 + 0.05 g,
significantly increased BWG, SGR and condition factor (CF), whereas it decreased FCR [95]. In contrast,
Najafabad et al. found that Caspian kutum (Rutilus kutum) fingerlings (1.7 + 0.15 g) supplied with 0-2
g chitosan/kg diet for 60 days showed no effect of final weight, SGR and condition factor [96].

The positive effect of chitosan on the growth performance of some fish species might result
from its role in nonspecific immunity. Chitosan acts as an immunostimulary drug through induction
of nonspecific immunity in fish. In loach fish, the dietary supplement of chitosan increased the
serum levels of factors considered as immune boosters, such as the content of immunoglobulin M
(IgM), complement component 3 (C3) levels, the activity of lysozyme, acid phosphatase and alkaline
phosphatase, as well as increased the survival rate after being challenged by Aeromonas hydrophila [95].
In accordance with the immune boost, other investigations also showed immune reinforcement
by chitosan, when fish were challenged by bacteria in regard to immunoglobulin content, serum
lysozyme, bactericidal activity, immune-related gene expression, phagocytosis and respiratory burst
activity [90,92,94,97]. Consistently, chitosan was shown to modify hematological parameters of fish,
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which are also considered important indicators of immunostimulation. In Asian seabass (Lates calcarifer),
chitosan supplement during 60 days at 5-20 g/kg diet increased red blood cells (RBC), white blood cells
(WBC), total serum protein, albumin and globulin [98]. Supplementation with chitosan was reported
also to increase RBC, WBC, haemoglobin, lymphocytes, monocytes, neutrophils and thrombocytes in
mrigal carp (Cirrhinus mrigala) and kelp grouper (Epinephelus bruneus) [99-101].

Concomitant to the effects on immunity, chitosan also elevates antioxidant responses in fish.
In loach fish, the activity of phenoloxidase, superoxide dismutase (SOD) and glutathione peroxidase
(GPx) increased after 12 weeks of chitosan supplementation [95]. Similarly, chitosan induced the
activity of SOD and catalase (CAT) after 56 days of dietary supplementation in tilapia [90], and the
mRNA levels of SOD, CAT, GPx and nuclear factor erythroid 2-related factor 2 [94]. The protective
effect of chitosan from oxidative stress was also reported in olive flounder (Paralichthys olivaceus)
challenged with HyO; [97]. The authors observed that chitosan-coated diets significantly narrowed
the increase of protein carbonyl formation and DNA damage in the plasma.

3.1.2. Dietary Supplementation with Chitosan Nanoparticles

Wang et al. reported that BWG significantly increased in tilapia (initial body weight, 23.6 +
1.2 g) fed with chitosan nanoparticles (5 g/kg dry diet) [102]. Similar results were described by
other authors. Chitosan nanoparticle intake increased final weight, weight gain, SGR and FCR in
tilapia supplied for 45 days with 0-2 g/kg (initial body weight, 19.8 + 0.6 g) and 70 days for 1-5 g/kg
(initial body weight, 5.66 + 0.02 g). In these reports, innate immunity was also enhanced and fish
exhibited increased respiratory burst activity, lysozyme malondialdehyde, CAT and SOD activity,
and hematological parameters such as RBC, hematocrit, hemoglobin, mean corpuscular volume, WBC
and platelets [103,104]. Remarkably, optimal supplement of dietary chitosan nanoparticles to improve
growth and immunity against pathogens may vary, according to parameters such as developmental
growth stage and species.

Dietary supplementation of chitosan nanoparticles complexed with vitamin C and thymol
is more effective in enhancing immunity than supplementation with the single additives.
Dietary chitosan—vitamin C nanoparticles slightly improved growth performance of tilapia, while
inducing the viscerosomatic index, therefore decreasing economic performance. However, when fish fed
chitosan—vitamin C nanoparticles were challenged by imidacloprid-polluted water, chitosan—vitamin
C supplementation significantly strengthened immunity and antioxidant activity, including the activity
of lysozyme, glutathione reductase and CAT, C3 and immunoglobulins [105]. Growth effects of
dietary supplementation with chitosan nanoparticles mixed with thymol, the most important phenolic
compound in Thymus vulgaris essential oil, were evaluated on hematological parameters, and the
liver and kidney function in tilapia [106]. The results showed that chitosan—thymol nanoparticle
supplementation increased feed efficiency and protein efficiency ratio, while it had moderated effects
on final weight, weight gain and SGR. Nevertheless, chitosan—-thymol produced a synergistic effect on
lymphocytes and monocyte leukocytes. The use of chitosan nanoparticles as feed additive is limited by
the fact that it can exhibit toxic effects at high levels. In this regard, chitosan nanoparticles significantly
decreased hatching rate and survival rate of zebrafish (Danio rerio) when the immersion concentration
reached 20 and 30 pg/mL or higher [107,108].

3.1.3. Dietary Supplementation with Chitin and Chitooligosaccharide

Meanwhile the inclusion of chitin in the diet has no significant effects on fish growth
performance [109-111], chitooligosaccharide (COS) enhances growth performance parameters
such as BWG, hepatosomatic and intestosomatic index, SGR and FCR in a number of
fish species, including juvenile largemouth bass (Micropterus salmoides) [112], striped catfish
(Pangasianodon hypophthalmus) [113], Nile tilapia (Oreochromis niloticus) [114], tiger puffer (Takifugu
rubripes) [115], koi (Cyprinus carpio koi) [116], and silverfish (Trachinotus ovatus) [117]. Similarly as in
most fish species, dietary supplementation with low molecular weight and highly deacetylated COS
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enhances growth performance, innate immunity and digestive enzyme activity in Pacific white shrimp
(Litopenaeus vannamei) [118]. However, the effect of dietary COS may depend on the species. In this
regard, dietary COS supplementation was reported to cause not significant effects on weight gain,
FCR and the survival rate in hybrid tilapia (Oreochromis niloticusxO. aureus) [109]. Similar results were
reported for rainbow trout (Oncorhynchus mykiss) [119]. Incomplete intestinal development in early
developmental stages may contribute to the lack of COS effect on growth performance observed in
several fish species.

A number of studies showed that both chitin and COS can be potentially utilized
as immunostimulants in fish. Respiratory burst activity, phagocytic activity and lysozyme
activity, which are considered indicators of non-specific immunity, have been shown to be
significantly stimulated by chitin and COS in a number of fish species, including juvenile
largemouth bass (Micropterus salmoides) [112], Nile tilapia (Oreochromis niloticus) [114], striped catfish
(Pangasianodon hypophthalmus) [113] and mrigal carp (Cirrhina mrigala) [99]. Chitin and COS also induce
other immunity parameters, such as nitric oxide production, inducible nitric oxide synthase (iNOS)
activity and gene expression [112,120], leukocyte count [99,112,116] and complement activity [99,100].

3.2. Chitosan as a Carrier for Drug Delivery in Fish

Chitosan is nanoscale, biodegradable, biocompatible, hemocompatible, simple and mild for
preparation conditions, and is highly efficient for drug loading. Therefore, chitosan has been used
for loading a variety of bioactive compounds, such as vitamins, metal ions, inactivated pathogens for
vaccines, proteins and nucleic acids in a variety of applications in fish farming. In addition, loading
into chitosan can significantly boost the bioeffects of these compounds.

3.2.1. Chitosan Loading Chemical Compounds

The sustained release of compounds complexed with chitosan nanoparticles fulfills the
requirements of artificial breeding in fish farming and enable delivery and cell uptake of compounds
with low toxicity [121,122]. Chitosan nanoparticles loaded with vitamin C, an important but labile
antioxidant, were proven to enhance sustained vitamin C release in the stomach, the intestine and
in serum after oral administration in rainbow trout (Oncorhynchus mykiss) [123]. Chitosan—vitamin
C nanoparticles exhibited a markedly high antioxidant activity and no toxicity up to 2.5 mg/mL in
the culture medium of ZFL cells, a zebrafish liver-derived cell line. In addition, chitosan—vitamin C
nanoparticles showed the capability to penetrate the intestinal epithelium of Solea senegalensis [124].
Several studies evaluated chitosan nanoparticles loading aromatase inhibitors and eurycomanone,
compounds that promote gonadal development. Chitosan-mediated delivery of aromatase inhibitors
and eurycomanone prolonged serum presence, improved testicular development with lack of testicular
toxicity, and led to higher serum concentrations of reproductive hormones [125-128].

3.2.2. Chitosan Loading Metal Ions

Loading with chitosan facilitates delivery of metal ions that are micronutrients and antibacterial
factors, such as selenium and silver, to fish in culture. Barakat et al. showed that chitosan-silver
nanoparticles successfully treated European sea bass larvae infected with Vibrio anguillarum.
Chitosan-silver nanoparticles significantly decreased the bacterial number and improved fish
survival [129]. In addition, dietary supplementation with chitosan-silver nanoparticles were shown to
altering gut morphometry and microbiota in zebrafish. Feeding with chitosan—silver nanoparticles
increased Fusobacteria and Bacteroidetes phyla, goblet cell density and villi height, while upregulated
the expression of immune-related genes [130]. Similarly, chitosan-selenium nanoparticles had
immunostimulary roles and increased disease resistance in zebrafish and Paramisgurnus dabryanus by
improving the activity of lysozyme, acid phosphatase and alkaline phosphatase, phagocytic respiratory
burst and splenocyte-responses towards concanavalin A [131,132].
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3.2.3. Chitosan Loading Inactivated Pathogens

Vaccines against pathogens is a major challenge in aquaculture. In this regard, chitosan can
be used as proper carrier and adjuvant to enhance effectiveness of vaccination. A number of
inactivated bacteria and virus have been evaluated with chitosan or its derivatives as adjuvant
against infections in fish. Vaccines, such as inactivated Edwardsiella ictaluri and infectious spleen
and kidney necrosis virus, have been tested with chitosan in yellow catfish (Pelteobagrus fulvidraco)
and Chinese perch (Siniperca chuasi), respectively. Chitosan enhanced incorporation into the host
cells and improved fish survival rate and immune response, increasing IgM content, lysozyme
activity and mRNA levels of interleukin (IL)-13, IL-2 and interferon (IFN)-y2 [133,134]. A mixture
of COS and inactivated Vibrio anguillarum vaccine significantly reduced zebrafish mortality against
Vibro anguillarum [135], while COS combined with inactivated Vibrio harveyi also markedly increased
survival rate, IgM and the expression of immune-related genes, such as IL-1§3, IL-16, tumor necrosis
factor-alpha (TNF-c) and major histocompatibility complex class I alpha (MHC-I), in the grouper
QEpinephelus fuscoguttatusxd Epinephelus lanceolatus [136]. Similarly, rainbow trout (Oncorhynchus
mykiss) immunized against bacterial infection (Lactococcus garvieae and Streptococcus iniae) through
chitosan-alginate coated vaccination exhibited a higher survival rate, immune-related gene expression,
and antibody titer than fish submitted to non-coated vaccination [137].

Olive flounder (Paralichthys olivaceus) vaccinated against inactivated viral haemorrhagic
septicaemia virus encapsulated with chitosan through oral and immersion routes showed effective
immunization in the head kidney, which is considered as the primary organ responsible for the
initiation of adaptive immunity in fish, skin and intestine, which are regarded as the main sites for
antigen uptake and mucosal immunity. Additionally to upregulation of IgM, immunoglobulin T (IgT),
polymeric Ig receptor (pIgR), MHC-I, major histocompatibility complex class II (MHC-II) and IFN-y in
the three tissues, caspase 3 was also highly induced 48 h post-challenge, suggesting cytotoxicity due to
rapid T-cell response and impairment of viral proliferation [138].

Coating chitosan with membrane vesicles from pathogens such as Piscirickettsia salmonis was also
shown to be an effective strategy to induce immune response in zebrafish (Danio rerio) and upregulation
of CD 4, CD 8, MHC-I, macrophage-expressed 1, tandem duplicate 1 (Mpegl.1), TNFe, IL-13, IL-10,
and IL-6 [139].

3.2.4. Chitosan Loading Proteins

Effectiveness of fish vaccination against infections can be also improved with antigenic proteins
derived frombacteria and virus. For example, chitosan nanoparticles encapsulated with the recombinant
outer membrane protein A of Edwardsiella tarda was used for oral vaccination of fringed-lipped peninsula
carp (Labeo fimbriatus). Treated fish showed significant higher levels of post-vaccination antibody
in circulation and survival rate against Edwardsiella tarda [140]. In another study, oral vaccination
with alginate-chitosan microspheres encapsulating the recombinant protein serine-rich repeat (rSrr) of
Streptococcus iniae were evaluated and the results showed that lysozyme activity and immune-related
genes were induced, leading to a 60% increased survival rate of channel catfish (Ictalurus punctatus)
against Streptococcus iniae infection [141]. In grass carp (Ctenopharyngodon idella), chitosan was also
used for carrying the immunomodulatory factor IFN-y2. Treatment with chitosan—Ctenopharyngodon
idella IEN-y2 highly upregulated inflammatory factors, leading to severe inflammatory damage in the
intestine, hepatopancreas and decreased survival rate [142].

3.2.5. Chitosan Loading Nucleic Acids

Compared to chitosan-based gene delivery in other organisms, gene therapy methodologies
using chitosan for improving desirable traits in farmed fish have great potential for development
(Figure 1b). A number of studies addressed the characterization of factors that can influence the
efficiency of chitosan loading and nucleic acid release, such as the average diameter, zeta potential
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and encapsulation efficiency of chitosan-DNA microspheres or nanospheres. Table 1 summarizes
chitosan-plasmid DNA encapsulation efficiency and changes in particle diameter and zeta potential
before and after encapsulation for fish biotechnology studies. Existing data show that the diameter of
chitosan nanospheres before loading DNA mostly ranged from ~30 to ~230 nm, while encapsulation
with plasmid DNA led to ~40-190 nm diameter increase. The zeta potential indicates the surface
charge on the particles. A higher positive zeta potential suggests higher stability of nanoparticles
in the suspension [143]. The zeta potential before loading plasmid DNA were ~25-33 mV, which
mostly tended to decrease to ~14-18 mV. The exception was reported by Rather et al., who found that
zeta potential of chitosan nanospheres increased ~6 mV following DNA encapsulation [144]. DNA
encapsulation efficiency was generally higher than 80%, which indicates that chitosan is capable to
load a high mass of DNA, which in turn may benefit many applications in aquaculture.

Table 1. Characteristics of chitosan—plasmid DNA polyplexes for studies performed in fish.

Preloading Postloading

D?reloadmg l?ostloadmg Zeta Potential Zeta Potential Enca[')s.ulatlon References
iameter (nm) Diameter (nm) Efficiency
(mV) (mV)
- <10,000 . = 94.5% [145]
30-60 . - . - [146]
- 200 - - 91.5% [147]
= = - = 83.6% [148]
193 + 53 1 246 + 741 320+10! 144 +131 g [80]
- 146 +22 - 243+052 92.8% + 1.4% 2 [149]
- 133 - 34.3 63% [150]
. 50-200 . - 97.5% [151]
87 156 30.3 36.5 60% [144]
- 743 - = 98.6% [152]
135 - 26.7 - 86% [153]
- - - - 84.2% [154]
Similar to
224 + 621 preloading 33.0+121 144+131 . [81]
diameter
= 750-950 - = 98.6% [155]
116 306 24.7 18.0 2 [156]
231+ 182 272 + 362 31.2+1572 141 +232 - [157]
- 267 . 27.1 87.4% [158]

1 Mean + SD; 2 mean + SEM.

Chitosan-encapsulated DNA is more stable in vivo, exhibit sustained-release and increased cell
uptake than naked DNA. Taken together, these factors confer chitosan-delivered DNA a particular
expression profile regarding tissue distribution, persistence of expression and abundance in fish.
Saez et al. found that intramuscular injection led to a restricted expression to adjacent tissues of both
chitosan-encapsulated DNA and naked DNA, while the oral administration of chitosan-encapsulated
DNA, largely used for fish vaccination studies, showed enhanced expression not only in the intestine,
but also in the liver of gilthead sea bream (Sparus aurata) [152,155]. Furthermore, oral administration of
chitosan nanoparticles loaded with pCMV 3, a plasmid encoding for Escherichia coli 3-galactosidase,
enabled sustained detection of the exogenous plasmid and bacterial 3-galactosidase activity in the
liver and the intestine of Sparus aurata juveniles up to 60 days posttreatment [152].

Through the immersion route, Rao et al. showed that chitosan-coated DNA was confined to the
surface area of rohu (Labeo rohita), i.e., gill, intestine and skin-muscle, while no detection was observed
in the kidney and the liver. Naked DNA was undetectable due to degradation [158]. Oral delivery
seems to have a wider distribution of chitosan-encapsulated DNA, being found in the stomach, spleen,
intestine, gill, muscle, liver, heart and kidney [148,154,159]. Chitosan-encapsulated DNA has longer
and more abundant presence than naked DNA after administration. For example, Rajesh Kumar et al.
showed that antibody in serum from fish immunized with a chitosan-DNA vaccine was 30% higher
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than naked DNA after 21 days of oral immunity [160]. The presence of DNA vaccine was reported
more than 90 days after oral administration of chitosan-DNA [145]. Additionally, Rather et al. reported
that chitosan-DNA induced 2-fold longer and higher peak abundant expression of downstream genes
than naked DNA [144].

3.3. Chitosan-Based Applications in Fish Biotechnology and Gene Therapy

In recent years, chitosan has been increasingly used for drug and gene delivery in fish biotechnology.
Most of the studies used chitosan-based systems to improve oral vaccination, control of gonadal
development, and the modification of fish intermediary metabolism.

3.3.1. Fish Vaccination

DNA vaccines delivered by chitosan significantly increase relative percent survival of fish at a range
of 45%—-82% against bacterial and viral infection [151,156]. Higher doses of chitosan-DNA vaccines
resulted in concomitant increase of fish relative percent survival from ~47% to ~70% [154]. In addition,
DNA vaccination with chitosan stimulated expression of immune-related genes. Zheng et al. reported
upregulation of the expression of immune-related genes, such as interferon-induced GTP-binding
protein Mx2 (MX2), IEN, chemokine receptor (CXCR), T-cell receptor (TCR), MHC-Ioc and MHC-IIe, 7
days after oral vaccination against reddish body iridovirus in turbot (Scophthalmus maximus). A 10-fold
higher expression of TNF-« gene expression was found in the hindgut [149].

In addition to the short-term modification of the expression levels of immune-related genes, the
administration of chitosan-DNA vaccines also promote a sustained effect after treatment. Valero et al.
found that European sea bass (Dicentrarchus labrax) orally vaccinated with chitosan-encapsulated
DNA against nodavirus failed to induce circulating IgM. However, the expression of genes involved
in cell-mediated cytotoxicity (TCRf and CD8«x) and the interferon pathway (IFN, MX and IFN-y)
were upregulated. Three months following vaccination, challenged fish exhibited partial protection
with retarded onset of fish death and lower cumulative mortality [151]. Kole et al. immunized rohu
(Labeo rohita) with chitosan nanoparticles complexed with a bicistronic DNA plasmid encoding the
antigen Edwardsiella tarda glyceraldehyde 3-phosphate dehydrogenase and the immune adjuvant
gene Labeo rohita IFN-y [156]. Follow-up of the expression of immune-related genes in the the kidney,
liver and spleen showed maximal upregulation of IgHC (IgM heavy chain), iNOS, toll like receptor
22 (TLR22), nucleotide binding and oligomerization domain-1 (NOD1) and IL-1p at 14 days post
immunization. The authors also confirmed that oral and immersion vaccination with chitosan-DNA
nanoparticles enhances the fish immune response to a greater extent than intramuscular injection of
naked DNA. In another study, the oral vaccination of rainbow trout fry with chitosan-TPP nanoparticles
complexed with pcDNA3.1-VP2, showed that the expression of genes related with innate immune
response, IFN-1 and MX, reached maximal values at 3 days postvaccination and 7 days after boosting
(22 days postvaccination), while, with regard to genes involved in the adaptative immune response,
CD4 peaked at 15 days postvaccination and IgM and IgT at 30 days postvaccination [154].

3.3.2. Control of Gonadal Development

Chitosan nanoparticles have been used for drug delivery in studies aiming proper gonadal
development in fish farming. Bhat et al. administered chitosan conjugated with salmon luteinizing
hormone-releasing hormone (sLHRH) into walking catfish (Clarias batrachus) to promote gonadal
development. Chitosan-conjugated sLHRH and naked sLHRH exerted similar effects: upregulation
of Sox9 expression in the gonads and increase of circulating steroid hormonal levels, testosterone
and 11-ketotestosterone in males and testosterone and 17p-estradiol in females. However, sSLHRH
conjugation with chitosan induced sustained and controlled release of the hormones with maximal
levels observed in the last sampling point of the experiment (36 h posttreatment), while naked
sLHRH peaked circulating steroid hormones at 12 h posttreatment [150]. Similarly, compared to the
administration of naked kisspeptin-10, intramuscular injection of chitosan-encapsulated kisspeptin-10
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in immature female Catla catla caused a delayed but greater increase of gonadotropin-releasing
hormone, luteinizing hormone and follicle-stimulating hormone expression, as well as circulating
levels of 11-ketotestosterone and 173-estradiol [144].

With the ultimate goal of controlling gonadal development in fish, chitosan was also assayed
for gene delivery. In walking catfish (Clarias batrachus), intramuscular administration of chitosan
nanoparticles conjugated with an expression plasmid encoding steroidogenic acute regulatory
protein (StAR), a major regulator of steroidogenesis, also resulted in long-lasting stimulatory
effects than administration of the naked plasmid construct on the expression of key genes in
reproduction, cytochrome P450 (CYP) 11A1, CYP17A1, CYP19A1, 33-hydroxysteroid dehydrogenase
and 1733-hydroxysteroid dehydrogenase [153].

3.3.3. Control of Fish Metabolism

Chitosan has been used for enhancing fish digestibility, the absorption of food constituents and
increasing the utilization of dietary carbohydrate in carnivorous fish. To supplement exogenous
proteolytic enzymes and thus facilitate protein digestion and amino acid absorption, Kumari et al.
orally administered chitosan-TPP nanoparticles encapsulating trypsin to Labeo rohita over 45 days.
Treatment with chitosan-TPP-trypsin enhanced nutrient digestibility, intestinal protease activity and
transamination activity, alanine aminotransferase (ALT) and aspartate aminotransferase (AST), in the
liver and the muscle [161].

The substitution of dietary protein by cheaper nutrients with reduced environmental impact in
farmed fish is a challenging trend for sustainable aquaculture [162]. However, the metabolic features
of fish, particularly carnivorous fish, constrain the replacement of dietary protein by other nutrients
in aquafeeds. Carnivorous fish exhibit a preferential use of amino acids as fuel and gluconeogenic
substrates, and thus require high levels of dietary protein for optimal growth. Instead, carbohydrates
are metabolized markedly slower than in mammals, and give rise to prolonged hyperglycemia [163,164].
The essential role of the liver in controlling the intermediary metabolism makes this organ an ideal
target for investigating and modifying the glucose tolerance of farmed fish.

To overcome metabolic limitations of carnivorous fish, in recent years we synthesized chitosan-TPP
nanoparticles, complexed with plasmid DNA, to induce in vivo transient overexpression and the
silencing of target genes in the liver of gilthead sea bream (Sparus aurata). With the aim of decreasing
the use of amino acids for gluconeogenic purposes and improving carbohydrate metabolism in the liver,
chitosan-TPP nanoparticles complexed with a plasmid overexpressing a sShRNA designed to silence
the expression of cytosolic ALT (cALT) were intraperitoneally administered to Sparus aurata juveniles.
Seventy-two hours posttreatment, a significant decrease in cALT1 mRNA levels, immunodetectable
ALT and ALT activity was observed in the liver of treated fish. Knockdown of cALT expression to
~63%—70% of the values observed in control fish significantly increased the hepatic activity of key
enzymes in glycolysis, 6-phosphofructo 1-kinase (PFK1) and pyruvate kinase, and protein metabolism,
glutamate dehydrogenase (GDH). In addition to showing efficient gene silencing after administration
of chitosan-TPP-DNA nanoparticles, the findings supported evidence that the downregulation of liver
transamination increased the use of dietary carbohydrates to obtain energy, and thus made it possible
to spare protein in carnivorous fish [80].

Following the same methodology, we showed that the shRNA-mediated knockdown of GDH
significantly decreased GDH mRNA and immunodetectable levels in the liver, which, in turn,
reduced GDH activity to ~53%. Downregulation of GDH decreased liver glutamate, glutamine and
2-oxoglutarate, as well as the hepatic activity of AST, while it increased 2-oxoglutarate dehydrogenase
activity and the PFK1/fructose-1,6-bisphosphatase (FBP1) activity ratio. Therefore, by reducing hepatic
transdeamination and gluconeogenesis, the knockdown of GDH could impair the use of amino acids
as gluconeogenic substrates and facilitate the metabolic use of dietary carbohydrates [81].

With the aim of inducing a multigenic action leading to a stronger protein-sparing effect,
Sparus aurata were intraperitoneally injected with chitosan—-TPP nanoparticles complexed with a
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plasmid expressing the N-terminal nuclear fragment of hamster SREBP1a, a transcription factor that—in
addition to exhibiting strong transactivating capacity of genes required for fatty acid, triglycerides
and cholesterol synthesis—previous reports showed can also transactivate the promoter of genes
encoding key enzymes in hepatic glycolysis, glucokinase (GK) and 6-phosphofructo 2-kinase/fructose
2,6-bisphosphatase (PFKFB1) in fish [165,166]. Overexpression of exogenous SREBP1a in the liver of
Sparus aurata enhanced the expression of glycolytic enzymes GK and PFKFB1, decreased the activity
of the gluconeogenic enzyme FBP1 and increased the mRNA levels of key enzymes in fatty acid
synthesis, elongation and desaturation (acetyl-CoA carboxylase 1, acetyl-CoA carboxylase 2, elongation
of very long chain fatty acids protein 5, fatty acid desaturase 2), as well as induced NADPH formation
(glucose 6-phophate dehydrogenase) and cholesterol synthesis (3-hydroxy-3-methylglutaryl-coenzyme
A reductase). As a result, chitosan-mediated SREBP1a overexpression caused a multigenic action that
enabled the conversion of dietary carbohydrates into lipids (Figure 7), leading to increased circulating
levels of triglycerides and cholesterol in carnivorous fish [157].

SREBP1a
overexpression

T Pentose
Phosphate
Pathway
A Glycolysis (G6PD)
(GK, PFKFB1) ‘

4 NADPH
A Fatty acid synthesis A Cholesterol
(ACC1, ACC2, FASN), synthesis
elongation (ELOVLS5) and (HMGCR)

desaturation (FADS2)

Figure 7. Multigenic action and metabolic effects in the liver of Sparus aurata after intraperitoneal
administration of chitosan-TPP-DNA nanoparticles to overexpress exogenous SREBP1a [157]. ACC1,
acetyl-CoA carboxylase 1; ACC2, acetyl-CoA carboxylase 2; ELOVLS5, elongation of very long chain
fatty acids protein 5; FADS2, fatty acid desaturase 2; G6PD, glucose 6-phophate dehydrogenase; GK,
glucokinase; HMGCR, 3-hydroxy-3-methylglutaryl-coenzyme A reductase; PFKFB1, 6-phosphofructo
2-kinase/fructose 2,6-bisphosphatase.

4, Conclusions

Characteristics such as nanoscale, low-toxicity, biodegradability, biocompatibility, derivatization,
immunomodulatory effects, and easily affordable preparation conditions make chitosan a strong
candidate for drug delivery into fish. Therefore, the use of chitosan in fish biotechnology has
received growing attention in recent years. However, applications based on novel chitosan-based
gene therapy methodologies to improve desirable traits in farmed fish have enormous potential for
development. Most remarkable advances in the field addressed fish immunization, the control of
reproduction for broodstock management and the modulation of gene expression to spare protein and
overcome metabolic limitations of farmed fish. Further studies are needed for a better understanding
of the extracellular and intracellular process, following chitosan-mediated gene delivery into fish.
In addition, future trends in fish farming may greatly benefit from improved and more efficient chitosan
formulations for enhancing gene delivery targeting and intracellular traffic in farmed fish.
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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 PFKFBI, 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 SREBPla 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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Article 1:

Metformin Counteracts Glucose-Dependent Lipogenesis and Impairs Transdeamination
in the Liver of Gilthead Sea Bream (Sparus aurata)
Published in American Journal of Physiology-Regulatory, Integrative and Comparative
Physiology
doi:10.1152/ajpregu.00216.2018.
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Rashidpour A, Silva-Marrero JI, Segui L, Baanante IV, Meton
I. Metformin counteracts glucose-dependent lipogenesis and impairs
transdeamination in the liver of gilthead sea bream (Sparus aurata).
Am J Physiol Regul Integr Comp Physiol 316: R265-R273, 2019.
First published January 16, 2019; doi:10.1152/ajpregu.00216.2018.—
Metformin is an antidiabetic drug with a major impact on regulating
blood glucose levels by decreasing hepatic gluconeogenesis, but also
by affecting other pathways, including glucose transport and energy/
lipid metabolism. Carnivorous fish are considered glucose intolerant,
as they exhibit poor ability in using dietary carbohydrates. To increase
the current knowledge about the molecular mechanisms by which
metformin can improve glucose homeostasis in carnivorous fish, we
addressed the effect of intraperitoneal administration of metformin, in
the presence or absence of a glucose load, on metabolic rate-limiting
enzymes and lipogenic factors in the liver of gilthead sea bream
(Sparus aurata). Hyperglycemia markedly upregulated the expression
of glycolytic enzymes (glucokinase and 6-phosphofructo-1-kinase,
PFK1) 5 h following glucose administration, while at 24 h posttreat-
ment, it increased isocitrate dehydrogenase (IDH) activity, a key
enzyme of the tricarboxylic acid cycle, and the expression of lipogenic
factors (PGC1f, Lpinl, and SREBP1). Metformin counteracted glu-
cose-dependent effects, and downregulated glutamate dehydrogenase,
alanine aminotransferase, and mammalian target of rapamycin 5 h
posttreatment in the absence of a glucose load, leading to decreased
long-term activity of PFK1 and IDH. The results of the present study
suggest that hyperglycemia enhances lipogenesis in the liver of S.
aurata and that metformin may exert specific metabolic effects in fish
by decreasing hepatic transdeamination and suppressing the use of
amino acids as gluconeogenic substrates. Our findings highlight the
role of amino acid metabolism in the glucose-intolerant carnivorous
fish model.

glutamate dehydrogenase; lipogenesis; liver; metformin; Sparus au-
rata

INTRODUCTION

Metformin (1,1-dimethylbiguanide hydrochloride) is an an-
tidiabetic drug used for the treatment of Type 2 diabetes to
enhance glucose homeostasis by improving the insulin sensi-
tivity mainly in the liver and skeletal muscle (44). Metformin
reduces the hepatic production of glucose by a mechanism
involving inhibition of gluconeogenesis and glycogenolysis,
increased insulin sensitivity and peripheral glucose uptake, and

* A. Rashidpour and J. I. Silva-Marrero contributed equally to this work.
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reduced intestinal glucose absorption (40, 42). Metformin-
dependent reduction of hepatic glucose production involves
transitory inhibition of complex I of the mitochondrial respi-
ratory chain, leading to activation of adenosine monophos-
phate-activated protein kinase (AMPK), an energy sensor in-
volved in glucose and lipid metabolism. AMPK activation
stimulates glycolysis, while it downregulates the hepatic tran-
scription of gluconeogenic genes (16, 23, 36). In addition,
metformin represses lipogenesis and triglyceride accumulation
in the liver through a mechanism that involves induced acti-
vation of AMPK and downregulation of sterol regulatory
element-binding protein 1c (SREBPIc), a key transcription
factor for de novo synthesis of lipids (19, 41, 47). Metformin
also improves the glucose control via increasing insulin-stim-
ulated glucose disposal, enhancing insulin receptor tyrosine
kinase activity, increasing glycogen synthesis activity, and
enhancing activity of glucose facilitative transporter type 4
(GLUT4) in skeletal muscle (6).

The molecular action of metformin has been mostly studied
in rodents and human-derived cell lines. In fish, metformin
reduces blood glucose levels when administered intraperitone-
ally, infused using osmotic pumps, or included in the food diet
(15, 31, 33, 46). However, knowledge of the mechanisms
underlying metformin action in fish remains limited. Carnivo-
rous fish are considered glucose intolerant mainly because of
prolonged hyperglycemia experienced after a glucose load or
intake of high-carbohydrate diets (34). The molecular basis of
glucose intolerance in fish has been mainly attributed to dys-
regulation of enzyme activities that control the rate of substrate
cycling between glucose and glucose-6-phosphate in the liver,
glucokinase (GK), and glucose-6-phosphatase (G6Pase). In
this regard, lower glucose affinity and postprandial delayed
induction of GK expression was reported for gilthead sea
bream (Sparus aurata) (8). In addition, no significant modula-
tion of G6Pase expression was reported in the liver of rainbow
trout (Oncorhynchus mykiss), irrespective of the carbohydrate
content of the diet (29, 30), whereas insulin hardly affected the
promoter activity of the G6Pase catalytic subunit in the ab-
sence of glucose in S. aurata primary hepatocytes, suggesting
that a reduced capacity of insulin-dependent repression of
G6Pase may contribute to insulin resistance in fish (37).

In contrast to observations in mammals, although dietary
metformin reduced postprandial glycemia in rainbow trout
supplied with high-carbohydrate diets, unexpected induction of
gluconeogenic and lipogenic gene expression by metformin
was found in the liver (31). Indeed, metformin counteracts the
effects of insulin after intraperitoneal administration of glucose
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in metformin-infused rainbow trout, especially in the muscle,
which led the authors to conclude that metformin is unable to
improve glucose homeostasis under hyperglycemic conditions
in rainbow trout (35).

Since the effect of metformin on the intermediary metabo-
lism of carnivorous fish remains limited to a few species and
that the phylogenetic diversity of fish may determine specific
metabolic adaptations, the purpose of the present study was to
examine the metabolic effects of metformin in S. aurata. To
this end, we analyzed the effect of intraperitoneal administra-
tion of metformin and glucose on the expression of key
enzymes involved in hepatic glycolysis-gluconeogenesis: GK,
6-phosphofructo-1-kinase (PFK1), and fructose-1,6-bisphos-
phatase (FBPasel). Given the major role of amino acids as
gluconeogenic substrates and fuel in carnivorous fish and the
involvement of metformin on lipogenic gene expression (1, 31,
43), we also studied the effect of metformin on key enzymes of
the tricarboxylic acid cycle (TCA) (isocitrate dehydrogenase,
IDH; and a-ketoglutarate dehydrogenase, OGDH), amino acid
metabolism (alanine aminotransferase, ALT; aspartate amino-
transferase, AST; and glutamate dehydrogenase, GDH), nutri-
ent-sensitive serine/threonine-protein kinase TOR (mammalian
target of rapamycin, mTOR), and lipogenic factors (SREBP1;
peroxisome proliferator-activated receptor y coactivator 1-3,
PGC18; and Lpinl).

MATERIALS AND METHODS

Animals. Gilthead sea bream (S. aurata) juveniles obtained from
Piscimar (Burriana, Castellén, Spain) were maintained at 20°C in
260-liter aquaria supplied with running seawater, as described previ-
ously (13). The diet, supplied at 30 g/kg body wt once a day (10:00
AM), contained 46% protein, 9.3% carbohydrates, 22% lipids, 10.6%
ash, 12.1% moisture, and 21.1 kJ/g gross energy. To study the
metabolic effects of metformin on S. aurata, four groups of fish were
intraperitoneally administered 24 h after the last meal with a volume
of 10 wl/g body wt containing saline (9 g/l NaCl; control group),
glucose (2 g/kg body wt), metformin (150 mg/kg body wt), and
glucose (2 g/kg body wt) + metformin (150 mg/kg body wt),

Table 1. Oligonucleotides used in the present study
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respectively. At 5 and 24 h posttreatment, fish were euthanized by
cervical section, blood was collected, and the liver was dissected out,
frozen in liquid N> and kept at —80°C until use. To prevent stress, fish
were anesthetized with MS-222 (1:12,500) before handling. The
University of Barcelona’s Animal Welfare Committee approved the
experimental procedures in compliance with local and EU legislation.

Enzyme activity assays and metabolite determinations. To obtain
liver crude extracts for determination of enzyme activities, powdered
frozen tissue was homogenized (1:5, wt/vol) in 50 mM Tris-HCI (pH
7.5), 4 mM, EDTA, 50 mM NaF, 0.5 mM phenylmethylsulfonyl
fluoride, 1 mM dithiothreitol, and 250 mM sucrose using a PTA-7
Polytron (Kinematica, 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. PFK1 was
assayed after the addition of 1 mM ATP to a 200-pl reaction mix
containing 100 mM Tris-HCI pH 8.25, 5 mM MgCl,, 50 mM KCl,
0.15 mM ammonium sulfate, 4 mM 2-mercaptoethanol, 0.15 mM
NADH, 10 mM fructose 6-phosphate, 30 mM glucose 6-phosphate,
0.675 U/ml aldolase, 5 U/ml triose phosphate isomerase, 2 U/ml
glycerol 3-phosphate dehydrogenase, and 4 pl of crude extract.
FBPasel was monitored in a final volume of 200 wl containing 85
mM imidazole-HCI1 pH 7.7, 5 mM MgCl,, 0.5 mM NADP, 12 mM
2-mercaptoethanol, 0.05 mM fructose 1,6-bisphosphate, 2.5 U/ml
phosphate glucose isomerase, 0.48 U/ml glucose 6-phosphate dehy-
drogenase, and 4 pl of extract. GDH was determined by monitoring
NADH oxidation in a 250-p] mixture containing 50 mM imidazole-
HCI (pH 7.4), 250 mM ammonium acetate, 5 mM o-ketoglutaric acid,
0.1 mM NADH, 1 mM ADP, and 4 pl crude extract. To assay IDH,
NADP™* reduction was assayed after the addition of 32 pM NADP*
and 3.9 mM MnSO; to a final volume of 200 wl containing 80 mM
triethanolamine buffer (pH 7.5), 42 mM NacCl, 3.7 mM isocitrate, and
4 pl crude extract. OGDH activity was determined after the addition
of 0.12 mM coenzyme A to a final volume of 200 pl containing 50
mM phosphate buffer (pH 7.4), 2 mM MgCl,, 0.6 mM thiamine
pyrophosphate, 2 mM NAD*, 10 mM a-ketoglutarate, 0.2 mM
EGTA, 0.4 mM ADP and 4 pl crude extract. ALT and AST were
assayed using commercial kits (Linear Chemicals, Montgat, Barce-
lona, Spain). All enzyme assays were performed at 30°C and moni-
tored at 340 nm in a Cobas Mira S analyzer (Hoffman-La Roche,
Basel, Switzerland). Enzyme activities were expressed per milligram
of soluble protein (specific activity). One unit of enzyme activity was

Primer Sequence (5" to 3") Gene, GenBank Accession No.
JYAO1F1 TGTGTCAGCTCTCAACTCGACC GK, AF169368
JYAO2R1 AGGATCTGCTCTACCATGTGGAT
JYAO3F1 TGCTGGGGACAAAACGAACTCTTCC PFK1, KF857580
JYAO04R1 AAACCCTCCGACTACAAGCAGAGCT
AE1305 CAGATGGTGAGCCGTGTGAGAAGGATG FBPasel, AF427867
AE1306 GCCGTACAGAGCGTAACCAGCTGCC
CG1543 GGTATTTCGGGGAGCTGCTGAG GDH, MF459045
CG1544 CGCATCAGGGACGAGGACA
AS1601 GGAGACTGTTTTGAGGTCGCC mTOR, MH594580
AS1602 ACCTCCATCACCGTGTGGCA
LS1703 ACCTCTTCTACCCCAACCAACAAC Lpinl, MH594582
LS1704 TCCACCACCTCGCCCAG
LS1705 GCATGGCTCGCGACGGC PGCI18, MH594581
LS1706 GTGTTTTCAGTGGGCCATGGCATTG
JS1406 CAGCAGCCCGAACACCTACA SREBP1, JQ277709
JS1407 TTGTGGTCAGCCCTTGGAGTTG
ASEF1Fw CCCGCCTCTGTTGCCTTCG EFla, AF184170
ASEF1Rv CAGCAGTGTGGTTCCGTTAGC
JDRT18S TTACGCCCATGTTGTCCTGAG 18s, AM490061
JDRT18AS AGGATTCTGCATGATGGTCACC
QBACTINF CTGGCATCACACCTTCTACAACGAG B-actin, X89920
QBACTINR GCGGGGGTGTTGAAGGTCTC
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defined as the amount of enzyme required to transform 1 pwmol of
substrate per minute, except for PFK1 activity, which was defined as
the amount of enzyme oxidizing 2 wmol of NADH per minute. The
Bradford method (5) using BSA as a standard was adapted for
automated determination of total protein in liver crude extracts, as
described previously (27). Serum glucose, triglycerides, and choles-
terol were measured with commercial kits (Linear Chemicals,
Montgat, Barcelona, Spain).

Quantitative real-time RT-PCR. One microgram of total RNA
isolated from the liver of S. aurata was reverse-transcribed to cDNA
using Moloney murine leukemia virus RT (Life Technologies, Carls-
bad, CA) for 1 h at 37°C and random hexamer primers. S. aurata GK,
PFK1, FBPasel, GDH, mTOR, SREBP1, PGC1p, and Lpinl mRNA
levels were determined in a Step One Plus Real Time PCR System
(Applied Biosystems, Foster City, CA) in a 20-p.1 mixture containing
0.4 pM of each primer (Table 1), 10 pl of SYBR Green (Applied
Biosystems), and 1.6 pl of diluted cDNA. The temperature cycle
protocol for amplification was 95°C for 10 min, followed by 40 cycles
with 95°C for 15 s and 62°C for 1 min. A dissociation curve was
applied after each experiment to confirm amplification of one product
only. Specificity of the amplification was assayed by amplicon se-
quencing at least once for each gene. Standard curves were generated
with serial dilutions of control cDNA to determine the efficiency of
PCR reaction for each gene. Amplicon size was checked by agarose
gel electrophoresis. The amount of mRNA for the gene of interest in
each sample was normalized with S. aurata ribosomal subunit 18s,
[B-actin, and elongation factor 1 a (EFla) as endogenous controls
using primer pairs JDRT18S/JIDRT18AS, QBACTINF/QBACTINR,
and AS-EF1Fw/AS-EF1Ry, respectively (Table 1). Variations in gene
expression were calculated by the standard AACy method (32).

Statistics. Analyses were performed with SPSS software version 24
(IBM, Armonk, NY). Data were submitted to two-way ANOVA with
time (5 h and 24 h) and treatment (saline, glucose, metformin, and
glucose + metformin) as independent variables. Student-Newman-
Keuls post hoc test was applied to determine differences among
treatments (P < 0.05).

RESULTS

At 5 and 24 h after intraperitoneal administration with
saline, glucose, metformin, and glucose plus metformin, serum
metabolites and the expression of key enzymes, transcriptional
coactivators, and transcription factors involved in the regula-
tion of intermediary metabolism were analyzed in the liver of
S. aurata. Data on serum glucose, triglycerides, and cholesterol
are presented in Fig. 1. Plasma glucose levels were signifi-
cantly affected by sampling time, treatment, and their interac-
tion (Fig. 1A). Five hours after the administration of the
glucose injection, plasma glucose levels increased from 3.3
mM in control animals (saline) to 49.0 mM. Thereafter, it
decreased to the control values at 24 h posttreatment. At 5 h
after the administration of metformin, glycemia reached 7.3
mM (2.2-fold over control values), while it promoted a slight
hypoglycemia (2.9 mM) 24 h following the treatment. In
combination with glucose, metformin prevented the increase in
blood glucose levels, mostly at 5 h after treatment and com-
pletely at 24 h postadministration (Fig. 1A4). No statistical
differences were observed in serum triglycerides and choles-
terol concerning the metformin effect. However, both triglyc-
erides and cholesterol exhibited a similar trend to slightly
increase as a result of glucose administration at 24 h after
treatment. Such effect was totally prevented by the adminis-
tration of metformin (Fig. 2, B and C).

The effect of sampling time and treatment on S. aurata liver
mRNA levels for rate-limiting enzymes in glycolysis-gluco-
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Fig. 1. Effect of glucose and metformin administration on serum metabolite
levels in Sparus aurata. Twenty-four hours after the last meal, four groups of
fish were intraperitoneally administered with saline (control), 2 g/kg body wt
glucose, 150 mg/kg body wt metformin, and 2 g/kg body wt glucose + 150
mg/kg body wt metformin, respectively. At 5 and 24 h posttreatment, blood
was collected and serum was recovered. Serum levels of glucose (A), triglyc-
erides (B), and cholesterol (C) are presented as means = SE (n = 6 fish).
Bottom: table shows statistical significance for independent variables (sam-
pling time and treatment) as follows: *P < 0.05; ***P < 0.001; NS, not
significant. *>*Homogeneous subsets for the treatment are shown with differ-
ent letters (P < 0.05).

AJP-Regul Integr Comp Physiol » doi:10.1152/ajpregu.00216.2018 « www.ajpregu.org
Downloaded from journals.physiology.org/journal/ajpregu (005.235.020.092) on November 28, 2021.



R268
A

METFORMIN IMPAIRS TRANSDEAMINATION IN SPARUS AURATA

w

»
23 BK O sh 5 4 oK O sh
= W 24h £ B 24n
< = 5.25 1
Z 2 2
4 =
£ 2 351
3 g
%Tlﬂﬁfl A ™ LW
E © m
20 . . . 0 : . .
Saline Glucose Metformin Gluc+Metf Saline  Glucose Metformin Gluc+Metf
Fig. 2. Effect of glucose and metformin
administration on the expression of key en- C D
zymes in glycolysis-gluconeogenesis in the
liver of S. aurata. Twenty-four hours after % 8 7 PFK1 . 507 PFK1
the last meal, four groups of fish were intra- ® E g4hh !ED E 24hh
peritoneally administered with saline (con- < 6 - 5 40 1
trol), 2 g/kg body wt glucose, 150 mg/kg 5 ; 30 4
body wt metformin, and 2 g/kg body wt £ 4 g
glucose + 150 mg/kg body wt metformin, b B 20 A
respectively. At 5 and 24 h posttreatment, N o, :
the liver was collected and RNA was iso- g E 10 1
lated. Hepatic mRNA levels and enzyme ° 0 . . I_'_- i o 0
activity of glucokinase (GK; A and B), = Saline  Glucose Metformin Gluc+Metf Saline  Glucose Metformin Gluc+Metf
6-phosphofructo-1-kinase (PFK1; C and D),
and fructose-1,6-bisphosphatase (FBPasel;
E and F) are presented as means = SE (n = E F
6 fish). Expression levels for each gene were » oy
normalized using ribosomal subunit 18s, ° 61 FBPase1 O s5h g’ 200 1 FBPase1 O 5h
B-actin, and elongation factor la (EFla) as K] B 24h S B 24h
housekeeping genes. Bottom: table shows é 4 = 150 1
statistical significance for independent vari- 4 S
ables (sampling time and treatment) as fol- S ‘g 100 1
lows: *P < 0.05; **P < 0.01; *¥**P < B 2 2
0.001; NS, not significant. *®Homogeneous % Q50 1
subsets for the treatment are shown with £ ,—'—- o
different letters (P < 0.05). S o0+ T r T @ 9 : . .
Saline Glucose Metformin Gluc+Metf Saline Glucose Metformin Gluc+Metf
Two-way ANOVA
Dependent Treatment
variable Interaction Time Treatment Saline Gluc  Metf Gluc+Metf
GK mRNA i NS b a b a a
GK activity = ARK HEx a b a a
PFK1 mRNA e * s b b a b
PFK1 activity * L e ab b a ab
FBPase1 mRNA bl i bl b b a b
FBPase1 activity NS NS NS - - - -

neogenesis is shown in Fig. 2. Five hours after treatment,
glucose injection significantly increased mRNA levels and
enzyme activity for genes involved in glycolysis (GK and
PFK1), GK being the most affected enzyme. The administra-
tion of metformin alone did not modulate GK expression,
while downregulated PFK1 mRNA levels at 5 and 24 h
posttreatment, as well as PFK1 activity at 24 h. When admin-
istrated with glucose, metformin totally prevented the effect of
glucose administration on GK and PFK1 expression (Fig. 2,
A-D). The mRNA levels of FBPasel decreased as a result of
metformin administration, while no significant effects were ob-
served by injecting metformin combined with glucose. At the
level of enzyme activity, no effects were found for FBPasel in
any of the treatments performed (Fig. 2, E and F).

For all treatments, we also analyzed the hepatic activity of
two rate-limiting enzymes of the TCA: IDH, and OGDH.
Glucose administration significantly increased twofold IDH
activity compared with that in control fish at 24 h posttreat-
ment. The opposite effects were observed after the administra-

tion of metformin alone, while metformin combined with
glucose prevented the glucose-induced rise of IDH activity
(Fig. 3A). In contrast to IDH, glucose and metformin did not
affect OGDH activity significantly in the liver of S. aurata
(Fig. 3B).

The effect of glucose and metformin in regard to key
enzyme activities in amino acid metabolism in the liver is
presented in Fig. 4. After the administered glucose injection,
ALT activity significantly decreased at 24 h compared with
control animals. Albeit not significant, a similar trend was
observed for AST activity. Metformin prevented the glu-
cose-dependent decrease in ALT activity 24 h posttreatment
(Fig. 4, A and B). The effect of sampling time and treatment
on mRNA levels and enzyme activity of GDH is shown in
Fig. 4, C and D, respectively. Glucose injection did not
affect GDH expression at any of the sampling times studied.
However, metformin significantly downregulated both GDH
mRNA levels (3.3-fold) and activity (2.9-fold) 5 h posttreat-
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Fig. 3. Effect of glucose and metformin administration on the activity of key
enzymes in the tricarboxylic acid cycle in the liver of S. aurata. Twenty-four
hours after the last meal, four groups of fish were intraperitoneally adminis-
tered with saline (control), 2 g/kg body wt glucose, 150 mg/kg body wt
metformin, and 2 g/kg body wt glucose + 150 mg/kg body wt metformin,
respectively. At 5 and 24 h posttreatment, the liver was collected. Enzyme
activity levels of isocitrate dehydrogenase (IDH; A) and a-ketoglutarate
dehydrogenase (OGDH; B) are presented as means = SE (n = 6 fish). Bottom:
table shows statistical significance for independent variables (sampling time
and treatment) as follows: *P < 0.05; **P < 0.01; NS, not significant.
2bHomogeneous subsets for the treatment are shown with different letters (P <
0.05).

ment. Twenty-four hours after the treatment, GDH expres-
sion was not affected by metformin.

Given that the multiproteic complex mTORCI1 is considered
a sensor of nutrient availability and energy status of the cell
(18), we analyzed the hepatic mRNA levels of mTOR, a
cytosolic serine/threonine kinase included in the mTORCI1
complex. A trend to decrease mTOR expression was observed
5 h after the administration of metformin. Glucose alone did
not affect mTOR expression and reversed the effect observed
with metformin (Fig. 5A). We also addressed the effect of
metformin on transcriptional coactivators and transcription
factors involved in the control of lipogenesis. Experimental
treatments significantly affected PGC1p3 and SREBP1 mRNA
levels. Five hours after glucose administration, SREBP1 ex-
pression increased 2.7-fold, whereas at 24 h posttreatment,
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glucose upregulated PGC1f and SREBP1 mRNA levels ap-
proximately twofold compared with control animals (saline),
an effect that was at least partially reversed when glucose was
administered in combination with metformin. At 5 h after the
administration of metformin alone, a tendency to increase
PGCI1p and SREBP1 mRNA levels was found (Fig. 5, B and
C). Sampling time also affected Lpinl expression. At 5 h
posttreatment, metformin upregulated Lpinl, whereas glucose
in combination with metformin reversed this effect. At 24 h
after the administration, the highest Lpin]l mRNA levels were
observed in the group of fish injected with glucose (Fig. 5D).

DISCUSSION

Herein, we addressed the effect of metformin on key meta-
bolic actors known to play important roles in the control of
postprandial glycemia in the liver of S. aurata. Five hours after
glucose administration, blood glucose levels markedly in-
creased, but total recovery occurred 24 h posttreatment. Con-
sistent with previous reports in S. aurata (9, 13, 27), our
findings showed that hyperglycemia led to increased glycolytic
rate by stimulating the expression of GK and PFKI1, while
hardly affecting the activity of the gluconeogenic enzyme,
FBPasel. In the present study, metformin counteracted the
activating effect of glucose on GK and PFK1 expression in
the liver of S. aurata. When metformin was administered in
the absence of glucose, it decreased both PFK1 and FBPasel
mRNA levels. However, only a significant decrease was
observed in PFK1 activity 24 h posttreatment, possibly due to
allosteric regulation of both PFK1 and FBPasel activity. Sim-
ilarly, the expression of GK, PFK1, G6Pase, FBPasel, and
phosphoenolpyruvate carboxykinase (PEPCK) decreased in
the liver of metformin-infused rainbow trout 6 h after intra-
peritoneal administration of glucose (35). However, in the
same species, no effect of dietary metformin supplied to fish
fed high-carbohydrate diets was observed on the activity of
glycolytic enzymes in the liver and white muscle, while it
paradoxically increased the expression of FBPasel and other
gluconeogenic enzymes (31). Differences in the experimental
design, as well as metformin dosage and administration, may
explain the results obtained in rainbow trout.

Considering rate-limiting enzymes of the TCA in the liver of
S. aurata, IDH activity, which catalyzes the oxidative decar-
boxylation of isocitrate to a-ketoglutarate, appeared to be more
responsive than OGDH to experimental treatments: glucose
stimulated IDH activity while metformin decreased the enzyme
activity. However, OGDH activity was not significantly af-
fected. Possibly, increased availability of fuel in the liver after
glucose administration and glucose-dependent enhancement of
glycolysis may be responsible for long-term enhancement of
IDH activity and, therefore, enable glucose oxidation in the
liver for ATP production. Similarly, as in §. aurata, metformin
inhibits oxidative reaction of IDH in human-derived cancer
cells (3, 17).

Given that a tendency to increase triglycerides and choles-
terol blood levels was observed 24 h after glucose administra-
tion, our findings support that hepatic lipogenesis seems an
efficient metabolic pathway for long-term transformation of
excess glucose to lipids in S. aurata. Consistent with this
hypothesis, glucose administration upregulated the expression
of SREBPI, a transcription factor that plays a major role in the
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transcriptional regulation of genes involved in fatty acid and
cholesterol synthesis (39), and, at long-term, Lpinl and the
transcriptional coactivator PGC1[3, which are also involved in
lipogenesis (10, 12). We previously showed that although S.
aurata is a carnivorous fish, it tolerates partial replacement of
dietary protein by carbohydrates through a mechanism that
involves modulation of glycolysis in the liver (8, 13, 25-27).
Conceivably, glucose-dependent effects on SREBP1, Lpinl,
and PGC1 mRNA levels, which lasted 24 h after the treat-
ment, may exert a major role in lipid synthesis from dietary
carbohydrates in the liver when treated long-term.

The administration of metformin prevented glucose-depen-
dent hyperglycemia and the effects on other serum metabolites,
the activity of key enzymes in glycolysis and TCA cycle, as
well as in the expression of SREBP1, Lpinl, and PGCI1p. In
the absence of a glucose load, a trend toward increasing
SREBP1 and PGC1p mRNA levels was found in the liver of S.
aurata 5 h after the administration of metformin. However, the
fact that S. aurata treated with metformin plus glucose pre-
sented lower SREBP1, Lpinl, and PGC1 mRNA levels than
glucose-treated fish, points to downregulation of hepatic lipo-
genesis as a result of metformin action to reduce blood glucose
levels in the hyperglycemic state. Metformin-dependent down-
regulation of SREBP1 expression and lipogenesis is consistent
with previous observations in mammals (19, 28, 41, 47), but
contrasts with results reported for rainbow trout, which indi-
cated that dietary metformin increases expression of lipogenic
enzymes in the liver when rainbow trout were fed high-
carbohydrate diets (31). Indeed, the administration of met-
formin together with insulin upregulated SREBP1 expression
in the liver of rainbow trout fed high-carbohydrate diets, while
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metformin alone did not affect SREBP1 mRNA levels (33).
Different metabolic responses to metformin in S. aurata and
rainbow trout may result from the fact that although both
species are carnivores, they belong to phylogenetically distant
orders (Spariformes and Salmoniformes, respectively).
Remarkably, at 5 h posttreatment, metformin administration
in the absence of a glucose load downregulated GDH, which
plays a major role in amino acid catabolism by catalyzing
reversible oxidative deamination of rL-glutamate into o-keto-
glutarate, and ALT activity. Carnivorous fish exhibit preferen-
tial use of amino acids as gluconeogenic substrates and fuel (1,
43). Indeed, optimal growth of fish requires high levels of
dietary protein, and amino acids are the most potent insulin
secretagogues in fish (34). Therefore, transdeamination, which
involves transferring of amino groups from amino acids to
a-ketoglutarate to produce glutamate and subsequent gluta-
mate deamination by GDH, is very important in the fish liver
for entering the carbon skeleton of amino acids into the TCA
cycle to obtain energy and for biosynthetic purposes (7, 14, 20,
22, 38). The fact that metformin markedly decreased GDH
expression, and to a lesser extent ALT activity, suggests
reduced amino acid deamination and transamination capacity
in the liver of S. aurata, and, therefore, limited use of amino
acids for gluconeogenic purposes, which, in turn, may be
essential for the long-term hypoglycemic effect of metformin
in the liver of S. aurata. In contrast to ALT, AST activity
remained unaffected by metformin. Indeed, although ALT and
AST are quantitatively the most important aminotransferases in
the fish liver, previous studies indicated greater sensibility of
ALT to changes in the nutritional status than AST in the
liver of S. aurata (2, 13, 27). In addition to GDH and ALT,
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formin administration on the mRNA levels of
signaling proteins involved in the control of
intermediary metabolism in the liver of S.
aurata. Twenty-four hours after the last meal,
four groups of fish were intraperitoneally
administered with saline (control), 2 g/kg
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and 24 h after treatment, the liver was col-
lected and RNA isolated. The mRNA levels
of mammalian target of rapamycin (mTOR;
A), PGCI1B (B), sterol regulatory element-
binding protein (SREBP1; C), and Lpinl (D)
are presented as means = SE (n 6 fish).
Expression levels for each gene were normal-
ized using ribosomal subunit 18s, (-actin,
and elongation factor la (EFla) as house-
keeping genes. Bottom: table shows statisti-
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cal significance for independent variables

Saline Glucose Metformin Gluc+Metf Saline Glucose Metformin Gluc+Metf _ :
(sampling time and treatment) as follows:
*P < 0.05; **P < 0.01; ***P < 0.001; NS,
Two-way ANOVA not significant. **Homogeneous subsets for
Dependent Treatment the treatment are shown with different letters
variable Interaction Time Treatment Saline Gluc Metf Gluc+Metf (P < 0.05).
mTOR mRNA NS NS NS - - - -
PGC1p mRNA * b * ab b a a
SREBP1 mRNA NS NS > a b a ab
Lpin1 mRNA NS ** NS - - - -

metformin downregulated mTOR expression at 5 h post-
treatment in the liver of S. aurata. Consistently, metformin
supplementation suppresses upregulation of hepatic mTOR
mRNA levels when feeding the herbivorous cyprinid Mega-
lobrama amblycephala with high-carbohydrate diets (45).
The mTOR pathway is considered a major signaling pathway in
fish and, as in mammals, is sensitive to the dietary protein to
carbohydrate ratio (4). As in fish, metformin inhibits mTORC1
signaling in humans (24). Bearing in mind that mTOR is part of
the amino acid sensor in the mTORC1 complex, knockdown of
GDH1 inhibits mTORC1 activity, and leucine requires GDH1 for
promoting mTORC1 activity in human cells (21), our results
suggest that metformin may inhibit mTORC] signaling by de-
creasing GDH expression in the liver of S. aurata. Conceivably,
metformin-dependent reduced transdeamination activity in the
liver of S. aurata would decrease availability of amino acid
carbon skeletons as fuel and determine the low levels of PFK1
and IDH activity observed 24 h after metformin administration
in the absence of a glucose load. In this regard, it was proposed
that inhibition of mTORCI1 improves glucose tolerance by
inhibiting hepatic gluconeogenesis in rainbow trout (11).

Perspectives and Significance

The present study addressed for the first time the effect of
acute metformin treatment on the intermediary metabolism of
S. aurata. Our findings suggest that hyperglycemia enhances
lipogenesis in the liver and that metformin may improve
glucose homeostasis by counteracting the activating effects of
glucose on the activity of rate-limiting enzymes in glycolysis
and TCA, as well as the expression of lipogenic factors. In
addition, the present study provides evidence that metformin

may reduce the gluconeogenic rate by decreasing hepatic
transdeamination and the entrance of amino acids into the TCA
cycle in fish. Further studies are needed to better understand
the link between metformin action, GDH expression, and the
use of amino acids as gluconeogenic substrates in carnivorous
fish.
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Abstract: The administration of a single dose of chitosan nanoparticles driving the expression of sterol
regulatory element-binding protein 1a (SREBP1a) was recently associated with the enhanced conver-
sion of carbohydrates into lipids. To address the effects of the long-lasting expression of SREBP1a
on the growth and liver intermediary metabolism of carnivorous fish, chitosan-tripolyphosphate
(TPP) nanoparticles complexed with a plasmid expressing the N terminal active domain of ham-
ster SREBP1a (pSG5-SREBP1a) were injected intraperitoneally every 4 weeks (three doses in total)
to gilthead sea bream (Sparus aurata) fed high-protein-low-carbohydrate and low-protein-high-
carbohydrate diets. Following 70 days of treatment, chitosan-TPP-pSG5-SREBP1a nanoparticles
led to the sustained upregulation of SREBP1a in the liver of S. qurata. Independently of the diet,
SREBP1a overexpression significantly increased their weight gain, specific growth rate, and protein
efficiency ratio but decreased their feed conversion ratio. In agreement with an improved conver-
sion of dietary carbohydrates into lipids, SREBP1a expression increased serum triglycerides and
cholesterol as well as hepatic glucose oxidation via glycolysis and the pentose phosphate pathway,
while not affecting gluconeogenesis and transamination. Our findings support that the periodical
administration of chitosan-TPP-DNA nanoparticles to overexpress SREBP1a in the liver enhanced
the growth performance of S. aurata through a mechanism that enabled protein sparing by enhancing
dietary carbohydrate metabolisation.

Keywords: chitosan; SREBP1; gene delivery; liver; growth; Sparus aurata

1. Introduction

Chitosan is a linear cationic polymer of 3 (1-4)-linked 2-amino-2-deoxy-D-glucose
interspersed by residual 2-acetamido-2-deoxy-3-D-glucose, produced by the deacetyla-
tion of chitin under alkaline conditions [1-3]. The interaction between positively charged
chitosan and negatively charged nucleic acids results in the spontaneous formation of
polyplexes. This ability together with bioadhsesion, low immunogenicity, biodegradability,
and biocompatibility, prompted recent exploration into the use of chitosan as a vector
for nucleic acid delivery in fish biotechnology, as non-viral vectors enabling fish vacci-
nation, the control of gonadal development, and the gene therapy-based modulation of
fish metabolism [4]. We previously showed that a single intraperitoneal administration of
chitosan-tripolyphosphate (TPP) nanoparticles complexed with plasmids to induce gene
silencing or the transient expression of exogenous proteins is an efficient method to produce
an acute modification of intermediary metabolism in the liver of gilthead sea bream (Sparus
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aurata). Thus, chitosan-TPP nanoparticles complexed with a plasmid encoding a short
hairpin RNA (shRNA) designed to silence the expression of cytosolic alanine aminotrans-
ferase (cALT) significantly downregulated liver transamination but increased the hepatic
activity of key enzymes in glycolysis [5]. The same methodology was used to demonstrate
that the shRNA-mediated knockdown of glutamate dehydrogenase (gdh) reduced hepatic
transdeamination and gluconeogenesis from amino acids but increased the metabolic use of
dietary carbohydrates in the liver through the stimulation of the 6-phosphofructo-1-kinase
(PFKL)/fructose-1,6-bisphosphatase (FBP1) enzyme activity ratio [6].

More recently, chitosan-TPP nanoparticles complexed with a plasmid expressing the
N-terminus of hamster sterol regulatory element-binding protein 1a (SREBP1a) induced
a multigenic action in the liver of S. aurata 72 h post-treatment, leading to the enhanced
conversion of dietary carbohydrates into lipids and increased the blood levels of triglyc-
erides and cholesterol through a mechanism involving the upregulation of the hepatic
expression of genes encoding key enzymes in fatty acid and cholesterol biosynthesis,
NADPH formation (glucose-6-phosphate dehydrogenase, g6pd), and glycolysis (glucoki-
nase, gck; 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, pfkfb1), while decreasing
the activity of the gluconeogenic enzyme FBP1 [7].

SREBP1a belongs to the SREBP family of transcription factors. SREBPs are synthesised
as inactive precursors anchored to the endoplasmic reticulum membrane. The C-terminus
of SREBP precursors associates with the SREBP-cleavage activating protein (Scap), a sterol
sensor, and the insulin-induced gene (Insig) protein [8,9]. Decreased cellular levels of
sterol drive the SREBP/Scap complex to the Golgi apparatus, where the N-terminus of
SREBP:s is released after a two-step cleavage by site-1 and site-2 proteases. The N-termini
of SREBPs are active basic-helix-loop-helix leucine zipper transcription factors that, after
dimerisation, translocate to the nucleus and activate transcription by binding to sterol
regulatory elements (SREs) in the promoter of target genes. Alternate promoters in the
srebfl gene generate SREBP1a and SREBP1c [10-13]. The presence of a long N-terminal
transactivation domain confers strong transcriptional activity to SREBP1a, which is a potent
activator of all SREBP-responsive genes [14-16].

Given that S. aurata and carnivorous fish in general have low abilities to metabolise
dietary carbohydrates and exhibit prolonged hyperglycaemia after a glucose load or being
fed high carbohydrate diets [17,18], and the fact that a single dose of chitosan nanoparticles
complexed with a plasmid encoding the N terminus of hamster SREBP1a stimulated a
short-term metabolic change in the liver of S. aurata that enabled carbohydrate conver-
sion into lipids [7], the aim of the present study was to study the effects of long-lasting,
sustained expression of transcriptionally active SREBP1a on growth and liver intermedi-
ary metabolism in S. aurata. To this end, chitosan-TPP nanoparticles complexed with a
plasmid expressing the N terminal active domain of hamster SREBP1a were periodically
administered to S. aurata fed diets differing in macronutrient composition.

2. Results
2.1. Effect of Periodical Administration of Chitosan-TPP-SREBP1a on SREBP1a mRNA Levels in
the Liver of S. aurata

To address the effect of hepatic SREBP1a overexpression on growth and liver interme-
diary metabolism in S. aurata, chitosan-TPP nanoparticles complexed with empty pSG5
(control) and pSG5-SREBP1a were prepared by ionic gelation, as previously reported [7].
The characterisation of naked chitosan-TPP and chitosan-TPP complexed with plasmids
(pSG5 and pSG5-SREBP1a) by dynamic light scattering showed no differences in particle
mean diameter size. However, laser Doppler electrophoresis allowed us to show that
the incorporation of pSG5 and pSG5-SREBP1a into chitosan-TPP significantly reduced
the positivity of the Z potential to 54-58% of the values observed in naked chitosan-TPP
(Figure 1).
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Figure 1. Diameter size and Z potential of chitosan-TPP-DNA. Particle size and Z potential values of
chitosan-TPP nanoparticles complexed with pSG5 and pSG5-SREBP1a were determined by dynamic
light scattering and laser Doppler electrophoresis. The values are expressed as mean + SEM (n = 3).
Different letters indicate significant differences between conditions (p < 0.05).

To assess the effect of the long-term, sustained expression of SREBP1a, intraperitoneal
injections of chitosan-TPP nanoparticles complexed with pSG5 or pSG5-SREBP1a were
periodically administered every 4 weeks to S. aurata. The fish received a total of three doses
of the nanoparticles (each consisting of 10 ug of the corresponding plasmid per g of body
weight, BW). Sampling proceeded 14 days after the last injection, which corresponded to a
total treatment period of 70 days. The dosage schedule was based on the persistent hepatic
expression of exogenous enzyme activity after the chitosan-based delivery of plasmid
DNA in S. aurata [19]. The effect of periodical administration of nanoparticles was studied
in fish fed two diets differing in macronutrient composition: Diet 1 (high-protein—-low-
carbohydrate commercial diet) and Diet 2 (low-protein-high-carbohydrate diet).

Reverse transcription coupled with quantitative PCR (RT-qPCR) revealed a huge
expression level of SREBP1a in the liver of treated fish irrespective of diet. In the liver
of S. aurata subjected to the periodical administration of chitosan-TPP-pSG5-SREBP1a
nanoparticles, the mRNA levels of SREBP1a reached 239-fold (Diet 1) and 136-fold (Diet 2)
significantly higher values than in control fish (Figure 2).
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Figure 2. Effect of periodical administration of chitosan-TPP-DNA nanoparticles on SREBP1la mRNA
levels in the liver of S. aurata. Three doses of chitosan-TPP nanoparticles complexed with pSG5 and
pSG5-SREBP1a were periodically administered every 4 weeks by intraperitoneal injection to S. aurata
fed Diets 1 and 2. After 70 days of treatment and 14 days following the last injection, liver samples
were obtained and subjected to RNA isolation and subsequent RT-qPCR assays. The mRNA levels of
SREBP1a were normalised with the geometrical mean of S. aurata -actin (actb), elongation factor
1 alpha (eefla) and ribosomal subunit 185 (18s). The values are expressed as mean + SEM (n = 5).
Statistical significance for independent variables (diet and treatment with SREBP1a nanoparticles)
are indicated as follows: *** p < 0.001; NS, not significant.
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2.2. Effect of SREBP1a Expression on Growth and Whole-Body Composition in S. aurata

Consistent with previous results, the supply of a low-protein-high-carbohydrate diet
(Diet 2) significantly decreased final BW (to 86.7% of the levels found in fish fed Diet 1),
weight gain (to 83.4%), and specific growth rate (SGR) (to 92.7%). In addition, higher lipid
retention (LR) (2.47-fold) and protein efficiency ratio (PER) (1.14-fold) values were found in
fish fed Diet 2. Independently of the diet supplied, long-term treatment with periodical
administration of chitosan-TPP-pSG5-SREBP1a nanoparticles significantly increased weight
gain (13.8% for fish fed Diet 1 and 9.2% for fish fed Diet 2), SGR (14.6% for fish fed Diet
1 and 3.6% for fish fed Diet 2), and PER (7.9% for fish fed Diet 1 and 20.6% for fish fed
Diet 2) but decreased feed conversion ratio (FCR) (to 6.4% and 14.7% of control values
in fish fed Diet 1 and Diet 2, respectively). Neither diet nor nanoparticle administration
caused significant effects on hepatosomatic index (HSI), protein retention (PR), moisture,
ash, protein, and lipid body composition (Table 1).

Table 1. Growth performance, nutrient retention, and whole-body composition of S. aurata fed
diets differing in macronutrient composition and after periodical intraperitoneal administration of
chitosan-TPP complexed with empty vector (pSG5, control) and pSG5-SREBP1a.

Diet 1 Diet 2 2-Way ANOVA

Control SREBP1a Control SREBP1a Treatment Diet Interaction
Initial BW (g) 9.97 + 0.69 10.6 £ 0.8 9.41 +£0.74 9.34 + 0.80 NS NS NS
Final BW (g) 34.6 +1.0 38.7+ 1.8 30015 31.8+34 NS ¥ NS
Weight gain (g) 247 +£ 0.5 28.1+0.9 20.6 =09 25427 % X NS
SGR (%) 1.78 £ 0.05 2.044+0.04 1.65 + 0.06 1.71 £ 0.06 * ** NS
FCR 1.40 4 0.03 1.31 +£0.04 1.57 £ 0.08 1.34 +£0.12 * NS NS
HSI (%) 1.55 +£0.12 1.36 + 0.05 148 +£0.14 1.79 £0.10 NS NS NS
PR (%) 250+ 3.2 19.6 £ 0.8 28.6 2.7 255420 NS NS NS
LR (%) 24.6 £5.6 204 +3.4 60.8 +£13.6 46.6 + 4.1 NS ek NS
PER 1.40 4+ 0.03 1.51 +0.05 1.60 + 0.07 1.93 £0.20 & xeb NS
Moisture (%) 71.3 £0.7 69.0 £2.5 71.2 £ 0.7 719 £ 0.3 NS NS NS
Ash (%) 13.7 £ 09 13.6 0.3 139+ 0.2 145+ 05 NS NS NS
Protein (%) 622+22 594 4+29 61.1+17 615+1.1 NS NS NS
Lipid (%) 273+14 276 +1.1 28.8+1.8 2724+ 0.6 NS NS NS

Data are expressed as mean = SEM (n = 3). The effect of periodical administration of chitosan-TPP complexed
with pSG5 or pSG5-SREBP1a (Treatment) and diet composition (Diet) was subjected to 2-way ANOVA. Statistical
significance for independent variables (treatment and diet) and the interaction between independent variables are
expressed as follows: * p < 0.05; ** p < 0.01; *** p < 0.001; NS: not significant.

2.3. Effect of SREBP1a Expression on Serum Metabolites in S. aurata

Serum glucose, triglycerides, and cholesterol were determined in 70-day treated
S. aurata (Figure 3). Blood glucose levels remained unchanged irrespective of the treatments
assayed (diet and nanoparticle administration). In contrast, the nanoparticle-mediated ex-
pression of SREBP1a in the liver of S. aurata significantly increased blood triglycerides and
cholesterol independently of the diet supplied. Chitosan-TPP-pSG5-SREBP1a administra-
tion increased the amount of triglycerides and cholesterol by 1.8- and 1.2-fold, respectively,
in fish fed Diet 1 and by 2.3- and 1.2-fold in fish fed Diet 2. In addition, total cholesterol
was affected by diet, leading to 1.2-fold higher values in fish fed Diet 1.
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Figure 3. Effect of periodical administration of chitosan-TPP-DNA nanoparticles on serum glucose,
triglycerides, and cholesterol in S. aurata. Three doses of chitosan-TPP nanoparticles complexed
with pSG5 and pSG5-SREBP1a were periodically administered every 4 weeks by intraperitoneal
injection to S. aurata fed Diets 1 and 2. After 70 days of treatment and 14 days following the last
injection, blood was collected. Serum levels of glucose, triglycerides, and cholesterol are expressed
as mean + SEM (n = 4-7). Statistical significance for independent variables (diet and treatment with
SREBP1a nanoparticles) and the interaction between independent variables are indicated as follows:
*p <0.05; ** p < 0.01; NS, not significant.

2.4. Effect of SREBP1a Expression on the Intermediary Metabolism of S. aurata

The effect of the sustained expression of SREBP1a on the liver intermediary metabolism
of S. aurata was addressed by analysing the gene expression and activity levels of key en-
zymes in liver glycolysis, gluconeogenesis, the pentose phosphate pathway, and amino
acid metabolism. Concerning glycolysis, in addition to the gene expression of rate-
limiting enzymes that control glycolytic substrate cycles, gck, pfkl, and pyruvate kinase (pkl)
(Figure 4a—), the activity of these enzymes was also determined given the well-known
importance of their allosteric regulation. Since pfkfb1 encodes a bifunctional enzyme that
catalyses the synthesis and degradation of fru-2,6-P», which in turn is a major regulator of
glycolysis—gluconeogenesis [20], the mRNA levels of pfkfb1 were also measured (Figure 4d).
Dietary macronutrient composition strongly affected the gene expression and activity of
glycolytic enzymes. The consumption of Diet 2 (low-protein-high-carbohydrate) signif-
icantly upregulated the expression of gck (94-fold), pfkfb1 (2.6-fold), pfkl (1.8-fold), and
pkl (2.5-fold), as well as the enzyme activity of GCK (2.0-fold), PFKL (1.3-fold), and PKL
(1.6-fold). Treatment with chitosan-TPP-pSG5-SREBP1a significantly increased the mRNA
levels of gck (1.9-fold for Diet 2) and pfkfb1 (Diet 1: 1.6-fold, Diet 2: 1.3-fold) in the liver of S.
aurata. Consistent with the rise in mRNA abundance, SREBP1a expression also produced
a significant increase in GCK activity (Diet 1: 1.5-fold, Diet 2: 1.2-fold). In contrast to gck
and pfkfb1, the mRNA levels of pfkl and pkl were not significantly affected by chitosan-TPP-
pSG5-SREBP1a nanoparticles. However, the hepatic expression of SREBP1a significantly
increased the activity of PFKL and PKL in fish fed Diet 1 and Diet 2 by 1.3-fold.
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Figure 4. Effect of periodical administration of chitosan-TPP-DNA nanoparticles on key enzymes of
liver glycolysis. Three doses of chitosan-TPP nanoparticles complexed with pSG5 and pSG5-SREBP1a
were periodically administered every 4 weeks by intraperitoneal injection to S. aurata fed Diets 1 and
2. After 70 days of treatment and 14 days following the last injection, liver samples were obtained and
subjected to RNA and crude extract isolation for subsequent RT-qPCR and enzyme activity assays.
Hepatic expression of of gck (a), pfkl (b), pkl (c), and pfkfb1 (d). The mRNA levels were normalised with
the geometrical mean of S. aurata actb, eefla, and 18s. The mRNA and activity values are expressed
as mean £ SEM (n = 5-6). (e) Statistical significance for independent variables (diet and treatment
with SREBP1a nanoparticles) and the interaction between independent variables are indicated as
follows: * p < 0.05; ** p < 0.01; *** p < 0.001; NS, not significant. For independent variables presenting
significant interaction, different letters (a, b, c) indicate homogeneous subsets (p < 0.05).

The effect of periodical administration of chitosan-TPP-DNA on the expression of the
gck, pfkl, and pkl counterparts in gluconeogenesis (gbpcl, fopl, and pckl) was also studied.
While diet composition only affected the mRNA levels of fbp1 (1.2-fold increase in fish fed
Diet 1), the chitosan-mediated expression of SREBP1a did not affect the mRNA levels of
g6pcl, fbpl, and pckl nor FBP1 activity (Figure 5a—c). Since the fru-6-P/fru-1,6-P; substrate
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cycle exerts a pivotal role in the control of the flux through glycolysis—gluconeogenesis,
the PFKL/FBP1 activity ratio was also measured (Figure 5d). Both diet composition and
SREBP1a expression significantly affected the PFKL/FBP1 activity ratio in the liver of
S. aurata. Feeding with Diet 2 increased the PFKL/FBP1 activity ratio by 1.7-fold. Irrespec-
tive of the diet supplied, treatment with chitosan-TPP-pSG5-SREBP1a also stimulated the
PFKL/FBP1 activity ratio (Diet 1: 1.5-fold; Diet 2: 1.7-fold).
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Figure 5. Effect of periodical administration of chitosan-TPP-DNA nanoparticles on key enzymes
of liver gluconeogenesis and PFKL/FBP1 activity ratio. Three doses of chitosan-TPP nanoparticles
complexed with pSG5 and pSG5-SREBP1a were periodically administered every 4 weeks by intraperi-
toneal injection to S. aurata fed Diets 1 and 2. After 70 days of treatment and 14 days following
the last injection, liver samples were obtained and subjected to RNA and crude extract isolation
for subsequent RT-qPCR and enzyme activity assays. Hepatic expression of g6pc1 (a), fop1 (b), and
pckl (c). The mRNA levels were normalised with the geometrical mean of S. aurata actb, eefla, and
18s. (d) PFKL/FBP1 enzyme activity ratio. The values are expressed as mean & SEM (n = 5-6).
(e) Statistical significance for independent variables (diet and treatment with SREBP1a nanoparticles)
and the interaction between independent variables are indicated as follows: * p < 0.05; ** p < 0.01; NS,
not significant.
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In addition to glycolysis and gluconeogenesis, we also explored the effect of sustained
SREBP1a expression on key hepatic enzymes in the pentose phosphate pathway and
transamination. Diet composition and SREBP1a expression significantly affected the mRNA
levels and enzyme activity of G6PD, a rate-limiting enzyme of the oxidative phase of the
pentose phosphate pathway. Feeding with Diet 2 increased g6pd mRNA (3.1-fold) and G6PD
activity (1.9-fold), while the administration of chitosan-TPP-pSG5-SREBP1a nanoparticles
significantly stimulated g6pd at mRNA (Diet 2: 1.9-fold) and activity (Diet 1: 1.6-fold;
Diet 2: 1.2-fold) levels (Figure 6a). Diet 1 significantly increased the enzyme activity of
two major liver transaminases: ALT (2.3-fold) and aspartate aminotransferase (AST) (2.0-
fold). However, nanoparticle administration had no effects on the hepatic activity of ALT

and AST (Figure 6b).
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Figure 6. Effect of periodical administration of chitosan-TPP-DNA nanoparticles on key enzymes
of liver pentose phosphate pathway and transaminases. Three doses of chitosan-TPP nanoparticles
complexed with pSG5 and pSG5-SREBP1a were periodically administered every 4 weeks by intraperi-
toneal injection to S. aurata fed Diets 1 and 2. After 70 days of treatment and 14 days following
the last injection, liver samples were obtained and subjected to RNA and crude extract isolation
for subsequent RT-qPCR and enzyme activity assays. (a) Hepatic expression of gé6pd. The mRNA
levels were normalised with the geometrical mean of S. aurata actb, eefla, and 18s. (b) Liver enzyme
activity of ALT and AST. The mRNA and activity values are expressed as mean & SEM (n = 5-6).
(c) Statistical significance for independent variables (diet and treatment with SREBP1a nanoparticles)
and the interaction between independent variables are indicated as follows: * p < 0.05; ** p < 0.01;
*** 1 <0.001; NS, not significant. For independent variables presenting significant interaction, different
letters (a, b, c) indicate homogeneous subsets (p < 0.05).

3. Discussion

The formulation of sustainable aquafeeds through the partial substitution of fishmeal
by microalgae and a combination of plant- and animal-derived protein, such as soybean
and poultry by-product meals, is the subject of intense research [21-25]. However, the
substitution of fishmeal and dietary protein with cheaper nutrients with less environmental
impact is a challenging issue due to the metabolic features of fish, particularly carnivo-
rous fish, such as S. aurata. Carnivorous fish preferentially use amino acids as fuel and
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gluconeogenic substrates and therefore require high levels of dietary protein for optimal
growth. Instead, carbohydrates are metabolised less efficiently than in mammals and
give rise to prolonged hyperglycemia [17,18,26,27]. Nevertheless, and similarly to that
previously reported [28,29], the supply of a low-protein-high-carbohydrate diet (Diet 2)
induced, in the present study, metabolic adaptation in the liver of S. aurata, leading to the
increased gene expression and activity of rate-limiting enzymes in glycolysis (GCK, PFKL,
and PKL) and the oxidative phase of the pentose phosphate pathway (G6PD) but decreased
the expression of the gluconeogenic gene fbp1.

We previously reported that the single intraperitoneal administration of chitosan-
TPP nanoparticles complexed with a plasmid encoding the N-terminal active domain of
hamster SREBP1a significantly upregulated SREBP1la mRNA and protein levels in the
liver of S. aurata at 72 h post-treatment, which in turn led to increased blood triglycerides
and cholesterol as a result of the enhanced hepatic upregulation of genes encoding key
enzymes in 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 NADPH production (g6pd) and cholesterol synthesis (3-hydroxy-3-
methylglutaryl-coenzyme A reductase). In addition to the increased expression of genes
involved in lipid biosynthesis, SREBP1a also favoured the glycolytic pathway by increasing
the expressions of gck and pfkfb1, and the PFKL/FBP1 enzyme activity ratio [7]. These
results led us to conclude that SREBP1a overexpression in the liver of S. aurata enabled
dietary carbohydrate conversion into fatty acids and cholesterol.

With the aim of exploring the long-term effect of sustained expression of SREBPla
on fish growth performance and the hepatic intermediary metabolism, particularly on
glycolysis—gluconeogenesis, in the present study, we periodically administered three doses
of chitosan-TPP complexed with a plasmid driving the expression of the N-terminus of
hamster SREBP1a (or empty plasmid as a control) to S. aurata fed two diets differing in
macronutrient composition. After 70 days of treatment, a huge amount of SREBP1a mRNA
levels were observed in the liver of fish administered with chitosan-TPP-pSG5-SREBP1a
independently of the diet supplied. In agreement with previously reported persistence
and stability of exogenous enzyme expression in the liver of S. aurata after oral delivery
of chitosan-plasmid DNA polyplexes [19,30], the hepatic expression of hamster SREBP1la
achieved herein after three periodical doses of nanoparticles greatly exceeded (one order of
magnitude) the levels previously reported after single-dose administration [7]. Therefore,
the periodical administration of chitosan-TPP-DNA nanoparticles behaved as a highly
efficient nucleic acid vector to achieve long-lasting expression of an exogenous protein,
following cellular uptake by endocytosis, intracellular endosomal scape of polyplexes,
plasmid unpacking from chitosan, and translocation to the nucleus in fish hepatocytes.

The long-lasting expression of SREBP1a in the liver of S. aurata exerted a major
impact on the hepatic intermediary metabolism, leading to increased circulating levels of
triglycerides and cholesterol. Similarly to that for SREBP1a mRNA levels, the periodical
administration of SREBP1a nanoparticles produced a greater effect on blood triglycerides,
about 2-fold increase, than a single administration, which was reported to induce a 1.3-fold
increase [7]. However, the sustained expression of SREBP1a did not increase the effect of a
single nanoparticle dose on blood cholesterol. The rise in circulating lipids could be a direct
result from the well-known transactivating effect of SREBP1 on the expression of genes
involved in the biosynthesis of fatty acid and cholesterol, as it was previously demonstrated
in mammals [10,13,31,32] and particularly in the liver of S. aurata administered with a single
dose of chitosan-TPP-pSG5-SREBP1a [7].

In addition to the effect of SREBP1a on lipid metabolism, we previously showed
that SREBP1a transactivates gck and pfkfb1 by binding to SRE boxes in both gene promot-
ers [33,34], while chitosan-TPP-pSG5-SREBP1a nanoparticles upregulate gck and pfkfb1
mRNA levels and the PFKL/FBP1 enzyme activity ratio in the liver of S. aurata 72 h after
nanoparticle administration [7]. The results of the present study confirm the activating
effect of SREBP1a on hepatic glycolysis in S. aurata. The sustained expression of SREBPla

99



Mar. Drugs 2023, 21, 562

10 of 16

stimulated the transcriptional activation of gck expression, which in turn increased the
intracellular content of glu-6-P and the subsequent oxidation of glu-6-P via glycolysis and
the pentose phosphate pathway [35].

Further activation of the glycolytic pathway would result from SREBP1a-dependent
enhanced pfkfb1 mRNA levels. The pfkfb1 gene encodes a bifunctional enzyme that catalyses
the synthesis and degradation of fru-2,6-P,, which exerts a pivotal role in both glycolysis
and gluconeogenesis through the allosteric activation of PFKL and the inhibition of FBP1,
the enzymes that control the flux through the fru-6-P/fru-1,6-P, substrate cycle [20,36,37].
Hence, the upregulation of pfkfb1 expression and fru-2,6-P; levels in the liver of S. aurata
is associated with nutritional and physiological conditions favouring glycolysis, such as
starved-to-fed transition, the supply of low-protein-high-carbohydrate diets, or treatment
with glucose and insulin [28,33,38]. In the present study, the transcriptional activity of other
key enzymes in glycolysis such as pfkl and pkl was not significantly affected by SREBP1a
treatment. However, increased fru-2,6-P; levels could be responsible for the allosteric
activation of PFKL and the increase in PFKL /FBP1 activity ratio that were observed under
conditions with sustained SREBP1a expression. The subsequent increase in fru-1,6-P,
production, which is a known allosteric activator of PKL, suggests that SREBP1a could
indirectly activate PKL activity.

Similarly to that in S. aurata, SREBP1 isoforms have been also involved in the transcrip-
tional activity of genes associated with glucose metabolism, favouring flux through the
glycolytic pathway in the liver. For instance, SREBP1c upregulates the insulin-dependent
transcription of hexokinase II and gck in mammals [39-42], and SREBP family members are
required for the elevation of glycolysis in NK cells [43]. Furthermore, SREBP-1c silencing
augmented the glucose production of HepG2 cells by upregulating the expression of pckl
and gbpcl [44]. Similarly, SREBP-1 knockdown increased pckl expression and decreased
glycogen deposition in the liver of fed mice [45], while SREBP1a transgenesis reduced
gluconeogenesis in mouse liver due to the suppression of pckl and g6pcl transcription
mediated by hepatocyte nuclear factor-4« [46].

The fact that the periodical administration of SREBP1a nanoparticles did not signif-
icantly affect the expression of genes encoding rate-limiting enzymes that participate in
the control of key substrate cycles (g6pcl, fbpl, and pckl) nor did FBP1 activity support
that, in contrast to glycolysis, sustained SREBP1a expression did not modulate hepatic
gluconeogenesis in S. aurata. In regard to other important enzymes for hepatic intermediary
metabolism, the present study also confirms the SREBP1a-dependent upregulation of g6pd
expression and enzyme activity. The increased availability of glu-6-P and G6PD activity
suggests an enhanced production of NADPH in the hepatocytes. Considered altogether,
although S. aurata is a carnivorous fish with a low ability to metabolise carbohydrates,
sustained SREBP1a expression in the liver seemed to trigger a long-term complex effect that
favoured glucose oxidation via glycolysis and the oxidative phase of the pentose phosphate
pathway to provide pyruvate, as a carbon backbone; NADPH; and ATP for hepatic lipid
biosynthesis and the consequent rise in blood triglycerides and cholesterol.

Consistent with previous studies, S. aurata fed a low-protein-high-carbohydrate diet
(Diet 2) exhibited poor growth performance [29,47]. Interestingly, in the present study, the
sustained expression of SREBP1a in the liver improved the growth performance in S. aurata
irrespective of the dietary macronutrient composition. The periodical administration of
SREBP1a nanoparticles increased weight gain and SGR. Furthermore, it reduced FCR,
which also indicates higher efficiency in converting feed into fish weight gain [48]. Indeed,
the weight gain, SGR, and FCR values in fish treated with chitosan-TPP-pSG5-SREBP1a fed
a low-protein-high-carbohydrate diet (Diet 2), were similar to those observed in the control
fish (not treated with SREBP1a) fed a high-protein-low-carbohydrate diet (Diet 1). In other
words, our findings support that treatment with SREBP1a compensated the loss in growth
performance resulting from feeding a carnivorous fish a low-protein-high-carbohydrate
diet. The fact that SREBP1a increased blood triglycerides and cholesterol while keeping the
total body lipids unaffected suggests that the SREBPla-dependent increased circulating
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lipids would mostly be used for growth-related structural and energy purposes rather than
fat accumulation.

Treatment with SREBP1a increased PER independently of the diet supplied, which
suggests that the hepatic expression of SREBP1a improved the amount of dietary protein
resulting into body weight gain. Therefore, the growth-promoting effect of SREBP1a on
S. aurata may rely on the fact that the enhanced SREBPla-dependent metabolisation of
dietary carbohydrates and subsequent conversion into lipids may favour a protein-sparing
effect that enabled the use of dietary amino acids for protein biosynthesis and growth
rather than as gluconeogenic substrates. Indeed, treatment with SREBP1a deeply impacted
hepatic glucose metabolism without altering ALT and AST activity, which indicates that the
transamination capacity of the liver remained unaffected. Consistently with the important
role of SREBP1 on growth, lipogenic regulation by SREBP1 has been shown to be responsible
for modulating growth in cancer cells [49-52], and SREBP proteins were reported to control
the cytokine-induced growth and proliferation of natural killer cells by a mechanism
involving elevated glycolysis and oxidative phosphorylation [43].

4. Materials and Methods
4.1. Experimental Design

Juvenile gilthead seabream (S. aurata) (7.4 g + 0.2, mean weight &+ SEM) were acquired
from Piscicultura Marina Mediterranea (AVRAMAR Group, Burriana, Spain). Upon arrival
to the aquatic animal facility of the Scientific and Technological Centers of the Universitat
de Barcelona (CCiTUB), the fish were maintained at 20 °C in 250 L aquaria supplied with
running seawater, as described [53]. For acclimation, for two weeks, the fish were fed twice
daily (9:00 and 17:00) at 5% BW with Diet 1 (Dibaq Microbaq 165, Dibaq, Segovia, Spain),
which is a commercial diet containing 52% protein, 18% lipids, 12% carbohydrates, 10%
ash, and 21.3 kJ /g gross energy. Two weeks before nanoparticle administration and until
the end of the experimental procedure, the fish were divided into 2 groups according to the
experimental diet received: Diet 1 or Diet 2 (experimental low-protein-high-carbohydrate
diet containing 38.6% protein, 12.1% lipids, 37.1% carbohydrates, 10.5% ash, and 20.1 kJ/g
gross energy). The experimental diets were supplied at 3% BW. To study the effect of
sustained SREBP1a expression on growth and intermediary metabolism, 3 intraperitoneal
injections of chitosan-TPP nanoparticles complexed with pSG5-SREBP1a or empty pSG5
(each dose consisting of 10 pg plasmid per gram BW) were periodically administered every
4 weeks. Fourteen days following the last injection and 24 h after the last meal, the fish
were sacrificed by cervical section; their blood was collected; and their liver was dissected
out, frozen in liquid N, and kept at —80 °C until use. To prevent stress, the fish were
anesthetised with tricaine methanesulfonate (MS-222; 1:12,500).

4.2. Preparation and Characterisation of Chitosan-TPP-DNA Nanoparticles

The ionic gelation method was used to encapsulate chitosan-TPP nanoparticles with ei-
ther pSG5-SREBP1a, an expression plasmid encoding the N-terminus of hamster SREBP1a [33],
or pSG5 (Agilent Technologies, Palo Alto, CA, USA), which was used as a negative control
(empty vector). Based on previous reports [7], 1 mg of plasmid was first mixed with 4 mL
of 0.84 mg/mL TPP (Sigma-Aldrich, St. Louis, MO, USA). TPP-DNA solutions were added
dropwise to 10 mL of 2 mg/mL low-molecular-weight chitosan (Sigma-Aldrich, St. Louis,
MO, USA)-acetate buffer (chitosan:TPP ratio, 1:0.4). Chitosan-TPP-DNA nanoparticles were
sedimented by centrifugation at 36,000 g for 20 min at 15 °C, rinsed twice with ultrapure
water, and resuspended in 2 mL of 2% w/v mannitol (cryoprotector during lyophilisation).
After a freeze—dry cycle at —47 °C, the particle size and Z potential of chitosan-TPP-DNA
nanoparticles were determined by dynamic light scattering and laser Doppler electrophore-
sis, respectively, using Zetasizer Nano ZS fitted with a 633 nm laser (Malvern Instruments,
Malvern, UK). Chitosan-TPP-DNA nanoparticles were resuspended in 0.9% NaCl before
being administered to the S. aurata.
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4.3. Growth Parameters

Weight gain is defined as the difference between final and initial body fresh weight.
SGR, FCR, HSI, PR, LR, and PER were calculated according to Equations (1), (2), (3), (4), (5)
and (6), respectively.

SGR = ((In W¢ — In W;) x 100)/T, where W¢ and W; are mean final and

initial body fresh weight in g and T is time in days, @
FCR = g dry feed intake/g wet weight gain, @)

HSI = (g liver fresh weight x 100)/g fish body weight, €))
PR = (g body protein gain x 100)/g protein intake, 4)
LR = (g body lipid gain x 100)/g lipid intake, ®)
PER = g weight gain/g feed protein provided, (6)

4.4. Whole-Body Composition

Fish were dried at 85 °C until constant weight was reached to determine moisture,
which was calculated according to Equation (7) [54,55].

Moisture = (g wet weight — g dry weight) x 100/g wet weight, @)

Dried fish were also used for assaying nitrogen (N), lipid, and ash. N content was
determined using FlashEA 1112 analyser (Thermo Fisher Scientific, Waltham, MA, USA)
and was multiplied by 6.25 to estimate crude protein. A Soxhlet extractor and petroleum
ether were used to extract crude lipid. To determine the ash content, sample incineration
was performed in a Hobersal 12PR /300 muffle furnace (Hobersal, Caldes de Montbui,
Spain) at 550 °C for 12 h [54,55]. Crude protein, lipid, and ash are expressed as the
percentage of dry weight.

4.5. Reverse Transcription Coupled to Quantitative PCR

In total, 1 ug of total RNA isolated from the powdered liver of S. aurata was reverse-
transcribed to cDNA using random hexamer primers and Moloney murine leukaemia virus
RT (Life Technologies, Carlsbad, CA, USA) for 1 h at 37 °C. A QuantStudio 3 Real-Time
PCR System (Thermo Fisher Scientific, Waltham, MA, USA), was used to determine the
mRNA levels of the genes listed in Table 2.

Table 2. Primer sequences used for RT-qPCR in the present study.

Gene Forward Sequences (5 to 3') Reverse Sequences (5 to 3') E:CI;]::;;E
actb CTGGCATCACACCTTCTACAACGAG GCGGGGGTGTTGAAGGTCTC X89920
eefla CCCGCCTCTGTTGCCTTCG CAGCAGTGTGGTTCCGTTAGC AF184170

pl CAGATGGTGAGCCGTGTGAGAAGGATG GCCGTACAGAGCGTAACCAGCTGCC AF427867
gck TGTGTCAGCTCTCAACTCGACC AGGATCTGCTCTACCATGTGGAT AF169368
gobpcl GCGTATTGGTGGCTGAGGTCG AAGGAGAGGGTGGTGTGGAAG AF151718
g6pd TGATGATCCAACAGTTCCTA GCTCGTTCCTGACACACTGA JX073711
GCCCATCCCAATTCCCGCTTCTGTGCT
pckl CAGCGATGGAGGAGTGTGGTGGGA CCGGCTGGTCAGTGT AF427868
pfkfbl TGCTGATGGTGGGACTGCCG CTCGGCGTTGTCGGCTCTGAAG U84724
pfkl TGCTGGGGACAAAACGAACTCTTCC AAACCCTCCGACTACAAGCAGAGCT KF857580
pklr CAAAGTGGAAAGCCGGCAAGGG GTCGCCCCTGGCAACCATAAC KF857579
srebpla CCTCCTGCCTCCGAGTTTCC GAAGGAAGGCTAGAATACCCC U09103
18s TTACGCCCATGTTGTCCTGAG AGGATTCTGCATGATGGTCACC AM490061

The 10 pL reaction mixtures contained 0.4 uM of each primer (Table 2), 5 uL of SYBR
Green (Applied Biosystems, Foster City, CA, USA), and 0.8 pL of diluted cDNA. The
temperature cycle protocol for amplification was 95 °C for 10 min, followed by 40 cycles
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with 95 °C for 15 s and 62 °C for 1 min. For each gene, the efficiency of the amplification
reaction was determined by generating standard curves from serial dilutions of the control
c¢DNA. Dissociation curves were run after each experiment to confirm single product am-
plification, and amplicon size was confirmed by agarose gel electrophoresis. To normalise
gene expression, S. aurata actb, eefla, and 18s were used as endogenous controls. Variations
in gene expression were calculated using the standard AACt method [56].

4.6. Metabolite Determinations and Enzyme Activity Assays

Glucose, triglycerides, and cholesterol in serum were measured with commercial
kits (Linear Chemicals, Montgat, Spain). The liver crude extracts to assay PFKL, PKL,
FBP1, G6PD, ALT, and AST were obtained from homogenisation of powdered frozen tissue
in a buffer (1:5, w/v) containing 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. For
GCK activity, the homogenisation buffer additionally contained 100 mM KCl. A PTA-7
Polytron (Kinematica GmbH, Littau-Luzern, Switzerland) was used for homogenising
the samples (30 sec at 4 °C). The homogenised samples were centrifuged at 10,000x g
for 30 min at 4 °C, and the supernatants were collected for assaying the enzyme activity.
The reaction mixtures for GCK, PFKL, PK, FBP1, ALT, AST, and total protein were as
previously described [57,58]. The enzyme activities were expressed as specific activity
(U/g protein). One unit of GCK and PFKL activity was considered the amount of enzyme
needed to consume 2 pmol of NADP* or NADH, respectively, per min. One unit of PKL,
FBP1, G6PD, ALT, and AST activity was defined as the amount of enzyme necessary for
transforming 1 umol of substrate per min. The metabolites and enzyme activity assays were
spectrophotometrically determined at 30 °C in a Varioskan LUX multimode microplate
reader (Thermo Fisher Scientific, Waltham, MA, USA).

4.7. Statistics

Statistical analyses were performed with SPSS Version 25 software (IBM, Armonk,
NY, USA). One-way analysis of variance followed by the Scheffe post hoc test was used
to analyse the nanoparticle diameter size and Z potential. To identify significant differ-
ences due to diet composition and nanoparticle administration with pSG5-SREBP1a or
an empty vector, pSG5 (control), the experimental data were submitted to a two-way
analysis of variance followed by the Scheffe post hoc test when the independent variables
significantly interacted.

5. Conclusions

The periodical administration of chitosan-TPP-pSG5-SREBP1a nanoparticles allowed
for the long-standing expression of an exogenous transcription factor in the liver of S. aurata.
Sustained SREBP1a expression increased the hepatic glucose oxidation and circulating lev-
els of triglycerides and cholesterol. The metabolic changes triggered by SREBP1a enhanced
the metabolisation of dietary carbohydrates, leading to improved growth performance in a
carnivorous fish species even when feeding low-protein-high-carbohydrate diets.
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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 (Meton et al., 1999;
Caseras et al., 2002; Fernandez 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
SREBPI, 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 PGC1f 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; Meton et al., 2000b; Fernandez 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 (Fernandez 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 mTORC]1 complex,
the results of the present study suggest that metformin-dependent down-regulation of GDH
expression could inhibit mTORCI signaling in the liver of S. aurata. In favor of this
hypothesis, metformin inhibits mMTORC1 signaling in humans (Melnik et al., 2014), and knock
down of GDHI also decreases mTORCI1 activity, while leucine requires GDH1 to up-regulate

mTORCI1 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 mMTORCI1 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 B (1-4)-linked 2-amino-2-deoxy-D-glucose interspersed by residual 2-
acetamido-2-deoxy-B-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 (Meton et al., 1999; Meton et al., 2000b; Caseras et al., 2002; Fernandez 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 (Gonzélez 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

etal., 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 SREBPla. SREBPla 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 (Meton et al., 2006; Egea et al., 2008). Consistently, 72 hours post-treatment, the
rise in the expression levels of exogenous SREBPla in the liver of S. aurata led to up-
regulation of the expression of GCK and PFKFBI1. 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 SREBPla 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
SREBPla (pSG5-SREBPIla) were periodically administered by intraperitoneal injection (3
doses in total, each of 10 pg 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 ung 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 (Saez 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 (Séez 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 SREBPI1c 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 SREBPla 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 PFKFBI 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 PFKFBI transactivation. PFKFBI is a bifunctional enzyme with a major role in the
control of the flux through the Fru-6-P/Fru-1,6-P> substrate cycle by catalysizing both synthesis
and degradation of Fru-2,6-P, 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-P»
levels in the liver of S. aurata (Meton et al., 1999; Meton 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-P» 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-P> production, which is an allosteric activator of PK, suggests

that SREBP1a could indirectly activate PK activity.

Consistent with a transactivating role of SREBla on GCK and PFKFBI 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,
SREBPI1c¢ 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 GLUT?2, 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-4a (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 SREBPla 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 SREBPla 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 (Fernandez et al., 2007; Saez-Arteaga et al., 2022). In contrast, in the present
study, sustained hepatic expression of SREBPla 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 SREBPla compensated the loss in growth performance resulting from feeding
carnivorous fish with low-protein/high-carbohydrate diets. Since hepatic overexpression of

SREBPla led to increased serum triglycerides and cholesterol keeping total body lipids

120



Discussion

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
SREBPla in S. aurata may result from enhanced SREBPla-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, SREBPla 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
SREBPla 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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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.

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.

. 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.

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.

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.

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.

Treatment with glucose up-regulated the hepatic expression of lipogenic factors such as
PGCI1f and SREBPI, 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 PGCIf3 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.

Chitosan-TPP nanoparticles complexed with pSGS5 (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 pSGS5-SREBPla). 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.

The intraperitoneal administration of 3 doses of chitosan-TPP-pSG5-SREBP1la
nanoparticles (each dose administered every 4 weeks, over a total period of 70 days, and
consisting of 10 pg 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.

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.

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, PFKFBI1, PFK, and
PK, as well as the enzyme activity of GCK, PFK, and PK. The administration of chitosan-
TPP-pSG5-SREBPla nanoparticles significantly up-regulated GCK and PFKFBI1
irrespective of diet composition. Nanoparticle-mediated expression of SREBPla

significantly increased the activity of PFK and PK, while not affecting their mRNA levels.

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 SREBP1la 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-P> substrate cycle in the control of the flux through glycolysis—
gluconeogenesis, the effect of diet composition and SREBPla 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-SREBPIla also stimulated the
PFK/FBP1 activity ratio.

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.

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.

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
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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-4« [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, Castell6n, 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 ug 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 N, 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 ! 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 > 0.9 0.9
Carrageenan 6 1.5 15
Proximate composition (%)
Protein 58.0 38.6
Carbohydrates 7 15.0 37.1
Fat 9.9 12.1
Ash 154 10.5
Gross energy (k]/g) 8 20.1 20.0

! Corpesca S.A. Super-Prime fish meal (Santiago de Chile, Chile). 2 Fish oil from A.FA.M.S.A. (Vigo, Spain).
3 Pregelatinised corn starch from Brenntag Quimica 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-HCI, 8; all-trans-retinol, 2; biotin, 0,7 cholecalciferol, 0.05; cyanocobalamin, 0.05. 5 Mineral mixture
provided (mg/kg): CaHPO4.2H,0, 7340; MgO, 800; KCl, 750; FeSO4.7H, 0, 60; ZnO, 30; MnO,, 15; CuSO4.5H,0, 1.7;
CoCl,.6H,0, 1.5; K1, 1.5; NaySeO3, 0.3. ¢ Iota carrageenan (Sigma-Aldrich). 7 Carbohydrates were calculated by
difference. & 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/) 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 (FBPasel)
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 umol of substrate per min, except for PFK1 activity,
which expressed the amount of enzyme needed to oxidise 2 pumol 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-qgPCR)

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 (ELOVLY), 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-uL mixture contained
0.4 uM of each primer (Table 2), 10 uL of SYBR Green (Applied Biosystems, Foster City, CA, USA),
and 1.6 uL 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, 3-actin and elongation factor 1 «
(EF1«x) as endogenous controls. The standard AACt 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
SREBPla CCTCCTGCCTCCGAGTTTCC GAAGGAAGGCTAGAATACCCC 009103
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
-actin CTGGCATCACACCTTCTACAACGAG  GCGGGGGTGTTGAAGGTCTC X89920
EFlx 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-HCI, 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 2000x 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 pL 2 N potassium
hydroxide in methanol solution and centrifuging for 10 min at 2000x 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 uL of 99.8 % >H,0 and 40 uL 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 2H,0). Samples were transferred into 3 mm NMR tubes. Proton (:H) 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 'H-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 x 0.25 mm X
0.25 um, 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 morpholog