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Chitosan is increasingly used for safe drug and nucleic acid delivery due to well-known properties such as bioadhesion,
low toxicity, biodegradability and biocompatibility. Furthermore, chitosan derivatization can be easily performed to improve
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. This review focus attention on
recent advances in chitosan-mediated gene delivery for fish biotechnology applications 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 low glucose tolerance of farmed fish.
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| 1. Introduction

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.

| 2. 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 W&, However, the strategy for chitosan dietary supplementation in fish requires
extensive investigation, according to the species and the growth stage of fish.

2.1. Dietary Supplementation with Chitosan

The inclusion of chitosan as feed additive for fish has been receiving attention since the 1980s Bl 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) . 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) &, Similarly, chitosan supplementation at 5 g/kg
diet for 60 days improved growth performance, BWG, SGR and FCR in tilapia [8. 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 [&. 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) 1. 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) 8. 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 &, 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 9. |n contrast, Najafabad et al. found that Caspian kutum (Rutilus kutum) fingerlings (1.7 + 0.15 g)
supplied with 02 g chitosan/kg diet for 60 days showed no effect of final weight, SGR and condition factor 11,



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 29, 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 BIZEIIE2 Consistently, chitosan was shown to modify hematological
parameters of fish, 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 221, 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) L4IL5]116]

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 2%, Similarly, chitosan induced the activity of SOD and catalase (CAT) after 56 days of dietary
supplementation in tilapia 2, and the mRNA levels of SOD, CAT, GPx and nuclear factor erythroid 2-related factor 2 9.
The protective effect of chitosan from oxidative stress was also reported in olive flounder (Paralichthys olivaceus)
challenged with H,0, 2. The authors observed that chitosan-coated diets significantly narrowed the increase of protein
carbonyl formation and DNA damage in the plasma.

2.2. 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) 7. 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 2819 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 2, 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 2. 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 [221123],

2.3. Dietary Supplementation with Chitin and Chitooligosaccharide

Meanwhile the inclusion of chitin in the diet has no significant effects on fish growth performance [24125]126]
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) &, striped
catfish (Pangasianodon hypophthalmus) 28, Nile tilapia (Oreochromis niloticus) 29, tiger puffer (Takifugu rubripes) B |
koi (Cyprinus carpio koi) BY, and silverfish (Trachinotus ovatus) 32. Similarly as in most fish species, dietary
supplementation with low molecular weight and highly deacetylated COS enhances growth performance, innate immunity
and digestive enzyme activity in Pacific white shrimp (Litopenaeus vannamei) 23, However, the effect of dietary COS may
depend on the species. In this regard, dietary B4 COS supplementation was reported to cause not significant effects on



weight gain, FCR and the survival rate in hybrid tilapia (Oreochromis niloticusxO. aureus) 24, Similar results were
reported for rainbow trout (Oncorhynchus mykiss) 2. 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) 24, Nile tilapia (Oreochromis niloticus) 22, striped catfish (Pangasianodon hypophthalmus)
(28] and mrigal carp (Cirrhina mrigala) 24, Chitin and COS also induce other immunity parameters, such as nitric oxide
production, inducible nitric oxide synthase (INOS) activity and gene expression 24, leukocyte count R42AEL gng
complement activity 241151,

| 3. 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.

3.1. 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 2887 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) 28, 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 2. 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 [22[41][42][43]

3.2. Chitosan Loading Metal lons

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 44, 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
45 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 48147,

3.3. 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)-1f3, IL-2
and interferon (IFN)-y2 4811481 A mixture of COS and inactivated Vibrio anguillarum vaccine significantly reduced zebrafish
mortality against Vibro anguillarum B9, 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-a)
and major histocompatibility complex class | alpha (MHC-la), in the grouper ¢ Epinephelus fuscoguttatusx s Epinephelus
lanceolatus B, 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 52,



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 (plgR), MHC-I, major histocompatibility complex class Il (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 221,

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 (Mpeg1.1), TNFa, IL-1B, IL-10, and IL-6 241,

3.4. Chitosan Loading Proteins

Effectiveness of fish vaccination against infections can be also improved with antigenic proteins derived from bacteria 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 B2, 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 B8, In grass carp (Ctenopharyngodon idella), chitosan was also used for carrying the immunomodulatory factor
IFN-y2. Treatment with chitosan—Ctenopharyngodon idella 1FN-y2 highly upregulated inflammatory factors, leading to
severe inflammatory damage in the intestine, hepatopancreas and decreased survival rate &4,

3.5. 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 (Eigure 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 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 28!, 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 22, 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.
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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) 8872, Fyrthermore, oral administration of chitosan
nanoparticles loaded with pCMV(, a plasmid encoding for Escherichia coli 3-galactosidase, enabled sustained detection
of the exogenous plasmid and bacterial B-galactosidase activity in the liver and the intestine of Sparus aurata juveniles up
to 60 days posttreatment [68l,

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 2], 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 E3I[70llZ6] 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 than naked DNA after
21 days of oral immunity 4. The presence of DNA vaccine was reported more than 90 days after oral administration of
chitosan—DNA 9. Additionally, Rather et al. reported that chitosan—DNA induced 2-fold longer and higher peak abundant
expression of downstream genes than naked DNA 2],

| 4. 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.

4.1. 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 8478, Higher doses of chitosan-DNA vaccines resulted in concomitant increase of fish
relative percent survival from ~47% to ~70% . 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), IFN, chemokine receptor (CXCR), T-cell receptor (TCR), MHC-la and MHC-lla,
7 days after oral vaccination against reddish body iridovirus in turbot (Scophthalmus maximus). A 10-fold higher
expression of TNF-a gene expression was found in the hindgut €],

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 (TCRB and CD8a) 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 €8, 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 2], Follow-up of the
expression of immune-related genes in the the kidney, liver and spleen showed maximal upregulation of IgHC (IgM heavy
chain), iINOS, toll like receptor 22 (TLR22), nucleotide binding and oligomerization domain-1 (NOD1) and IL-1B 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 9,

4.2. 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 17(3-estradiol in females. However, sLHRH
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 88, Similarly, compared to the administration of naked kisspeptin-10, intramuscular injection of chitosan-
encapsulated kisspeptin-10 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 17f-estradiol 52,

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, CYP17Al1, CYP19A1, 3pB-hydroxysteroid dehydrogenase and 173B-hydroxysteroid
dehydrogenase 69,

4.3. 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 [Z8,

The substitution of dietary protein by cheaper nutrients with reduced environmental impact in farmed fish is a challenging
trend for sustainable aquaculture (799 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 B8 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 nanopatrticles,
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
shRNA 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 [64],

Following the same methodology, we showed that the shRNA-mediated knockdown of GDH significantly decreased GDH
mMRNA 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 [,

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 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 [B283] 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 SREBP1la overexpression caused a multigenic
action that enabled the conversion of dietary carbohydrates into lipids (Eigure 1), leading to increased circulating levels of
triglycerides and cholesterol in carnivorous fish 4,

SREBP1a
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Figure 1. Multigenic action and metabolic effects in the liver of Sparus aurata after intraperitoneal administration of
chitosan—~TPP-DNA nanoparticles to overexpress exogenous SREBP1a /4. 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.
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