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Abstract

Eicosapentaenoic acid (20:5#-3, EPA) and docosahexaenoic acid (22:6#-3, DHA) are omega-3
long-chain polyunsaturated fatty acids (#-3 LC-PUFA) known to prevent atherosclerosis, stroke,
obesity, type-2 diabetes, inflammation and autoimmune disease, among others. Few organisms, such
as Caenorbabditis elegans and some invertebrates, can synthesize the #-3 fatty acid series in significant
amounts, and marine fish and shellfish, which acquire pre-formed LC-PUFA by trophic transfer, are
the major sources of #-3 LC-PUTA in the human diet. However, substitution of fish oil by vegetable
oils in aquafeeds reduces healthy #-3 LC-PUFA in cultured fish, while increases proinflammatory #-6
fatty acids. The present study aimed to empower Sparus anrata to boost endogenous synthesis of #-3
LC-PUFA by transient exptession of fish codon-optimized Caenorhabditis elegans A12/n-6 (FAT-2) and
A15/#-3 (FAT-1) fatty acid desaturases using chitosan-tripolyphosphate (TPP) nanopatticles as DNA
delivery system. Growth performance, body composition, serum metabolites, fatty acid profile and
expression of key enzymes in intermediary metabolism were evaluated in Sparus anrata juveniles 72
hours after a single intraperitoneal injection of chitosan-TPP nanoparticles encapsulated with
expression plasmids encoding fish codon-optimized C. elgans FAT-1 and FAT-2 (short-term effect)
and in 70-day treated fish that were periodically administered with chitosan-TPP-DNA nanoparticles
(long-term sustained effect).

For the short-term study, increased levels of FAT-1 and FAT-2 mRNAs (> 10-fold) were detected
72 hours post-injection in the S. aurata liver. Expression of FAT-1 elevated hepatic EPA and total #-3
PUFA. In addition to reduced serum triglycerides, co-expression of FAT-1 and FAT-2 also induced
proportions of DHA and PUFA in the §. axrata liver. Compared to control fish, treatment with FAT-
1, FAT-2 and FAT-1 + FAT-2 downregulated expression of hepatic key genes in glycolysis and
lipogenesis, including g6pd, pfkl, pk, pfkfbl, acaca, acach, fasn, sedla and fads2. In addition, co-expression
of FAT-1 and FAT-2 significantly upregulated the activity of rate-limiting enzymes in glycolysis and
the pentose phosphate pathway. Fish expressing FAT-2 and FAT-1 + FAT-2 showed lower hepatic
expression of pparg and srebfl, and higher of hnfta. Treatment with FAT-1 and FAT-2 alone
downregulated srebfl and upregulated ppara, respectively, in the S. aurata liver.

To study long-term sustained expression of FAT-1, FAT-2 and FAT-1 + FAT-2, chitosan-TPP-
DNA nanoparticles were provided to fish every 4 weeks (3 doses in total). After 70 days of treatment,
tissue distribution analysis showed high expression levels for FAT-1 and FAT-2 in the liver (>200-fold)
followed by the intestine (10 to 25-fold), while no differential expression occurred in the skeletal
muscle and brain. Expression of FAT-1 and FAT-1 + FAT-2 increased weight gain. Fatty acid methyl
esters assay revealed that co-expression of FAT-1 and FAT-2 increased liver production and muscle
accumulation of EPA, DHA and total #-3 LC-PUFA, while decteased the #-6/#-3 ratio. Co-expression
of FAT-1 and FAT-2 downregulated srebf7 and genes encoding rate-limiting enzymes for de novo
lipogenesis in the liver, leading to decreased circulating triglycerides and cholesterol. In contrast, FAT-
2 and FAT-1 + FAT-2 upregulated hepatic hnfda, nr1h3 and key enzymes in glycolysis and the pentose
phosphate pathway.

Our findings demonstrate that administration of chitosan-TPP-DNA nanoparticles, a



methodology that circumvents obtention of genetically modified organisms, is a proper gene delivery
method for sustained expression of exogenous enzymes in the liver of Sparus aurata. Specifically, co-
expression of FAT-1 and FAT-2 enabled the production of functional fish for human consumption,
rich in #-3 LC-PUFA, notably EPA and DHA, and with decteased #-6/#-3 fatty acids ratio. In addition,

co-expression of FAT-1 and FAT-2 increased weight gain and the specific growth rate in Sparus aunrata.
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1 INTRODUCTION






INTRODUCTION

1.1 LC-PUFA, health and aquaculture
1.1.1 LC-PUFA

Fatty acids are a sort of carboxylic acids with an aliphatic chain. Fatty acids that contain no double
bonds are termed saturated (SFA). SFA are further classified into 4 subclasses based on the chain
lengths: short (4-10 carbon atoms), medium (12-14 carbon atoms), long (16-18 carbon atoms) and
very long (20 or more carbon atoms). When considering the number of double bonds, fatty acids are
termed monounsaturated (MUFA, 1 double bond) and polyunsaturated (PUFA, more than 1 double
bonds). For example, long-chain polyunsaturated fatty acids (LC-PUFA) are fatty acids that contain
14-20 carbon atoms and 2 or more double bonds. When there are more than 2 double bonds exist,
LC-PUFA are also termed highly unsaturated fatty acids (HUFA), such as eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA). In addition, according to the International Union of Pure and
Applied Chemistry, abbreviation notation of each specific fatty acid is expressed as “C:D#-x”, where
“C” stands for the number of carbon atoms, “D” for the number of double bonds, “#-x” for the
methyl-end carbon atom position of the first double bond. For example, palmitic acid (PA) and oleic
acid (OA) are the common names that correspond to the abbreviation notation of “16:0” and “18:1#-
97, respectively (figure 1.1.1). Apart from this, carbon atom position can be also marked as “delta (A)
x”, where “x” indicates the carbon number from carboxyl end. For example, the double bond position

of OA is at A9 position.

0

AN

Palmitic acid (16:0)

AN

Oleic acid (18:1n-8) 0
Figure 1.1.1 Structures of palmitic acid and oleic acid.
1.1.2 LC-PUFA and health

In 1929, Burr and Burr reported a severe deficiency syndrome in rats caused by exclusion of fats
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from the diet (Burr and Burr, 1929), which led the discovery of the #-3 and #-6 essential fatty acids
(EFA): linoleic acid (LA) and a-linolenic acid (ALA), respectively. The two fatty acids found as essential
in rats were further confirmed for primates, including human beings. Later, the metabolic reasons for
the essential role of LA and ALA were revealed in humans, as well as other vertebrates: the lack of
A12 and A15 desaturases, which convert OA and LA into LA and ALA, respectively. Once overcome
this obstacle, LA and ALA are further metabolized into #-6 and #-3 LC-PUFA, respectively, by a sort

of desaturases and elongases in vertebrates (figure 1.3.3).

In addition to storing energy, LC-PUFA and their derivatives are also essential for growth and
development acting as bioactive components of membrane phospholipids, substrates for signalling
molecules and modulators of gene expression (Zhang et al., 2016). Apart from this, the impact of #-
3 and #-6 PUFA series that cannot be interconverted draws different effects of the two fatty acids and

the #-6/#-3 ratio, on health in vertebrates.

Evidence from clinical and laboratory research supports a general beneficial effect of #-3 PUTA,
especially EPA and DHA, on inflammation, cardiovascular diseases (CVD), and neural development
among others. In randomized double-blind trials, oral supplement of 2 g EPA + DHA for 25 weeks
reduced plasma concentrations of C-reactive protein, a marker for systemic inflammation, and
expression of other inflammation factors in maternal adipose and the placental tissue of overweight
pregnant women (Haghiac et al., 2015). The effect of #-3 PUFA on inflaimmation was also suggested
by a study on obese adolescents provided with 1.2 g/day #-3 PUFA (EPA + DHA) (Dangardt et al.,
2010). The anti-inflammation effect of #-3 PUFA has been shown in other pathological processes,
such as rheumatoid arthritis and inflammatory bowel disease, which was well reviewed by Calder
(Calder, 2017). Interestingly, the #»-3 PUFA EPA has high affinity for cyclooxygenases, which are
known to convert the #-6 PUFA arachidonic acid (ARA) into the pro-inflammatory factor
prostaglandin E2 (Ricciotti and Fitzgerald, 2011), and fish oil supplementation decreases by 50 % the
production of the pro-inflammatory factor with tissue EPA/ARA ratios above 0.2 (L. Dong et al.,
2016). Besides, several #-3 PUFA derivatives such as, resolvins, maresins and protectins, are also
involved in the process of inflaimmation resolution (Serhan and Petasis, 2011). CVD can cause
mortality of 28 % to 43 % in Europe countries according to a recent study (Timmis et al., 2020). »-3
PUFA has shown its protective effect against CVD. Clinical studies have provided evidence that the
risk of CVD was significantly lower by daily intake of the #»-3 PUFA EPA (Bhatt et al., 2019). It is

worth noting that lack of the benefits of #-3 PUFA has been reported in some studies (Nicholls et al.,
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2020), which may due to a low dose of EPA. On the other hand, the #-3 PUFA DHA presents the
highest body concentration in the brain (Svennerholm, 1968), suggesting that it serves important
neural functions. Indeed, DHA was shown to promote neurogenesis (Kawakita et al., 2006) and
neuroprotection (Belayev et al., 2009). Although debate exists as to whether endogenous synthesis of
DHA from its precursor is sufficient for the adult brain (Domenichiello et al., 2015), women in
pregnancy and lactation is recommended to ingest 200-300 mg/day of DHA (Guesnet and Alessandti,
2011), a number that is higher than the estimated daily intake for most population in the world (Forsyth

et al,, 20106).

LA, the precursor of the #-6 PUFA family, is a structural component of membrane known to
maintain the epidermal water permeability barrier. The direct oxidized derivative of LA (Niki, 2009),
9-hydroxyoctadecadiene acid, which generation increases under oxidative stress such as nonalcoholic
fatty liver disease (Feldstein et al., 2010), has been shown to promote inflammation (Hattori et al.,
2008). Besides, competitive relationship has been found between the two EFA when converting to
downstream PUFAs due to shared enzymes (Tu et al., 2010). Thus, effect of the ratio between 7-3 and
#-6 PUFA on health has gained more and more attention. From a historical perspective, dietary ratio
of #-6/n-3 PUFA is thought to be changed from about 1 to 20 in about 200 yeats since the Industrial
Revolution, which is considered too short for body evolutionary adaptation (Simopoulos, 2016). High
ratios of 7-6/7-3 PUFA have been shown to be associated with CVD (Shoji et al.,, 2013), cancer
(Williams et al., 2011) and hepatic steatosis (Sertoglu et al., 2015), for instance. On the other hand, low

ratios of #-6/#-3 PUFA benefit reducing oxidative stress and inflammation (Yang et al., 2016).

1.1.3 LC-PUFA and aquaculture

1.1.3.1 Aquaculture, the source of dietary n-3 LC-PUFA

The common source of dietary LC-PUFA is generally derived from vegetables and meat. In most
vegetable oils, LA represents a high proportion while ALA is relatively low (table 1.1.3.1a). Similarly,
meat from terrestrial animals also present high LA to ALA ratio (table 1.1.3.1a). In contrast, fish,
especially marine fish, contains higher levels of #-3 LC-PUFA (table 1.1.3.1b) than the terrestrial
sources. EPA and DHA rarely exist in the terrestrial sources but are ample in fish. Indeed, ecological

research reveals a strong prevalence of #-3 LC-PUFA, especially EPA and DHA, in aquatic organisms
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(Colombo et al., 2017). The high content of #-3 LC-PUFA in fish may ascribe to the aquatic trophic
chain and the ingestion of organisms with high levels of #-3 LC-PUFA. Apart from this, marine fish
in general retains more #-3 LC-PUFA than freshwater fish. Genetic studies showed that marine fish,
which are mainly carnivorous, exhibit limited ability to biosynthesize #-3 LC-PUFA and require
preformed HUFA in their diet (Tocher, 2010). However, freshwater fish and anadromous are highly
capable of converting 18-C PUFA from both #-3 and #-6 series to HUFA (Mock et al., 2019; Xie et
al,, 2022). Due to the high content of LC-PUFA in microalgae and other organisms presented in the
natural diet of marine fish, the content of LC-PUFA in marine fish is generally higher than freshwater

fish (Li et al., 2011).

Arguably, fish are considered the most important dietary source of #-3 LC-PUFA, especially EPA
and DHA, for most of the world human population. Global apparent fish consumption per capita
increased from 9.0 kg in 1950 to 20.5 kg in 2018, which corresponds to an average annual growing
rate of 3.1 % and 1 % higher than all other animal-derived protein for human consumption (Guenard,
2020). Even so, aquaculture still has huge growth potential when considering differences in regional
development. In developed countries, the consumption reached 24.4 kg per capita in 2017, a number
that in developing, the least developed and low-income food-deficit countries, which in total represent
83 % of the world population, are 19.4 kg, 12.6 kg and 9.3 kg, respectively (Guenard, 2020).
Concomitantly, the source of fish on market, either from captures or aquaculture, has changed
dramatically (Guenard, 2020). World capture fisheries production almost stopped growing since the
mid-1980s due to that many fishing grounds have apparently reached the upper limit of production.
Paradoxically, significant proportions of wild fish captures are processed into fishmeal and fish oil,
and added to aquafeeds as predominant protein and lipid sources for fish farming. Meanwhile,
worldwide aquaculture contribution to fish production increased from 25.7 % in 2000 to 46.0 % in
2018, among which fish farmed in marine waters accounts for about one-third of the total production.
Although world growth rate of aquaculture fish production quantity was about 4 % in 2016-2018,
notably, the growth rate has decreased by 2 % when compared with values in 2001-2005. Thus, it is
reasonable to speculate that nutritional quality of aquaculture fish production will receive more and
more attention. Indeed, the rapid growth of aquaculture is causing problems regarding to fish quality

such as low EPA and DHA content in fish fillets.

Table 1.1.3.1a Common terrestrial sources of dietary LC-PUFA
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Vegetable oil

Olive 9.710 0.607 0.001 0 100258

Sunflower ~ 20.500  0.163 0.002 0 100262

Animal fat

Beef 0.625 0.078 0.003 0 7022

Lamb 0.140 0.117 0.017 0.020 17371

Data from U.S. Department of Agriculture, query in 2022. Numbers

represent g in 100 g portion.

Table 1.1.3.1b Common fish sources of dietary LC-PUFA

Freshwater fish

Tilapia 0.158 0.033 0.005 0.086 15261

Rainbow trout  0.466 0.059 0.217 0.516 15240

Atlantic cod 0.005 0.001 0.064 0.12 15015

Seabass 0.088 0.034 0.161 0.322 Ref (Prato and
Biandolino,
2012)

Salmon 0.122 0.089 1.010 0.944 15078

Data from US. Department of Agriculture, query in 2022 or publications.

Numbers represent g in 100 g portion.
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1.1.3.2 Decline of n-3 LC-PUFA in aquaculture products

Feed nutrients are closely related to fillet quality. In contrast to feeds for terrestrial animals (Peters
et al., 2014), aquafeeds require not only higher proportions of fishmeal but also the presence of fish
oil for optimal fish growth and quality (Oliva-Teles et al., 2015). However, worldwide suppliers of fish
oil have reached their sustainable limits since the mid-1980s. Aquaculture industry must compromise
to the reduction of the amount of fish oil addition in aquafeeds and seek for other oil sources.
Vegetable oil is a viable alternative due to the large production. However, replacement of fish oil with
vegetable oil significantly reduces #-3 LC-PUFA, specially EPA and DHA, in fish’s flesh (Pang et al.,
2014). A recent study on temporal variations of farmed Atlantic salmon has shown that median
contents of EPA + DHA decreased more than 60 % since 2005 (Moxness Reksten et al., 2022). Thus,
a considerable amount of studies have focused on genetic modification of terrestrial oil crops in order
to produce more #-3 LC-PUFA, notably EPA and DHA, for aquafeeds (Napier et al., 2015). However,
genetic modified crop oil still has high content of #-6 PUFA, such as LA, which would reflect in the
quality of fillet (Lundebye et al., 2017) and affect human health as mentioned above. For instance, with
the limitation of fish oil supply, research efforts have been made to alleviate the dependence on fish
oil in aquafeed for gilthead sea bream (Sparus aunrata), which constitutes one of the most cultured
marine fish in Burope (Vasconi et al., 2017). Substitution in §. awrata feeds by vegetable oils reshapes
the fillet fatty acids profiles. In §. aurata, the content of moisture, protein and ash are stable in general,
whereas lipids content as well as fatty acid profiles are strikingly flexible (Grigorakis, 2007). An
investigation on wild . aurata fillets has shown that the total lipid is about 1.4 % in winter and 8.1 %
in summer (Yildiz et al., 2008). The farmed S. aurata generally contains higher total lipid content and

#-6 LC-PUFA when compared with wild fish (Vasconi et al., 2017).

1.2 Carbohydrate metabolism in fish

Among macronutrients, carbohydrate-derived acetyl-CoA commonly satisfies de novo lipogenesis
(DNL) in the liver (figure 1.2). Once transported into cytosol, glucose is phosphorylated to glucose-
6-phosphate (Glu-6-P) by glucokinase (GCK). Glu-6-P is the initial substrate for glycogenesis,
glycolysis, and pentose phosphate pathway (PPP). Glucose oxidation through glycolysis and PPP
generates pyruvate, which is further converted into acetyl-CoA and NADPH, compounds that could
be diverted to DNL. In glycolysis, the main rate-limiting steps are catalyzed by: GCK;

phosphofructokinase liver type (PFKL), converting hepatic fructose 6-phosphate (Fru-6-P) into
8
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fructose 1,6-bisphosphate; and pyruvate kinase L/R (PKLR), catalyzing the conversion of
phosphoenolpyruvate (PEP) into pyruvate. Glucose-6-phosphatase catalytic unit (G6PC) and
fructose-bisphosphatase (FBP) catalyze the opposite reactions than GCK and PFKL, respectively. 6-
Phosphofructo-2-kinase/fructose-2,6-bisphosphatase (PFKFB) converts Fru-6-P into fructose 2,6-
bisphosphate (Fru-2,6-P2), a potent allosteric activator of PFKL and inhibitor of FBP. Pyruvate
produced by glycolysis in cytosol is transported into mitochondria and converted into acetyl-CoA by
pyruvate dehydrogenase. After conversion of acetyl-CoA into citrate, further oxidation can proceed
through the Krebs cycle, where the main rate-limiting reactions are catalyzed by citrate synthase,
isocitrate dehydrogenase (IDH) and oxoglutarate dehydrogenase (OGDH). From mitochondria,
citrate can be also transported into cytosol, and converted into acetyl-CoA for DNL. In the PPP, Glu-
6-P is catalyzed by two key enzymes, glucose-6-phosphate dehydrogenase (GG6PD) and
phosphogluconate dehydrogenase (PGD) that generate NADPH.

In general, fish, especially carnivorous fish, are more vulnerable to utilizing carbohydrates for
energy than mammals. In other words, carnivorous fish has low efficiency of serum glucose clearance.
Carnivorous fish intolerance to dietary glucose may result from evolutionary adaptation to the natural
protein-rich diet and low availability of carbohydrate digestion. In contrast to mammals, where
postprandial plasma glucose returns to resting state within an hour, glucose clearance in carnivorous
fish consumes hours and exhibits glucose intolerance (Kamalam et al, 2017). Physiological
characteristics including carbohydrate digestion, glucose transport and metabolism limit carnivorous

fish utilizing dietary starch.

Fish, especially the carnivores, have lower activity levels of enzymes for carbohydrate digestion
in addition to the shorter digestive tract when compared with non-carnivorous animals. Activity of
amylase in the digestive tract of carnivorous fish is 10 times lower than in non-carnivores (Hidalgo et
al,, 1999; H. Liu et al.,, 2016). On the other hand, the activity of digestive enzymes had marginal
alteration in response to dietary carbohydrates (Castro et al., 2019). Several kinds of bacteria in gut
also produce enzymes for carbohydrate digestion. Dietary supplement of these bacteria resulted in
higher activities of amylase and cellulase (Lazado et al., 2012). Thus, the specific microbiota in fish
may also ascribe to its limited ability of carbohydrate digestion. Following the digestion, carbohydrates
are hydrolyzed into short chain products and transported from intestine to the blood stream. When
compared with herbivorous elevation of the expression of glucose transporters in the intestine,

carnivorous fish showed greater delay in response to oral starch administration (Su et al.,, 2020).
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Additionally, dysregulation of glycolysis when responding to starch challenge was found in carnivorous
fish. For example, significant decrease of activity and expression of G6pc was reported in herbivorous
fish after oral starch administration, whereas the responses in carnivorous fish were subtle (Su et al.,
2020). Studies in the carnivorous S. aurata also reported sluggish postprandial inductions of hepatic
gek and g6pe (Caseras et al., 2000; Panserat et al., 2002). Insulin exerts a major role in mediating glucose
catabolism. Characterization of muscular insulin-binding capacity found that carnivorous fish had

significant lower binding capacity than the herbivorous (Parrizas et al., 1994).

Dietary supplement of #-3 LC-PUFA has influences on glucose metabolism, which can vary
depending on the specific fatty acid. Differences of glycogen deposition were observed between diets
composed of fish oil and land animal fats in the hepatocytes of European seabass (Monteiro et al.,
2018). However, #-3 LC-PUFA scarcely affect resting-state circulatory glucose levels of carnivorous
fish (Magalhdes et al., 2021). Even though, replacement of dietary fish oil with vegetable oil showed
different serum postprandial glucose levels in gilthead sea bream (Bouraoui et al., 2011). Thus, intake
of #-3 LC-PUFA may modify basal metabolic rate of glucose in fish. Indeed, in Atlantic salmon,
meanwhile EPA shows positive association with insulin signaling and PPP activation, DHA was
related with induced glycolytic flux (Horn et al., 2019). Dietaty inclusion of linseed oil, rich in ALA,

was related to lower activity of G6pd in the liver of S. aurata Menoyo et al., 2004).
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Figure 1.2 Schematic overview of hepatic glycolysis, gluconeogenesis and the Krebs cycle. Gk,
glucokinase; G6pcl, glucose-6-phosphatases, catalytic subunit 1; G6pd, glucose-6-phosphate
dehydrogenase; Pgd, 6-phosphogluconate dehydrogenase; Pfkfb, 6-phosphofructo-2-
kinase/fructose-2,6-bisphosphatase; Fbp1, fructose 1,6-bisphosphatase; Pfkl, phosphofructokinase,
liver type; Pckl, phosphoenolpyruvate catboxykinase; Pklr, pyruvate kinase L/R; Al alanine
transaminase; Ast, aspartate transaminase; Ogdh, a-ketoglutarate dehydrogenase; Idh, isocitrate
dehydrogenase; Glu-6-P, glucose-6-phosphate; Rib-5-P, ribose-5-phosphate; Fru-6-P, fructose-6-
phosphate; Fru-2,6-P», fructose-2,6-bisphosphate; GAP, glyceraldehyde 3-phosphate; DHAP,
dihydroxyacetone phosphate; PEP, 2-phosphoenolpyruvate; Ala, alanine; OAA, oxaloacetate; a-KG,

alpha ketoglutarate; Asp, aspartic acid. Letters in blue are enzymes.

1.3 Amino acid metabolism in fish

Fish digest dietary proteins in the gastrointestinal tract and absorb into the blood stream in a
process similar to monogastric animals. Generally, fish dietary protein requirement is between 36 %
and 46 %, depending on their trophic levels (2 to 4.7) (Teles et al., 2020). Fish, especially the carnivores,
trend to directly utilize amino acids as energy source, which is different from terrestrial animals that
preferably utilize carbohydrates for energy (Jia et al., 2017). Although amino acids are less efficient
than glucose in producing energy, the preference of amino acids conforms the poikilothermic and
ammoniotelic mode of aquatic life. Fish gill is an efficient system for excretion of the toxic byproduct
ammonia from protein catabolism for energy (Wilkie, 2002). Apart from the preference, fish body
protein shows scarcely difference with terrestrial animals regarding protein contents and amino acids

profiles (Uhe et al., 1992).

Similar to terrestrial animals, physiological processes of fish utilizing amino acids for energy are
oxidative deamination, ammonia release and conversion of amino acids into o-keto acids. Thus, -
keto acids such as pyruvate are involved in the Krebs cycle and provide energy for cells. Nevertheless,
o-keto acids also contribute to fatty acid synthesis and gluconeogenesis. Glutamine, the degraded
product glutamate, and leucine represent the most abundant ATP sources from amino acids in fish
(Jia et al., 2017). In presence of glutamate dehydrogenase, glutamate is catalyzed into a-ketoglutarate.
Another pathway to generate ot-keto acids is transamination, for example alanine is transaminated into
pyruvate by glutamic--pyruvic transaminase (ALT) and aspartate is transaminated into oxaloacetate by

glutamic-oxaloacetic transaminase (AST).
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The effect of dietary #-3 LC-PUFA may benefit protein retention of carnivorous fish. Dietary
replacement of fish oil with vegetable oil showed marginal effects on protein retention of both
carnivorous and herbivorous fish (Magalhdes et al., 2020; Wang et al., 2018). However, in grass carp,
Du e al. reported not only a negative correlation between dietary fish oil levels and protein retention
values, but also a lower protein retention in fish oil diets comparing to plant and lard sources (Du et
al., 2008). In carnivorous fish, higher protein deposition was found with diets free of fish oil than with
15 % fish oil supplementation (Glencross et al., 2016). In contrast, fish oil based diet generated higher
crude protein than ALA-rich diets (linseed oil) in rainbow trout (Turchini et al., 2018). Similarly, dietary
supplement of #-3 LC-PUFA induced protein retention in silvery-black porgy juveniles (Mozanzadeh

et al., 2015).

Several mechanisms of dietary #-3 LC-PUFA affecting amino acid synthesis have been addressed.
In terrestrial animals and humans, studies showed that #-3 LC-PUFA facilitating protein synthesis may
be achieved through insulin-mediated mechanistic target of rapamycin kinase (MT'OR) pathway and
reduction of amino acid oxidation (Gingras et al., 2007). In carnivorous fish, replacement of dietary
fish oil with linseed oil generated retarded growth performance and reduction of Mtor signaling
pathway (Qin et al., 2020). On the other hand, increased dietary lipids (fish oil + soybean oil) are
related with induced hepatic expression of genes involved in Mtor pathway in coho salmon (Yu et al.,
2022). However, another study in gilthead sea bream found no difference of hepatic mfor expression
between fish diets rich in ARA and DHA (Magalhies et al., 2020). A study in rat reported that dietary
fish oil increased the plasma levels of some amino acids, possibly via peroxisome proliferator activated
receptor alpha (PPARA) (Bjorndal et al., 2013). As mentioned in section 1.4.4, the effect of dietary
fish oil on PPARA expression is controversial. Thus, whether #-3 LC-PUFA favor fish protein
synthesis via Ppara remains unclear. #-3 LC-PUFA regulating amino acid metabolism may also through
transamination. In juvenile starry flounder, higher serum Alt and Ast activities were observed in fish
supplied with DHA (Ma et al., 2014). Whereas, dietary replacement of fish oil with vegetable oils
reduced hepatic Alt and Ast in tilapia (Li et al., 2016; Peng et al., 2016). On the other hand, dietary
supplement of ARA has been shown to decrease serum Ast activity of juvenile yellow catfish (Ma et
al.,, 2018). However, in juvenile Asian seabass, dietary fish oil showed rarely difference with vegetable

oil regarding hepatic glutamate dehydrogenase activity and Alt expression (Glencross et al., 2016).
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1.4 LC-PUFA synthesis in fish

In the presence of EFA, e, LA and ALA, fish can synthesize LC-PUFA in general through chain
elongation and desaturation. Dietary presence of LA and ALA can satisfy growth requirement of
freshwater fish (Tocher, 2010). However, marine fish also require dietary EPA and DHA due to the
limited synthesis ability (Tocher, 2010).

1.4.1 LC-PUFA transport and absorption

Circulatory transportation of fatty acids is mainly in form of triglycerides (T'G), composed by 3
molecules of fatty acids and 1 of glycerol. TG are neutral lipid and insoluble in the aqueous
bloodstream. Thus, the transportation further relies on lipoproteins, such as very low-density
lipoproteins (VLDL) and chylomicrons (CM). TG from either endogenous synthesis or intestinal
ingestion are assembled into VLDL and CM, respectively. Triglycerides stands for the most proportion

of lipids in VLDL and CM.

Dietary TG assembled into CM are secreted into the lymphatic system via intestinal lacteals,
transported to the thoracic duct and entered the bloodstream. CM are suggested to be the only pathway
for dietary TG absorption (Hussain, 2014). Plasma CM and TG increased after meal and returned to
normal state within hours. Postprandial TG is mainly entered into and utilized by peripheral tissues
instead of liver. In detail, about 80 to 90 % of CM-carried TG are hydrolyzed by lipoprotein lipase
(LPL) at the capillary endothelium of peripheral organs. Another main source of plasma TG is derived
from VLDL. Like CM, VLDL-carried TG are also hydrolyzed by LPL and released at local endothelial
cells. Therefore, the clearance of plasma TG is closely related to the activity of peripheral LPL. In
general, LPL activity is regulated at transcriptional and post-translational levels by nutritional status
and physical exercise (Kersten, 2014). Once TG are hydrolyzed by LPL, free fatty acids including I.C-
PUFA are released and supplied to the cells. Although fatty acids are able to cross cell membranes by
passive diffusion, such protein-independent manner may not be sufficient for tissue requirement

(Vusse, 2009).

Dietary intake of #-3 LC-PUFA has been associated with a remarkable decrease of plasma TG
in both postprandial and fasting states of mammals (Park and Harris, 2003; Qi et al., 2008). Such TG-
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lowering effect is also conservative in fish (Liu et al., 2018). Several mechanisms, either reduction of
TG synthesis or induction of plasma TG clearance, have been suggested for the TG-lowering effect.
Supplements of EPA and DHA were associated with lower plasma apolipoprotein (APO) C-1II
(Sahebkar et al., 2018), a peptide which exists in CM and VLDL and has potent inhibitory effects on
LPL-mediated TG hydrolysis (Larsson et al., 2017). Therefore, the TG-lowering effect may be due to
high activity of local hydrolysis of TG by LPL under #-3 LC-PUFA-associated to low APO C-III
presence in plasma. Conservatively, dietary #-3 LC-PUFA also associated with high LLPL activity in fish
muscle and adipose tissue (Bouraoui et al., 2011; Richard et al., 2006a). The suppression of #-3 LC-
PUFA on fatty acids synthesis via transcription factors, which is described in detail in section 1.4.2,

may also ascribe to the TG-lowering effect.

1.4.2 DNL

In vertebrates, LC-PUFA cannot be synthesized by DNL and requires EFA as substrates due to
lack of #-3 and #-6 desaturases. However, it is still worthwhile to briefly describe the DNL pathway.
In vertebrates, the fatty acid synthesis starts from the substrate acetyl-CoA and the enzymatic catalysis
by acetyl-CoA carboxylases (ACAC) and fatty acid synthase (FASN). Acetyl-CoA is an one-carbon
thioester as well as an intermediate that exists in (or bridges) many critical biological pathways, such as
the catabolism of glucose, fatty acids and amino acids. ACAC initialize the biosynthetic via catalyzing
the ATP-dependent irreversible carboxylation of acetyl-CoA to malonyl-CoA, which is further
converted by FASN to the first DNL product, PA (16:0). Following the 16-carbon saturated PA, other
fatty acids are synthesized through elongation and desaturation, which is reviewed in later sections.
Vertebrates tend to utilize available fatty acids for metabolic demand and the activation of DNL is

more a response to cellular acetyl-CoA excess, in conditions with low fat and high carbohydrate diets.

In mammals and fish, two ACAC isoforms exist and differ in the subcellular location and tissue
distribution. The cytosolic ACACA is abundant in the liver and adipose tissue, whilst ACACB is located
in the mitochondrion and highly expressed in the muscle and also present in the liver (Abu-Elheiga et
al,, 2000). Although, the two isoforms catalyze the same reaction, ACACB-synthesized malonyl-CoA
functions in reducing mitochondrial B-oxidation rather than in DNL (Abu-Elheiga et al.,, 2001).
ACACA is regulated in multiple manners involving transcriptional regulation, post-translational
modification and allosteric control (Hunkeler et al., 2018) by factors such as citrate, malonyl-CoA,

palmitoyl-CoA, and sterol regulatory element binding transcription factor 1 (SREBF1). FASN, a
14



INTRODUCTION

cytosolic protein, exists in a broad range of tissues such as liver, adipose tissue, lung and kidney
(Semenkovich et al., 1995). Apart from malonyl-CoA as substrate, FASN-mediated PA synthesis also
requires acetyl-CoA and the reducing power of NADPH. FASN is also transcriptionally and post-

transcriptionally regulated by factors such as glucose and SREBF1.

1.4.3 Fatty acid elongation and desaturation

In vertebrates, DNL produces C16 fatty acids, which are converted into LC-PUFA by elongases

and desaturases (Figure 1.3.3).

The elongation involves elongases catalyzing four sequential steps: condensation, reduction,
dehydration and reduction. In the first step, fatty acid-CoA is condensed with malonyl-CoA, which
provides two carbons for elongating the carbon chain, and turned into 3-ketoacyl-CoA. Secondly, 3-
ketoacyl-CoA is reduced to 3-hydroxyacyl-CoA with the participation of NADPH. The third step is a
dehydration where 3-hydroxyacyl-CoA is converted into enoyl-CoA. Finally, enoyl-CoA is reduced to
fatty acid-CoA via NADPH. Thus, each of the four-step cycle elongates fatty acids for 2 carbons. To
date, eight ELOVL fatty acid elongases (ELOVL1-8) have been identified in animals, which differed
in tissue distribution and substrate preference (Castro et al., 2016; Li et al., 2020). For example,
ELOVT 4 shows high mRNA levels in eye and catalytic preference to 24:0 and 26:0, whist e/ov/5 mRNA
is highly expressed in the liver and preferably acts on to 18:2, 18:3#-3,18:3#-6 and 20:4 fatty acids
(Monroig et al., 2012; Ohno et al., 2010)

In teleost fish, all elongases except Elovl3 and Elovl7 have been reported. Among which, ElovI2
is limited to freshwater and diadromous fish (Xie et al., 2021). Elovl2 shows preference towards C20
and C22 fatty acids (Xie et al., 2021). The absence of Elovl2 in marine fish may partially explain that
EPA and DHA are EFA for these animals. Nevertheless, the existence of Elovl4, with two gene
paralogs identified (elovHa and elov/4b), raises the possibility for marine fish to endogenously synthesize

DHA (Ferraz et al., 2020).

MUFA and PUFA are produced from SFA desaturation: two hydrogen atoms are removed
creating one carbon-carbon double bond by fatty acid desaturases (FADS), during which NADPH is
supplied as reducing power. Based on the inserted carbon atom from either carboxyl or methyl end of

fatty acyl chain, desaturases can be classified as “delta (A) x desaturase” or “wx desaturase”. For

15



INTRODUCTION

example, A12 desaturase and 3 desaturase can insert a double bond at the twelfth carbon atom from
the carboxy end and the third carbon atom from the methyl end, respectively. In addition to the terms
“delta (A) x desaturase” and “ox desaturase”, “v+x” is also applied for classifying desaturases that
insert double bonds based on the position of preexisting double bonds in the substrate. For example,
v+3 desaturation of 16:14#-7 produces 16:2#-10. In vertebrates, four FADS (1-4) have been identified.
Each of these FADS differed in the catalytic site preference depending on the species (Costa et al.,
2012; Marquardt et al., 2000) Following DNL, stearic acid (SA, 18:0) is desaturated into OA by stearoyl-
CoA desaturase (SCD). Stepwise desaturation of OA produces LA and ALA. However, the two
enzymes, A12/7-6 desaturase (FAT-2) and A15/#-3 desaturase (FAT-1), that for catalyze the reaction

have only been found in lower class eukaryotes such as Caenorhabditis elegans (Spychalla et al., 1997,

Zhou et al., 2011).

Teleost fish species except the Elgpomorpha are believed to express only Fads2 (Xie et al., 2021).
Nevertheless, diverse fads? genes differing in few amino acids positions and different carbon site
activities, have been found in fish (Hamid et al., 2016). In teleost, activity sites of Fads2 have been
reported at A4, A5, A6 and A8 carbons, among which carnivorous marine fish only showed AG activity
(Xie et al., 2021). The absence of A4 and A5 activity limits carnivorous fish to synthesize EPA and
DHA.
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Figure 1.3.3 Biosynthetic pathways of LC-PUFA in vertebrates (black arrows). ACAC, acetyl-CoA
carboxylases; ELOVL, elongation of very long chain fatty acids protein; FADS2, fatty acid
desaturase 2; FASN, fatty acid synthase; FAT-1, A15/n-3 desaturase (blue arrows); FAT-2, A12/n-6

desaturase (red arrows); SCD1, stearoyl-CoA desaturase.

1.4.4 The regulation of LC-PUFA synthesis

In health state, LC-PUFA synthesis is tightly regulated in a feedback manner that combines sense
of cellular LC-PUFA levels and regulation of the activity of lipogenic enzymes. The sensing and
regulation of LC-PUFA is mainly achieved by the binding of several transcription factors (IT) to
specific nucleotide sequences in the promoter region of genes coding lipogenic enzymes, leading to

transcriptional activation or inhibition.

SREPF1 is one of the TT that was initially identified in HeLa cells with three overlapping partial
cDNAs, namely SREBF7a, SREBF1b and SREBF1¢ (Yokoyama et al., 1993), which turned to be two
isoforms produced by the SREBF1 gene. Due to alternative promoter usage, the two isoforms, which

differed from their first exons, are designated SREBF1a and SREBF1c (Soyal et al., 2015). SREBF1a
17



INTRODUCTION

and SREBF1c have similar protein structure consisting of three parts: N-terminal transcription factor
domain which contains a basic helix-loop-helix leucine zipper (bHLH-LZ) for the binding to
enhancers of lipogenic genes; two membrane-spanning regions; and a regulatory domain at the C-
terminus (Soyal et al., 2015). The synthesized SREBFT precursors are bound to the endoplasmic
reticulum (ER) membrane. In low sterol and fatty acid state, insulin induced gene (INSIG) 1 dissociates
from SREBF cleavage-activating protein, which in turn facilitates transport of SREBF cleavage-
activating protein-SREBF1 complex to the Golgi apparatus, where the bHLH of SREBF1 is
proteolyzed and the transcription factor domain is released to the nucleus (Soyal et al., 2015). Thus,
mature SREBF1 binds to sterol regulatory elements (SREs) in lipogenic genes and induce their
expression (Soyal et al., 2015). SREBF1 have been shown to promote fatty acid, triglycerides and
cholesterol synthesis. The SREs have been reported in genes for fatty acid, triglycerides and cholesterol
synthesis, such as ACACA, ACACB, EASN, SCD, EADS2, EI.OVLS5 and 3-hydroxy-3-
methylglutaryl-CoA reductase (HMGCR)(Knebel et al., 2012). In addition, SREBF1 is also involved
in the regulation of glycolysis. For instance, in 5. aurata Srebf1 was proven to transactive pfkfb and gek
(Egea et al., 2008; Metén et al., 2006). On the other hand, PUFA can inhibit the induction of SREBF1
on these lipogenic genes at transcriptional and posttranscriptional level. The transcriptional
suppression can be achieved by antagonizing liver X receptor (LXR), a nuclear receptor that induces
SREBFT expression via binding the LXR response element (LXRE) in the SREBF7 promoter (Repa
et al., 2000). Proteolytic activation of SREBF1 is inhibited by PUFA and MUFA via blocking the
degradation of INSIGT1, a process which impedes SREBF1 transport and maturation (Joon et al., 2008;
Kim et al., 2013). In addition, #-3 LC-PUFA has been shown to reduce lipogenic genes expression
(Muhlhausler et al., 2010), which may due to alteration of ER membrane lipids and inhibit SREBF1
from proteolysis and further nuclear release (Hishikawa et al., 2020). Besides, while #-3 and #-6 LC-
PUFA have similar reduction on SREBF7 mRNA and precursor abundance, the most potent reduction
on mature SREBI1 levels promoted by the #-3 LC-PUFA DHA may result from a contemporary
suppression of Insig2 mRNA (Lopez-Soldado et al., 2009). In fish, SREBF1 has been identified in
several species (Xie et al., 2021) and its functions are conservative in inducing the expression of

lipogenic genes (Xie et al., 2021).

LXR has two isotypes, LXRa and LXR, that are encoded by NR7H3 and NR7H2 genes, the
nuclear receptor subfamily 1 group H memberts, respectively. Human LXRa and LXR shate 77 % of
homology. In fish, only one NR7H gene has been identified, which is similar to mammalian NR7H3.

The absence of fish #7742 may due to evolutionary loss (Bertrand et al., 2004). LXR has significant
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roles in maintaining cholesterol homeostasis via reducing the biosynthesis and inducing the excretion
in the liver (Wang and Tontonoz, 2018). Apart from this, LXR also modulates lipogenesis in the liver.
LXR stimulates expression of lipogenic genes mainly via binding LXRE in the SREBF7 promoter.
Additionally, LXR also directly activates lipogenic genes including hepatic ACAC , EASN, SCD,
FEADS1, EADS2 and ELLOV/LS5 via binding LXRE in their promoter (Gao et al., 2013; Jalil et al., 2019).
In fish, elovl5 is suggested to directly respond to LXRa in head kidney tissue (Minghetti et al., 2011).
PUFA, rather than SFA and MUFA, can suppress LXR-mediated SREBF7 expression by competition

with LXR ligands as mentioned above.

Hepatocyte nuclear factor 4 alpha (HNF4A) is a nuclear receptor that is essential for
maintaining lipid homeostasis, including lipogenesis and lipoprotein secretion. Deficiency in hepatic
Huf4a results in reduced expression of Fasn as well as diglyceride acyltransferase and apolipoproteins
(Yin et al., 2011). In mammals and fish, HNF4A binds and transactivates lipogenic genes including
EASN (Adamson et al., 2006), EADS2 (A4, A5 and A6) (Dong et al., 2020; Y. Dong et al., 2016) and
EILOVLS5 (Y. Li et al, 2018). Besides, genes related to glucose metabolism including
phosphoenolpyruvate carboxykinase (PCK) and G6PC are also induced by HNF4A activation, which
may also be involved in the response to lipogenesis (Gonzalez, 2008). On the other hand, binding with
SFA has been shown to activate HNF4A, whereas few LC-PUFA showed suppression on HNF4A
activity and expression as well as that of downstream genes (Bordoni et al., 2006; Lépez-Soldado et
al., 2009). In regard to glucose metabolism, SFA showed no effect while PUFA is able to inhibit G6PC

promoter activity (Rajas et al., 2002).

PPARA is a well investigated nuclear receptor that is highly expressed in the liver and which
exerts crucial roles in a broad range of functions including fatty acid uptake, transport and oxidation,
and lipogenesis, in a manner of ligand-controlled transactivation of target genes (Bougarne et al.,
2018a). Direct PPARA targets include fatty acid transport proteins, transferases such as carnitine
palmitoyltransferase 1A (CPT1A) and fatty acyl-CoA dehydrogenases (Bougarne et al., 2018a), through
which it can maintain fuel supply in low energy state. PPARA not only induces fatty acid oxidation but
also increases lipogenesis mainly via SREBF1 (Fernandez-Alvarez et al., 2011). The endogenous
ligands of PPARA include fatty acids and their derivatives, for instance eicosanoids, endocannabinoids,
and phospholipids (Chakravarthy et al., 2009). In contrast to the poor affinity of SFA, unsaturated
fatty acids especially LC-PUFA including LA, ALA, GLA, ARA and EPA are effective to activate

PPARA and induce the expression of downstream genes (Forman et al., 1997). Such activation is not
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only derived from the binding effect but also from induction of Ppara expression (Tapia et al., 2014).
In addition, #-3 LC-PUFA are suggested to be more potent than #-6 LC-PUFA in activating
PPARA (Echeverria et al., 2016). In fish, two homologous forms, pparal and ppara2, have been
identified, and the response to fatty acid varies from species and within the two homologs. For example,
dietary replacement of fish oil with vegetable oil increased the expression of pparaZ in the liver of
rainbow trout while decreased in Japanese seabass (Dong et al.,, 2017). In Japanese seabass, diet-
enriched ALA or fish oil inhibited hepatic pparal while upregulated ppara? mRNA levels when
compared with PA or OA diets (Dong et al., 2015).

Peroxisome proliferator activated receptor gamma (PPARG) belongs to the same nuclear
receptor family than PPARA, although with a much lower expression level in the liver (Ahmadian et
al., 2013). Similar to PPARA, activation of PPARG is also involved in a broad range of functions
including hepatic TG storage and gluconeogenesis via transcriptional increase of genes such as Acaca,
Sed and Fasn (Wang et al., 2020). Besides, activation of PPARG trends to decrease FADS2 (AG) along
with an increase of PRARG mRNA levels (Gu et al., 2002). A study on fish hepatocytes also shows
that activation of Pparg decreases the expression of fads2 (A5 and AG6), while increases pparg, elov/5 and
srebflc expression (You et al.,, 2017). Fatty acids and its derivatives are able to bind PPARG and affect
the downstream genes expression (Marion-Letellier et al., 2016). While SFA with either short or long
chain length are unable to bind PPARG (Xu et al., 1999), #»-3 and #-6 LC-PUFA such as LA, ARA,
EPA and DHA have shown binding affinity with PPARG (Xu et al., 1999; Zhao et al., 2011). In spite
of this, decreased expression of PPARG is associated with dietary LC-PUFA (Tian et al., 2014; Wang
et al., 2012), indicating a feedback control of PPARG activation by these fatty acids. However, the
decrease of pparg expression by LC-PUFA is inconsistent between fish species (You et al., 2017), which
may due to the existence of two isoforms encoded from the same gene with different promoters (Lee

etal., 2018).

1.4.5 FAT-1 and FAT-2 in Caenorhabditis elegans

As mentioned above, vertebrates lack the enzymes FAT-1 and FAT-2, and therefore they cannot
synthesize de novo PUFA and require dietary supplement of EFA. However, the two enzymes have

been identified in some invertebrates such as the roundworm Caenorbabditis elegans.

C. elegans FAT-1 is a -3 desaturase with activity at A15 and A17 fatty acid substrates (Figure
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1.3.3). For example, FAT-1 deficiency in C. elegans leads to a decrease of 18:3#-3, 20:41-3, 20:51-3 and
increase of 18:21-6, 20:3#-6 and 20:4#-6 proportions (Kahn-Kirby et al., 2004; Watts and Browse,
2002). Heterologous expression of C. elegans FAT-1 also confirmed the above-mentioned activities.
Transgenic expression of C. elegans FAT-1 in mammalian cells decreases a series of #-6 LC-PUFA
including 18:2#-6, 20:21-6, 20:35-6, 20:4#-6, 22:4n-6 and 22:51-6, while increases 18:3#-3, 20:4#-3,
20:51-3, 22:51-3 and 22:6#-3 (Kang et al., 2001).

C. elegans FAT-2 acts mainly at A12 of fatty acid substrates. FAT-2 deficiency in C. elegans
produced a noticeable accumulation of 18:1%#-9 and complete loss of PUFA proportions (Watts and
Browse, 2002). When expressed in yeast cells, C. elegans FAT-2 act as v+3 desaturase which inserted

double bonds sequentially at the A12 and A15 positions in substrates with preexisting A9 double bond,

such as 14:17-9, 15:1#-9, 16:1%-9, 16:2%-9, 17:12-9, 18:1%-9, 18:21-9 and 18:3#-6 (Zhou et al., 2011).

1.5 Chitosan as a nuclear acid delivery vector

Naked nucleic acid receives high rate of clearance 7z vivo (HE et al., 2012), but delivered by vectors
cither viral or non-viral ones overcome such drawback. Nevertheless, viral vectors provoke
immunogenicity and acute inflammation, which encourage the development of non-viral gene delivery
systems using physical and chemical methods (Nayerossadat et al., 2012). While physical approaches
such as microinjection and electroporation are generally limited to ex »iwo delivery, chemical methods
including cationic liposomes and cationic polymers are more practical for 7 wive applications
(Nayerossadat et al., 2012). Chemical methods utilize biocompatible materials that carry positive
charges to form nanoscale particles with the anionic cargo nuclear acid. Chitosan is a type of cationic
polymer increasingly used for delivering nucleic acids 7z vivo due to its well-known advantages such as
low toxicity, mucoadhesion, biodegradability and biocompatibility (Wu et al., 2020a). Ionic gelation is
one of the methods for chitosan nanoparticles preparation, based on electrostatic complexation of

chitosan, ionic cross-linkers such as tripolyphosphate (TPP), and nucleic acids (Csaba et al., 2009).

1.5.1 Chitosan-TPP-DNA nanoparticle properties

Chitosan-TPP-DNA nanoparticles allows efficient DNA encapsulation, are cost-effective and

easy to prepare. Chitosan is made from the second most abundant natural polysaccharide: chitin. It is
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obtained from crustaceans, insects and microorganisms (Rinaudo, 2006). The structure of chitin is
poly (IN-acetyl-b-D glucosamine), which deacetylation results in the linear polysaccharide with poly
(D-glucosamine) repeat units, chitosan (Figure 1.5.1). Chitosan refers to a product of about 50 %
deacetylation of chitin, a degree that makes it soluble in aqueous acid at pH lower than 6 (Rinaudo,
2000). The water-solubility relies on the degree of deacetylation, molecular weight and the pKa value
of the amine group in D-glucosamine, which is about 6.5 (Strand et al., 2001). Commercially available
chitosan is heterogeneous in the degree of deacetylation and molecular weight. In acidic conditions,
chitosan amine groups are protonated and able to complex into polyplexes electrostatically with the
phosphate groups of DNA. However, chitosan-DNA nanoparticles have limitations in isolation,
storage, physical shapes and DNA-dependence (Chew et al., 2003; Csaba et al., 2009). To overcome
these drawbacks, ionic cross-linkers such as TPP has been introduced into the system (Csaba et al.,
2009). Like chitosan, the multivalent polyanion TPP is also easy to obtain and it is classified as
Generally Recognized As Safe (GRAS, conditionally). Cross-link between chitosan and TPP depends
on the positive charged amino groups of chitosan and negative charged TPP. Chitosan-TPP
nanoparticles are formed immediately after dropwise adding of TPP into chitosan solution. Presence
of TPP tunes chitosan-DNA nanoparticles (chitosan-TPP-DNA) more compact and stable, which is
due to an additional trapping of DNA by the chitosan-TPP complex, besides the electro statical effect
(Katas and Alpar, 2006; Santos-Carballal et al., 2018). In general, the particle size of chitosan-TPP is
around 300 nm with positive surface charges (zeta potential) around 30 mV, whilst loading DNA can

slightly increase the size and decrease the zeta potential (Wu et al., 2020a).

In addition to the above-mentioned properties, chitosan-TPP-DNA nanoparticles have
additional advantages such as low toxicity, biodegradability, and sustained release. Besides the
consensus of GRAS of chitosan and TPP, toxicity concerns of chitosan-TPP-DNA nanoparticle are
driven by the nanoscale feature that enables chitosan to cross organismal barriers, and the
biodegradability of chitosan-TPP complex, which may cause short- and long-term toxicity, respectively
(Islam et al, 2019; Jeevanandam et al., 2018). Nevertheless, toxicity evaluation of chitosan-TPP
nanoparticles using multiple modes including cells and embryos indicates a negligible toxicity at certain
doses (De Campos et al., 2004; Hu et al., 2011; Rampino et al., 2013). Although more investigation is
required on the toxicity of chitosan-TPP nanoparticles, it is believed to be a highly promising carrier
(Islam et al., 2019). Biodegradability is an important parameter for administration routes like
subcutaneous and intraperitoneal in compatison with oral. Biodegradation depends on the features of

chitosan-TPP nanoparticles and the exposed environment. The degradation can be classified as
22



INTRODUCTION

hydrolytic, enzymatic and oxidative reactions (Marin et al., 2013). Chitosan cross-linking TPP slows
the hydrolytic and enzymatic degradation (Islam et al., 2019). Chitosan-TPP-DNA nanoparticles
prolonging cargo gene expression iz vivo mainly relies on enzymatic rather than hydrolytic degradation

(Csaba et al., 2009).

Figure 1.5.1 Deacetylation of chitin to chitosan

1.5.2 Ionic gelation methods

The preparation conditions for chitosan-TPP-DNA nanoparticles by ionic gelation are simple
and mild, which favors the maintenance of the bioactivity of encapsulated compound (Figure 1.5.2).
The nanoparticles are formed instantaneously upon the mix of aqueous solutions of chitosan and
TPP-DNA under stirring at room temperature (Csaba et al., 2009). Nevertheless, nanoparticle
characteristics, especially size, zeta potential and dispersity, are dominated by the preparation
parameters including pH of solutions, molecular weight of chitosan, chitosan/TPP mass ratio and
stirring speed (Bozkir and Saka, 2004; Carrillo et al., 2014; Fabregas et al., 2013; Gan et al., 2005; Nasti
et al.,, 2009). In general, particle size is positively associated with chitosan molecular weight, chitosan
concentration, pH and stirring speed. Zeta potential is induced by lower pH, chitosan molecular weight
and chitosan concentration. The dispersity of chitosan-TPP nanoparticles is affected by chitosan

molecular weight, pH and chitosan/TPP concentrations.
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Chitosan TPP + plasmid Chitosan-TPP-DNA
nanoparticles

Figure 1.5.2 Ionic gelation of chitosan-TPP-DNA nanoparticles. TPP,
tripolyphosphate.
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2.1 General objective

LC-PUFA and their derivatives are essential for growth and development acting as bioactive
components of membrane phospholipids, being substrates for signalling molecules and modulators
of gene expression (Zhang et al.,, 2016). Fish can not de novo synthesize LC-PUFA efficiently and
require dietary supplementation due to the lack of A12/#-6 and A15/#-3 desaturases. However,
shortage of fish oil, the major source of LC-PUFA, in aquafeeds is nowadays a major challenge in
aquaculture due to dietary requirements of fish and the growing size of the industry. Vegetable oil is
an alternative to fish oil that is currently being included in aquafeeds due to the large production.
However, replacement of fish oil with vegetable oil significantly reduces 7-3 LC-PUFA, specially EPA
and DHA, and increases the #-6/#-3 fatty acid ratio in the fish’s flesh (Pang et al., 2014), which would
subsequently negatively affect human health. Thus, a considerable amount of studies focus on
obtention of genetically modified organism such as terrestrial oil crops in order to produce more #-3
LC-PUFA, notably EPA and DHA, for aquafeeds (Napier et al., 2015). Even so, antinutritional factors

that exist in terrestrial plants challenge this strategy (Osmond and Colombo, 2019).

To alleviate fish oil dependency of aquafeeds, emerging efforts are also made to promote
endogenous expression of FAT-1 and FAT-2 activities in fish mainly by obtaining transgenic animals.
Efficient conversion of #-6 PUFA to #-3 PUFA has been reported in transgenic models expressing
codon-optimized C. elggans FAT-1 and FAT-2, including zebrafish (Sun et al., 2020a) and common carp
(X. Zhang et al,, 2018). The #-3 LC-PUFA content is improved by double transgenesis of FAT-1 and
FAT-2 in zebrafish (Pang et al., 2014) and pig (Tang et al., 2019). However, the transgenic strategy is
in a long-running debate with major concerns of genetic pollution to natural organisms as well as
consumer acceptance of genetically modified organisms (Tocher et al., 2019). Alternatively, the use of
chitosan as a nucleic acids’ vector for gene therapy applications iz vivo has been receiving increasing
interest in the last years due to its mild processing conditions, nanoscale production and cost-effective

merits in gene delivery applications (Wu et al., 2020a).

In view of the foregoing, we hypothesized that transient overexpression of FAT-1 and FAT-2 in
the liver of Sparus aurata could boost the synthesis of #-3 LC-PUFA, mainly EPA and DHA. To this
end, the main objective of the study was to address metabolic and growth effects of a single dose and
periodical administration of chitosan-TPP-DNA nanoparticles expressing C. elegans FAT-1 and FAT-

2in 8. aurata.
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2.2 Specific objectives

To address the main goal of the PhD thesis, the specific objectives were:

1) Construction of plasmids expressing fish codon-optimized C. elegans FAT-1 (pSG5-FAT-1) and
FAT-2 (pSG5-FAT-2).

2) Obtention of chitosan-TPP nanoparticles complexed with pSG5-FAT-1, pSG5-FAT-2 and empty
vector (pSG5, control).

3) Acute effects of a single intraperitoneal dose of chitosan-TPP-DNA nanoparticles on blood

metabolites and liver intermediary metabolism and fatty acid profile in S. axrata.

4) Long-term detection of fish codon-optimized C. elegans FAT-1 and FAT-2 mRNA levels in the liver

of §. aurata after a single dose of chitosan-TPP-DNA nanoparticles.

5) Effects of periodical intraperitoneal doses of chitosan-TPP-DNA nanoparticles on blood
metabolites, liver intermediary metabolism, liver and muscle fatty acid profile and growth parameters

in S. aurata.
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3.1 Animals

Gilthead sea bream (Sparus anrata Linnaeus 1758) belongs to the family Sparidae. 1t has oval body
with moderately deep and compressed, regular curved head and a golden frontal stain between two
small eyes, low mouth and thick lips, 4 to 6 canine-like teeth anteriorly in each jaw, followed posteriorly
by blunter teeth which become progressively molar-like and are arranged in 2 to 4 rows, scales along
lateral line 73 to 85 and a large black blotch at origin of lateral line (Yufera et al., 2011; Carpenter and
De Angelis, 2016). In aquaculture, S. aurata is the second largest cultured marine fish in Europe,
accounting for 42.2 % of total European aquaculture production of marine fish according to the Food

and Agriculture Organization 2022 year report (Circular, 2022).

S. anrata is commonly found over both rocky and soft bottoms along the Mediterranean and
Atlantic coast of Europe and Aftica, primarily in shallow waters (0-2 m) and gradually descending to
deeper waters (> 50 m) with optimum growth temperature between 25-26 °C (Kir, 2020). The
carnivorous fish S. ax#rata mainly feeds on arthropods and molluscs in nature (Hadj Taieb et al., 2013).
The Sparidae family commonly exhibits hermaphroditism. S. aurata is a protandrous hermaphroditic
species. It remains sexually immature during the first year of existence. Thereafter, individuals develop
as functional males for another year. In most cases, during the third year of life sex reversal occurs
and it is accompanied by resorption of spermatogonia and development of the ovarian tissue, while a

percentage of the population remains as males (Zohar et al., 1978).

3.1.1 Animal maintenance and sampling

S. aurata juveniles were obtained from Piscimar (Burriana, Castell6n, Spain) and transported to
the Aquatic Animal facility at the Scientific and Technological Centers from the Universitat de
Barcelona (CCiTUB). The experimental facilities provide constant control of room temperature at
20.0 °C, marine water and 250-liter aquatiums. The aquariums are equipped with closed-circuit water
system consisting of pump filters (eXperience 250, EHEIM, Germany), UV sterilisers (reeflexUV 800,
EHEIM, Germany), air pumps (air100, EHEIM, Germany) and fixed photoperiod of 12 h light-12 h
dark. Fish were assigned randomly to expetimental aquariums (17-22 fishes/aquarium). Diet
(Microbaq 165, Dibaq, Spain, table 3.1.1) was provided to fish twice daily at 9:00 and 19:00 after 3 days
of the assignment. Fish weight of 6 g was estimated for feeding regime at a ratio of 5 % body weight

per day during acclimatation. After at least 2 weeks of acclimatation, fish were weighed (ACBplus-150,
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Adam Equipment, USA) and diet was adjusted to 3 % of BW per day for fish approximating 7-8 g of

average weight. Every 2 weeks fish were weighted to readjust the diet.

Table 3.1.1 Microbaq 165 diet composition

Ingredients (% Weight)

Brown fish meal
Fish oil

Wheat meal
Wheat gluten
Soluble fish extract
Mineral mixture
Yeast extract

Soy lecithin

Vitamin mixture

Nutritional composition (% Weight)

60.5
13.5
11.4
8.3
2.5
1.7
1.0
1.0
0.1

Protein

Lipid
Carbohydrates
Ash

Moisture

Gross energy(k]/g)

52.0
18
12
10
8
21.3

Fish were anesthetized by tricaine methansulfonate (MS-222, Code 118000500, Thermo

Scientific Acros, China) at a concentration of 70 mg/L in matine water before weighing and sampling.

Ethical treatment of fish followed the guidelines of the University of Barcelona’s Animal Welfare

Committee (proceeding #10811, Generalitat de Catalunya), in accordance with the local legislation

(RD 53/2013) and European Union Directive (2010/63/EU) for animal experiments.

The sampling process was as follows:

Preliminary steps

*  Fasting fish for 24 hours before sampling or intraperitoneal injection.

i Fill a container with seawater at rearing temperature which capacity is suitable for the size
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and number of fish.

*  Dissolve the anaesthetic agent MS-222 at 70 mg/L.

*  Transfer 10 fish into the container and wait until they are sedated (about 5 min).

. Proceed to sacrifice and tissue sampling or perform intraperitoneal injection.

Formal steps

*  Fish were sacrificed by cervical section.

. Blood was collected with glass Pasteur pipettes (Code 1154-6963, Fisher Scientific,
Germany) pre-soaked in 3 % w/v trisodium citrate (Code 131655, Panreac, Spain) to inhibit

coagulation.

. Tissues were detached following the order: liver, intestine, skeletal muscle, and brain.

* To remove attached blood and other body fluids, tissues were washed with 0.9% saline

before package.

*  Immediate after saline wash, tissues were frozen by immersion in liquid nitrogen and kept

at -80 °C until use.

®  The blood was stand on ice for about 3 hours followed by centrifugation at 500 g and 4 °C

for 10 min.

*  Supernatant after the centrifugation was collected and stored at - 20 °C for metabolites

analysis.

3.1.2 Experiments

3.1.2.1 Short-term administration of a single dose of chitosan-TPP-plasmid nanoparticles

After 2 weeks of acclimatation, fish were anesthetized and weighed. Chitosan-TPP-plasmid
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nanoparticles were resuspended with saline (0.9 % w/v) to 2 mg plasmid/mL and intraperitoneally
injected to fish at 10 pg plasmid/g of BW. Four groups of fish were treated to receive chitosan-TPP-
pSG5 (pSGS5; control), chitosan-TPP-pSG5-FAT-1 (FAT-1), chitosan-TPP-pSG5-FAT-2 (FAT-2) or
chitosan-TPP-pSG5-FAT-1 + chitosan-TPP-pSG5-FAT-2 (FAT-1 + FAT-2) nanoparticles. Diet was

administered twice a day at a ration of 3 % BW and fish were reared for 72 hours before sampling;

3.1.2.2 Long-term detection of fish codon-optimized C. elegans FAT-1 and FAT-2 mRNA

levels in the liver of S. aurata after a single dose of chitosan-TPP-DNA nanoparticles

For verifying the lasting efficiency of the plasmid-delivery nanoparticles in the liver, the effect
of a single dose chitosan-TPP-plasmid nanoparticles was evaluated 1 month after the treatment. After
2 weeks of acclimatation, fish were anesthetized and weighed. Two groups of fish were
intraperitoneally injected with FAT-1 or FAT-1 + FAT-2 at 10 pg plasmid/g of BW. Diet was

administered twice a day at a ration of 3 % BW and fish were reared for 4 weeks before sampling,

3.1.2.3 Long-term effect of periodical administration of chitosan-TPP-plasmid nanoparticles

After 2 weeks of acclimatation, fish were anesthetized and weighed. Four groups of fish were
intraperitoneally injected up to 3 times (once every 4 weeks) with pSG5, FAT-1, FAT-2 or FAT-1 +
FAT-2 nanoparticles. Every single administration consisted of 10 pg plasmid per gram BW. Fish was
weighed and the diet was readjusted every 14 days. Fish were fed twice a day at a ration of 3 % BW.

Seventy days after the first injection (14 days after the last injection) fish were sacrificed and sampled.

3.1.3 Growth performance

Specific growth rate (SGR), feed conversion ratio (FCR), hepatosomatic index (HSI), protein
retention (PR), lipid retention (ILR) and protein efficiency ratio (PER) were calculated according to the

following equations:

SGR = (In We—1n W) *¥100/T; where Weand Wi are mean final and initial body fresh weight (g),
and T is time (days)

FCR = dry feed intake () / wet weight gain (g)
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HSI = liver fresh weight (g)*100 / fish body weight (g)

PR = body protein gain (2)*100 / protein intake (g)

LR = body lipid gain (g)*100 / lipid intake (g)

PER = weight gain (g) / feed protein provided (g)

3.2 Plasmids

pCMVp is 2 mammalian teporter vector that was used for evaluating transient transfection efficiency

in eukaryotic cell culture experiments.

PMA-T-FAT-1 is a vector backbone for assembling synthetic fish codon-optimized C. elegans FAT-1

cDNA. The plasmid was purchased from ThermoFisher Scientific (see section 3.4).

PMA-T-FAT-2 is a vector backbone for assembling synthetic fish codon-optimized C. elegans FAT-2
cDNA. The plasmid was purchased from ThermoFisher Scientific (see section 3.4).

pSG5, a modified form of the eukaryotic expression vector pSG5 (Stratagene) was used. The
modification includes addition of several restriction sites at the multicloning site for facilitating the
subcloning process. pSG5 has promoter SV40, -globin intron 1T and a polyadenylation signal to allow

expression of eukaryotic inserts zz vivo.

pSG5-FAT-1 was constructed by digestion of pMA-T-FAT-1 and pSG5 using EwRI and Kpxl, and
ligation of the digested products, fish codon-optimized C. elegans FAT-1 cDNA and pSG5.

pSG5-FAT-2 was constructed by digestion of pMA-T-FAT-2 and pSG5 using EcRI and BanHI, and
ligation of the digested products, fish codon-optimized C. elegans FAT-2 cDNA and pSG5.

3.3 Oligonucleotides

Oligonucleotides listed in table 3.3 were intended for quantifying mRNA levels (real-time

quantitative polymerase chain reaction, qPCR), except T7 and pSGb5rev, which were used for PCR
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colony screening;

Table 3.3 Oligonucleotides

18s JDRT18s F TTACGCCCATGTTGTCCTGAG AM490061
acaca RT_ACCITV F CCCAACTTCTTCTACCACAG JX073712
1_F

acach RT_ACC2_F F TGACATGAGTCCTGTGCTGG JX073714

acth qBActin.F F CTGGCATCACACCTTCTACAACGAG  X89920

ptla JS-qCPT1A-F F GAAGGGCAGATAAAGAGGGGC JQ308822

eefla AS-EF1Fw F CCCGCCTCTGTTGCCTTCG AF184170

elovida YW2111 F AAGAACAGAGAGCCCTTCCAG MK610320

elovidh YW2113 F TCTACACAGGCTGCCCATTC MK610321

elovls JS-qFAE-F F GGGATGGCTACTGCTCGACA AY660879

Sfads2 JS1615 F CACTATGCTGGAGAGGATGCC AY055749

Sasn JS-qFAS-F F GTAGAGGACACGCCCATCGAT JQ277708

FAT-1 YW2001 F TTCAACCCCATTCCTTTCAGCG --
FAT-2 YW2003 F AAGAGGACTACAACAACAGAACCGC -
CA

CAGATGGTGAGCCGTGTGAGAAGG  AF427867

S
7

=
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26pel CO1701 I8 GCGTATTGGTGGCTGAGGTCG AF151718

26pd RT_G6PD_F F TGATGATCCAACAGTTCCTA JX073711

ok JYA-GK-F1 I8 TGTGTCAGCTCTCAACTCGACC AF169368

hmger JS1601 I8 ACTGATGGCTGCTCTGGCTG MNO047456

bnfta YW2119 I8 GTGGACAAAGACAAGCGAAATC FJ360721

nrih3 YW2109 I8 GCATCTGGACGAGGCTGAATAC FJ502320

)

pekl AE15 CAGCGATGGAGGAGTGTGGTGGG  AF427868

|>

Pkl JYAO3F1 I8 TGCTGGGGACAAAACGAACTCTTCC KF857580

prefbl J81507 I8 TGCTGATGGTGGGACTGCCG Us4724

DpRIr MG1301q I8 CAAAGTGGAAAGCCGGCAAGGG KI857579

pCMVS JDRTpcmvbS  F CCCATTACGGTCAATCCGC -

ppara LS_1701 I8 GTGAGTCTTGTGAGTGAGGGGTTG  AY590299

pparg J51603 I8 TGCGAGGGCTGTAAGGGTTTC AY590304

sedla YW2117 I8 TCCCTTCCGCATCTCCTTTG JQ277703

srebf! J51406 I8 CAGCAGCCCGAACACCTACA JQ277709

- T7 I8 TAATACGACTCACTATAGGG -

F, Forward; R, Reverse.
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3.4 Design of fish codon-optimized cDNAs

C. elegans FAT-1 and FAT-2 coding DNA sequences were uploaded to GeneArt Instant Designer
and optimized by Danio rerio codon usage (ThermoVFisher Scientific, USA). The fish codon-optimized
C. elegans FAT-1 and FAT-2 cDNAs were commercially manufactured and inserted into pMA-T
(ThermoFisher Scientific, USA). Upon arrival, 5 pg of the delivered pMA-T-FAT-1 and pMA-T-FAT-
2 constructs were both resuspended in 10 pL. of 10 mM Tris-HCI buffer, by gently pipetting up and
down several times and stored at -80 °C until use. Identity of pMA-T-FAT-1 and pMA-T-FAT-2 was

confirmed by sequencing (see 3.12).

3.5 Preparation of DH50 competent Escherichia coli

The E.coli strain DH5a., which has high transformation efficiency, is applied for molecular cloning

of plasmids and ligation products. The protocol followed to prepare DH5a competent cells was:

e Prepare 100 mM MgCl> (Code 141396, Panreac, Spain) and 100 mM CaCl, (C7902-500G,

Sigma, USA) for following usage.

e Autoclave (Code 4004372, J. P. Selecta, Spain) the two solutions above mentioned and store

them at 4 °C for following usage.

e Mix 25 mL of 100 mM CaCl; solution with 4.4 mL of glycerine (Cat G7757, Sigma-Aldrich,

USA), autoclave it and store it at 4 °C for following usage.

e Prepare 60 mL LB broth according to table 3.5 for following usage

Table 3.5 LB broth

Component Quantity Reference

Tryptone 10g Cat 1612.00, Pronadisa, Spain
NaCl 10g 131659.1214, Panreac, Spain
Yeast extract 5g Cat 1702.00, Pronadisa, Spain

Dissolve the components with 1 liter of distilled water, adjust the pH

to 7.0 with NaOH, and autoclave for 20 min at 15 psi (1.05 kg/cm?).

e Seeding 50 pL of original DH5a competent cells in 5 mL of LB broth.
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e  Culture the cells in a shaker New Brunswick™ Excella® E25, Eppendorf, Germany) at 220

rpm and 37 °C overnight.

e Add5mL of the overnight culture into 50 mLL LB broth and culture overnight again as above.

e Centrifuge the 50 mL culture at 2500 g and 10 °C for 10 min (Centrifuge 5415R, Eppendorf,

Germany). Withdraw the supernatant.

e  Resuspend the pellet with 50 mL of ice-cold 100 mM MgCl..

e Centrifuge the MgCl resuspension at 2500 g and 10 °C for 10 min and withdraw the

supernatant.

e  Resuspend the pellet with 10 mL of ice-cold 100 mM MgCl..

e Add 100 mL of ice-clod 100 mM CaCl, that prepared before and keep the mixture on ice

for 90 min.

e  Centrifuge the culture under 2500 g and 10 °C for 10 min and withdraw the supernatant.

e  Resuspend the pellet in 12.5 mL of resuspension solution (ze., the mixture of CaCly and

glycerin).

e Store as 200 pL aliquots at -80 °C until use.

3.6 Transformation of DH50, competent cells

Plasmids and ligation products* were transferred into DH5a by heat shock. Single colonies
containing the transferred product are allowed to grow for further amplification in liquid medium. The

steps were as follow:

e Thaw 50 uL. DH50 competent cells on ice and mix it with 0.25 pg plasmids in sterile tubes.

e  Incubate the cells on ice for 15 min.
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Incubate the cells in water bath at 42 °C for 2 min and 45 sec.

Incubate the cells on ice for 3 min.

Mix 400 pL antibiotic free LB broth with the cells.

Incubate the cells in water bath at 37 °C for 1 hour.

Centrifuge the cells at 5000 g for 30 seconds.

Withdraw 400 pL. of the supernatant and resuspend the cells with the rest liquid near the

Bunsen burner.

Transfer 5 pL of the resuspension from above into a LB agar plate (table 3.6).

Table 3.6 LB agar plate

Component Quantity Reference

Tryptone 10¢g Cat 1612.00, Pronadisa, Spain
NaCl 10¢g 131659.1214, Panteac, Spain
Yeast extract 5¢g Cat 1702.00, Pronadisa, Spain
Agarose 20g Cat 1802.00, Pronadisa, Spain

Dissolve the components with 1 liter of distilled water, adjust the pH to 7.0 with
NaOH, and autoclave for 20 min at 15 psi (1.05 kg/cm?) on liquid cycle. Cool to
60 °C and add antibiotics according to plasmid-mediated resistance. Different
concentrations were applied according to antibiotics. For pCMVf{, pMA-T and
pSG5-mediated resistance, ampicillin (100 pg/mL) was used. Pour 30 mL of the
above mixture per 90-mm plate, cool at room temperature until gelification was

completed and store the plate at 4°C.

Spread the cells evenly over the plate using a sterilized glass stick near to flame.

Keep the plate at room temperature for 15 min.

Upside down the plate and incubate at 37 °C overnight (Type INB500, Memmert, Germany).
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*For transformation of ligation products, 200 pl. of DH5a cells and 5 pL of ligation

product were used.

3.7 Isolation of plasmids

To amplify and obtain suitable amounts of plasmid, either miniprep (Ref.740588.250, Macherey-

Nagel, Germany), midiprep (Ref. K0481, ThermoFisher Scientific, USA) or gigaprep (Ref.740593,

Macherey-Nagel, Germany) were performed according to the corresponding manuals of the

commercial kits. The basic procedure was reported by Birnboim and Doly (Bimboim and Doly, 1979).

General steps for amplification and extraction of plasmid DNA were:

Set up an overnight DH5a E. co/i bacterial culture (New Brunswick Biological Shaker Excella
E25, Eppendorf, USA) by inoculating a single plasmid-transformed colony picked from a
freshly streaked plate into appropriate volume of LB broth containing the antibiotic

corresponding to the plasmid resistance.

Harvest DH5a cells by centrifugation at 4500-6000 g and 4 °C for 15 min.

Resuspend the cell pellet with the suspension solution provided by the kit. Generally,

suspension solution provides an optimal pH for subsequent lysis.

Break down cell membrane and denature DNA by alkaline solution (lysis).

Precipitate chromosomal DNA and other cellular compounds in acid medium, where

plasmid DNA reverts to its supercoiled structure and remains in solution.

Clarify the lysate by centrifugation at room temperature.

Load the cleared lysate into a column with anion-exchange resin for binding plasmid DNA.

Plasmid DNA is eluted after washing the column and dissolved in TE buffer for further use.

3.8 Restriction endonuclease digestion

Restriction endonucleases recognize and cut double-stranded DNA at specific sites. Restriction
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digestion results in the formation of either blunt or sticky DNA ends, which facilitate the ligation of
linear double-strand DNA fragments. The digestion process for subcloning FAT-1 and FAT-2 cDNAs

into pSG5 were as follow:

¢ Digest pMA-T-FAT-1 and pSG?5 plasmids with EcRI at 37 °C in water bath for 4.5 hour (table

3.8a). Every 1.5 hout, additional 5 U more of enzyme were added.

Table 3.8a Enzyme digestion of pMA-T-FAT-1 and pSG5 plasmids with EcoRI

Component (concentration) Volume/amount Reference

Plasmid 2 ug --

Buffer (10X) 8 Thermo Scientific, ref. #B12, USA

MQ Water -- Merck KGaA, ref. SYNSVHFWW, Germany
EcwRI (10 U/pL) 2 Thermo Scientific, ref#ER0271, USA
Final volume 80 pL. --

The amount of plasmid for digestion depends on the recovery rate of products after purification

of the reaction system and the requirement for ligation (see 3.9).

. Purification of digested products from the above step using the High Pure PCR product
Purification Kit (Ref.11732668001, Roche, Germany).

¢ Digest the purified products by Kpnl with water bath at 37 °C for 4.5 hour (table 3.8b). Additional

5 U of enzyme were added every 1.5 hour.

Table 3.8b Enzyme digestion of pMA-T-FAT-1 and pSG5 plasmids with Kpzal

Component (concentration) Volume (uL) Reference

Product of EcRI digestion 30

Buffer (10X) 8 Thermo Scientific, ref. #B29, USA

MQ Water 40 Merck KGaA, ref£. SYNSVHFWW, Germany
Kpnl (10 U/ulL) 2 Thermo Scientific, ref#ER0521, USA

Final volume 80 --

*  DPurify the EwRI/Kpnl product using the High Pure PCR product Putificaton Kit
(Ref.11732668001, Roche, Germany).

*  The product of pMA-T-FAT-1 EcwRI/Kpnl digestion was submitted to gel electrophoresis (see
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section 3.11), in order to separate FAT-1 and pMA-T and purify the band gel corresponding to
FAT-1 cDNA (1231bp) using the High Pure PCR product Purification Kit (Ref.11732668001,

Roche, Germany).

®  Purified pSG5 and FAT-1 were ready for ligation.

Enzyme digestion of pMA-T-FAT-2 and pSG5 (for assembling FAT-2) were completed by one-step
digestion. Briefly:

¢ Digest pMA-T-FAT-2 and pSG?5 plasmids by EwRI and BazHI at 37 °C water bath for 4.5 hour
(table 3.8¢). Additional 5 U of enzyme were added every 1.5 hour.

Table 3.8c Enzyme digestion of pMA-T-FAT-2 and pSG5 plasmids with EcoRI and BamHI

Component (concentration) Volume/amount Reference

Plasmids 2 ug -

Buffer (10X) 8 uL Thermo Scientific, ref.#B57, USA

MQ Water -- Merck KGaA, ref. SYNSVHFWW, Germany
EwRI (10U / pL) 2 uL Thermo Scientific, ref. #ER0271, USA
BanHI (10 U / pL) 2 uL Thermo Scientific, ref. #ER0051, USA
Final volume 80 uL -

The amount of plasmid for digestion depends on the recovery rate of products after purification

of the reaction system and the requirement for ligation (see 3.9).

*  The products from EcwRl/BamHI digestion wetre purified by the High Pure PCR product
Purification Kit (Ref.11732668001, Roche, Germany).

®  The product of pMA-T-FAT-2 digestion was submitted to gel electrophoresis (see section 3.11),
in order to separate FAT-2 and pMA-T and purify the band gel corresponding to FAT-2 cDNA
(1153bp) using the High Pure PCR product Purification Kit (Ref.11732668001, Roche,

Germany).

®  Purified pSG5 and FAT-2 were ready for the following ligation.
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3.9 DNA ligation

DNA ligation allowed to join DNA vector/plasmid with a gene of interest. The resulting
recombinant plasmid contains the gene of interest for further applications, such as sequencing and
complexing with chitosan-TPP. Upon obtaining FAT-1, FAT-2 and pSG5 fragments, a LigaFast™
Rapid DNA Ligation System (Part# 9PIM822, Promega, USA) was processed for construction of
pSG5-FAT-1 and pSG5-FAT-2 plasmids following the manufacturer instructions. Briefly:

¢ Thaw and mix well of pre-allocated ligation buffer for 1.5 min.

. Add components into the buffer tube according to table 3.9.

Table 3.9 DNA ligation system for assembling insert and vector

Components Concentration Final Volume

2X rapid ligation buffer 1X 5puL

Insert sequence (FAT-1/FAT-2) 4 uL in total require calculation*
Plasmid (pSG5) require calculation*
Ligase 3U/uL 1 uL

Calculation: [(ng of plasmid X kb size of insert) / kb size of plasmid] X molar ratio of insert:
plasmid = ng of insert. A molar ratio of 1:3 was used. Optimal amount of plasmid is 50 ng. To
adjust plasmid + insert to a final volume of 4 L in total, the following equation was applied: Let,
i = Insert sequence, p = Plasmid, C = Concentration (ng/pL), L = Length (bp), V = Volume. Then,
Vp (uL) =4 Vp / (Vp + Vi), Vi (uL) =4 Vi / (Vp + Vi).

¢ Incubate the reaction system at room temperature for 1 hour and then at 10 °C overnight.

¢ Amplify the amount of pSG5-FAT-1 and pSG5-FAT-2 using miniprep (see section 3.7) for

restriction analysis and sequencing,

3.10 PCR screening of positive ligation products

PCR screening was applied for identifying positive ligation products using primers designed from

the surrounding sequences of the insert location in the vector. Successful ligated plasmids result in the
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expected size of PCR products after visualization of agarose gel electrophoresis. PCR screening was

as follows:

*  Transformation and amplification of ligation products with DH5a competent cells (see

section 3.06).

i Prepare PCR reaction mixture (table 3.10a).

Table 3.10a PCR reaction system for screening positive pSG5 colonies (volume per colony)

Component (concentration) Volume Reference
(BL)
T7 primer (10 uM) 0.3 --
pSGbrev primer (10 puM) 0.3 --
dATP (25 pM) P/N 55082, Thermo
Fisher Scientific, USA
dGTP (25 uM) P/N 55084, Thermo
Fisher Scientific, USA
dNTPs (100 uM) 0.3
dTTP (25 uM) P/N 55085, Thermo
Fisher Scientific, USA
dCTP (25 pM) P/N 55083, Thermo
Fisher Scientific, USA
Tagpol polymerase buffer with 1.5 -
MgCl, (10X)
Taq polymerase (5U/uL) 0.09 10.003, Biotools, Spain
MQ water 12.41 =

. Allocate the mixture into PCR tubes.

*  Mark and pick colonies randomly from the transformation plate by using sterile pipette tips

(10 pL size) and pipetting into the PCR tubes under Bunsen burner. Part of each of the

colonies should be retained in the plate further for amplification after identifying positive

colonies.

. After short centrifugation of the PCR reaction mixture, process PCR reaction program as

table 3.10b.
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Table 3.10b PCR reaction program

Cycle Temperature (°C) Time (min)

-- 95 1
95 0.5

35 55 0.5
72 2

-- 72 5

*  PCR products were analyzed by gel electrophoresis (see section 3.11)

¢ Uponidentification of positive colonies (7.e., pPSG5-FAT-1 and pSG5-FAT-2), the remaining

part of corresponding colonies were processed to perform minipreps (see section 3.7).

*  After purification from minipreps, the plasmids were sent for sequencing (see section 3.13)

to precisely confirm the nucleotide sequences of the recombinant plasmids.

3.11 DNA gel electrophoresis

This method is based on the motion of negatively charged DNA in agarose gels submitted to an
electric field. DNA gel electrophoresis is used for separation and identification of DNA sequences

according to DNA sizes. Gel electrophoresis was applied as follows:

*  Prepare and autoclave 50X TAE (Tris-acetate-EDTA) buffer at pH = 8.2.

Table 3.11a 50X TAE (Tris-acetate-EDTA) buffer

Component Concentration Reference

Tris base 2.0M T1503-1KG, Sigma, USA
Acetic acid 1.0 M 141008, Panteac, Spain
EDTA 0.05 M ED2SS-500G, Sigma-Aldrich, USA

Table 3.11b 1 % agarose (w/v)

Component  Amount Reference
Agarose 05g AG-0500, Ecogen, Spain
50X TAE 1 mL --
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Distilled water 49 mL =

Melt the agarose-buffer mixture using microwave until completely dissolved.

Cool the agarose to 65 °C and add 6 pLL SYBR Safe DNA gel stain (Ref.S33102, Thermo
Fisher Scientific, USA).

Pour the agarose into a gel tray with the well comb in place and cool at room temperature

for gelification (about 50 min).

Immerse the gel into a horizontal electrophoresis chamber (Ref.1704467EDU, Bio-Rad,
USA) that filled with 1X TAE buffer.

Load 5 pL. DNA sample with 1 pL. 6X Orange DNA Loading Dye (Ref.R0631, Thermo
Fisher Scientific, USA).

Load 5 pL of appropriate DNA Ladder (Ref.SM0311, Thermo Scientific, USA).

Gel electrophoresis exercised under power supplied at 100 volts (Model453, ISCO, USA)
until dye line reached about 80 % of the gel length.

Visualize the gel electrophoresis results by the Gel Doc™ EZ Imager (Ref. 10000076956,
Bio-Rad, USA).

*Visualize the gel electrophoresis on platform of UV device Model TFP-M/WL, Biotech,

Spain) and cut the desired size band if needed.

3.12 Cycle sequencing

Cycle sequencing based on the Sanger sequencing method is applied for precisely verifying DNA

sequences. Sequence analysis was performed at the CCiTUB. Preparation before sending to the

sequencing service was as follows:

Pre-heat incubator (Model D1100, Labnet, USA) to 85 °C.
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*  Add suitable volume of productin a PCR tube: 100 ng for every 1000 bp DNA length.

¢  Add 10 pM of T7 and pSG5rev primers.

. Incubate the tube at 85 °C for 15 min with the tap open.

¢ Store at — 20 °C before sequencing,

e After analysis and confirmation of pSG5-FAT-1 and pSG5-FAT-2 constructs, remaining
solutions from the miniprep were used to amplify the plasmid by midiprep or gigaprep (see

section 3.7) for further applications.

3.13 RNA extraction

RNA extraction is the purification of RNA from biological samples. Total RNA from samples
were extracted using HigherPurity Tissue Total RNA Purification kit (Ref ANO0152-XL, Canvax,
Cordoba Spain) according to the manufacturer’s protocol. Absorbance of the RNA at 260 nm and
280 nm were measured by the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, USA)
and a ratio of 260/280 around 2.0 is generally accepted for following steps, such as reverse

transcription.

3.14 Reverse transcription

Reverse transcription is a process where complementary DNA (cDNA) is synthesized from a

single-stranded RNA template by reverse transcriptase. The steps were as follows:

. Prepare the mixture in table 3.14a.

Table 3.14a Components for reverse transcription

Components Concentration Reference

dNTPs 0.5mM See table 3.10a

Random Hexamers  6.25ng/pl SO142, Thermo Scientific, USA
Total RNA 2 ug =

MQ water Up to 16 puL. -
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. Incubate the mixture for 5 min at 65 °C.

®  Chill the mixture on ice for 1 min, briefly centrifuge and place on ice.

i Add following mixture to make the final volume of 20 pL (table 3.14b).

Table 3.14b Components for reverse transcription

Components Concentration Reference

OPTIZYME M-MLV RT buffer 1X P0073-XL, Canvax, Spain

Ribonuclease Inhibitor 1U/uL BP3222-1, Fisher
Scientific, USA

OPTIZYME M-MLV Reverse Transcriptiase 10U/uL P0073-XL, Canvax, Spain

¢ Incubate the mixture at room temperatute for 10 min and 37 °C for 50 min.

®  Heat the mixture 15 min at 70 °C to inactivate the M-MLV reverse transcriptase.

. Store cDNA product at — 20 °C before downstream applications.

3.15 Quantitative real-time PCR

For RNA quantification, quantitative real-time PCR (qPCR) was adopted. Once intercalated to
DNA, SYBR Green becomes less mobile and releases its energy as fluorescence, which intensity is
directly associated with the concentration of double-stranded DNA, allowing detection and

quantification of real-time DNA transcripts in PCR.

*  Prepare master mix as in table 3.15b.

Table 3.15b Components of master mix for qPCR

Components Concentration Volume Reference

Forward primer 10 pM 1 uL -

Reverse primer 10 pM 1 uL -

SYBR Green Master Mix - 12.5 ul.  A25743, Thermo Fisher Scientific, USA
qPCR Water - 85uL -
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. Dilute 10 times cDNA samples from the liver, brain, and intestine with MQ water before use.

*  Add 2 pL of cDNA sample in the master mix.

¢ Allocate 10 pL of the mixture in each of duplicate reaction tubes (4358293, Life technologies,

USA).

¢ Cover the tubes with caps (4323032, Life technologies, USA) and centrifuge at 1000 rpm for 1
min (FC5714, Ohaus, Switzerland).

*  Insert the tubes in QuantStudio™ 3 Real-Time PCR System (A28131, Thermo Fisher Scientific,

USA) and run the program as follow:

Table 3.15c qPCR running program

Temperature (°C) Time (min) Cycle

95 10 --
95 0.25 40
62 1

Dissociation curves were applied after each experiment to confirm the amplification of single
products. 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 were
normalized using S. anrata ribosomal subunit 18s (78s), B-actin (acfb) and elongation factor 1 alpha
(eef1a) as endogenous controls. The standard AACT method was used to calculate variations in gene

expression (Livak and Schmittgen, 2001).

3.16 Eukaryotic cell culture and transformation

HepG2 cells transfection was applied for validating the constructed expression plasmids and
their effects on fatty acid synthesis by 48-hour transient transfection using the method of calcium
phosphate-DHA co-precipitation. HepG2 cells from the same batch were seeded in 24 culture dishes.
Twelve dishes of cells received pSG5 (control), pSG5-FAT-1, pSG5-FAT-2 or pSG5-FAT-1 + pSG5-
FAT-2 for validating the expression of FAT-1 and FAT-2 (# =3). The other twelve dishes of cells also

received the four treatments (# =3) for evaluation of fatty acid profiles.
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3.16.1 HepG2 culture

The cells wete cultured in 100 mm tissue culture dishes (Ref. 130182, ThermoScientific, Korea)
using water jacketed CO; incubator (Forma Series ii, Thermo Scientific, USA) with temperature at 37

°C and 5 % COa.

The culture medium was composed of Dulbecco's Modified Eagle Medium (DMEM)
(Ref.41966-029, Gibco, UK) supplemented with 10 % fetal bovine serum (FBS) (Ref. 10500-064,
Gibco, Germany) and 1 % antibiotics (Ref. 15140-122, gibco, USA). The medium was replaced every

2-3 days by aspirating and adding prewarmed (37 °C) fresh medium.

3.16.2 Subculture

When cells reached about 80 % confluence, subcultures were processed. For 100 mm culture
dishes, the medium is aspirated, and the cells are gentle rinsed with 5 mL of 1X phosphate buffered
saline (PBS, see table 3.16.2) in order to remove FBS, which can inhibit trypsin activity. Discard the

rinsing PBS, add 1 mL trypsin (Ref.12605-028, Gibco, Denmark) and incubate at 37 °C for 2-3 min.

After incubation, tap the side of the dish to detach the cells from the plastic surface. Add 10 mL
prewarmed (37 °C) fresh medium and subdivide the cells into new dishes (or collect the cells for

cryopreservation, see 3.16.3). Count cells prior to subculture.
For counting the cells, mix 10 pL of the trypsinized cells with 10 pL Trypan Blue (Ref. T10282,
Invitrogen, USA). Load 10 pL of the mixtute inside a counting chamber slide (Ref. C10283, Invitrogen,

USA) and insert the slide into Countess™ (Invitrogen, USA) for analyzing cell concentration.

2.2x106 cells are subdivided into a new 100 mm culture dish. Add fresh medium to compensate

the total culture volume into 10 mL.. Culture the cells as in 3.16.1.

Table 3.16.2 10X PBS stock solution

Component Concentration (M) Reference
NaCl 1.37 131659.1214, Panreac, Spain
KCI 0.027 4936, Merck, Germany
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Na,HPO4 0.1 122507.1211, Panreac, Spain
KH>PO4 0.018 4873, Merck, Germany
Adjust pH = 7.40 with HCl; autoclave for 20 min at 15 psi (1.05 kg/cm?);

store at room temperature.

3.16.3 Freezing cells

Steps below are followed for cryopreservation:

*  Prepare freezing medium: 70% DMEM + 20% FBS + 10% dimethyl sulfoxide (Ref.
D4540-500ML, Sigma, USA)

*  Label cryovials with the date, name of researcher, passage number and cell type.

*  Transfer trypsinized cells into 15 ml falcon and centrifuge at 1000 rpm and room

temperature for 5 min.

*  Remove the supernatant and loosen the pellet by gentle tapping the tube bottom.

*  Add the freezing media till required cell density, which for mammalian cells is usually

10°/mL. Cells should not be at room temperatute in freezing media for more than 10 min.

*  Transfer the cryovials into a CoolCell (at room temperature) and put into a -80 °C freezer.

The CoolCell decreases the cryovials temperature steadily by 1 °C/min.

*  After approximately 24 h, remove the cryovials from the CoolCell and transfer into liquid

nitrogen for long-term storage.

3.16.4 Thawing cells

Steps below are followed for thawing cells:

*  Remove cryovial from liquid nitrogen storage and place in 37°C water bath until about 80%

defrosted (this should take no longer than 1 min).
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*  Transfer the cells into a 15 mL falcon containing 10 mL of prewarmed culture medium.

*  Centrifuge at 1000 rpm and room temperature for 5 min.

. Discard the supernatant and resuspend in appropriate amount of cell culture medium.

. Transfer cells into a culture dish and grow in incubator.

3.17 Calcium phosphate-DNA co-precipitation

This method is aimed for introducing foreign DNA into eukaryotic cells. Before in wivo
employment of chitosan-TPP-plasmid nanoparticles, validation of the constructed plasmids
expressing FAT-1 and FAT-2 was performed by transient transfection of both plasmids into HepG2
cells using the phosphate-DNA co-precipitation method:

1. Prepare 50 mL 2X BBS (BES-buffered saline) by mixing 25 ml, 2.8 mL, 150 pL and 22.05 mL,
respectively, of solution No.1, 2, 3 and MQ water (table 3.17).

Table 3.17 2X BBS sub solutions

Solution No. Component Concentration (M) Reference
1 BES 0.1 A1062.0100, AppliChem, Germany
2 NaCl 5 131659.1214, Panteac, Spain
3 Na,HPO4:2H,0O 0.5 122507.1211, Panteac, Spain

Adjust BES solution pH = 7.00 with NaOH. The three solutions are prepared with MQ water.

2. Adjust the pH of BBS solution to several points around 7.00, take 55 plL of the BBS solution at
each pH point for ‘BBS Effectiveness test’ (step 3-5). Effective pH theoretically at 6.95 to 6.98.

3. Add 2 pL plasmid (1 pg/pL), 41 pL. MQ watet and 5 pL CaCl, (2.5M), vortex very well.

4. Dropwise 50 pL of BBS solution into the solution from step 3 under vortexing;

5. Add 1 pL of the above solution on a glass slide and check under 100X microscope to see which pH

of BBS solution generates the most even and granular precipitates.
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6. Adjust the BBS solution again to the pH that produced the bigger precipitate.

7. Filter the BBS solution by sterile filter (Ref. 10462200, Whatman, Germany) in a vertical laminar
flow workbench (AV-30/70, Telstar, Japan) and store at 4 °C until use.

8. Prepare suitable amount dishes of cells at about 40% confluence.

9. Change medium 2 hours before transfection.

10. Pre-check if the BBS solution still produce precipitate (step 5).

11. Add 1 pg of internal control plasmid (pCMVP) + 20 pL of target plasmid (1 pg/pL) + 450 pL
of MQ sterile water and mix with 50 pl. of CaCl; (2.5M) by vortexing.

12. Keep vortexing the above solution while dropwise adding 500 pL. 2XBBS solution slowly within

20 sec.

13. Check if the precipitate exists using 1 pL of the mixture from step 12.

14. Add the solution dropwise to the dishes of cells and swirling gently to mix well.

15. Grow the cells for 48 hours.

16. Cell pellets are collected by trypsinization and centrifugation for expression and fatty acid analysis.

3.18 Serum metabolites

Enzymatic colorimetric methods were applied for quantitative measurements of glucose (ref.
1129010, Liner chemicals, Spain), triglycerides (ref. 1155010, Liner chemicals, Spain) and cholesterol

(ref. 41022, Spinreact, Spain) with commercial kits. The principles are:

B-D-glucose + HO + Oz = D-gluconate + H,Op, catalyzed by glucose oxidase

4-aminoantipyrine + phenol + H>O = quinoneimine + H>O, catalyzed by peroxidase
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Triglycerides + 3 HoO = glycerol + 3 free fatty acids, catalyzed by lipoprotein lipase

glycerol + ATP = glycerol-3-phosphate + ADP, catalyzed by glycerolkinase

glycerol-3-phosphate + O = dihydroxyacetone phosphate + H2Op, catalyzed by glycerophosphate

oxidase

4-aminoantipyrine + phenol = quinoneimine + H>O, catalyzed by peroxidase

Cholesterol esters + H>O = cholesterol + fatty acids, catalyzed by cholesterol esterase

cholesterol + Oy = 4-cholestenona + H»O», cholesterol oxidase

4-aminoantipyrine + phenol = quinoneimine + H>O, catalyzed by peroxidase

Absorbance of quinoneimine at 500 nm linearly correlated with concentration of the substrate at
certain range. Thus, concentration of metabolites in serum are compared and calculated with standard

references. The protocols for determining glucose, triglycerides and cholesterol were:

®  Prepare standard samples for references. Standards and reagents were provided with the kits.

Table 3.18 Standard for determination of serum metabolites

No.  Standard* (200 mg/dL, pL) H;O0 (add to 5 uL)  Regent (uL)

1 5 0 495
2 2.5 2.5 495
3 1.25 3.75 495
4 0.625 4.375 495
5 0 5 495

* Formula in the table is applied for preparing standard of serum glucose, triglycerides

and cholesterol.

. Incubate the standards of glucose and cholesterol at room temperature for 10 min, and

triglycerides for 15 min.

®  Measure the absorbance of the standards at 500 nm (UV 1800, SHIMADZU, Japan) and create
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standard curves.

*  Mix 5 puL sample and 495 pL regent, incubate and measure at 500 nm as the standards.

*  (Optional) Dilute sample with distilled water when the absorbance of sample surpassed the

values of standard no. 1.

*  Calculate glucose, triglycerides, and cholesterol concentrations according to the standard curves.

3.19 Enzyme activity assays

Hepatic enzymes activities involved in glycolysis gluconeogenesis, PPP, Krebs cycle and amino
acid metabolism were measured, including Pfkl, Fbp1, Pklr, G6pd, Pgd, Idh, Ogdh, Alt and Ast.
Hepatic total soluble protein content was also measured for expressing specific enzyme activity (U/g

total soluble protein).

For measuring the enzyme activity and protein content, liver crude extracts were prepared as

indicated below. All the components for the measurement were kept cold on ice before incubation.

. Prepare homogenization buffer according to table 3.19.

*  Weigh 50 to 100 mg liver samples previously that stored at -80 °C.

*  Add homogenization buffer to the sample (5:1 volume/weight, pL/mg).

¢ Homogenize the samples using Polytron-PT 10-35 (Kinematica, Switzetland) at position 3 for

about 15 seconds.

¢ Centrifuge the samples at 10000 g and 4 °C for 30 min.

®  Transfer liver crude extracts (Ze., the clear central layer) into new tubes for analysis.

®  The specific enzyme activity assay and protein content were detected by Varioskan Lux

multimode microplate reader (Ref VL.OOOODO, ThermoScientific, USA) (see following sections).
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Table 3.19 Homogenization buffer for liver crude extract

Component Final concentration Reference

Tris-HCI, pH = 7.5 50 mM T1503-1KG, Sigma, USA

EDTA 4 mM ED2SS-500G, Sigma-Aldrich, USA
NaF 50 mM 106449, Merck, Germany

Sucrose 250 mM 107651, Metck, Germany
Phenylmethylsulfonyl fluoride 0.5 mM P-7626, Sigma, USA
1.4-Dithiothritol 1 mM 10197777001, Roche, Germany

Stock solution consisted of Tris-HCI, EDTA and NaF was prepared 10 X before use. Sucrose,
phenylmethylsulfonyl fluoride and 1.4-dithiothritol were freshly added to the diluted solution.

Phenylmethylsulfonyl fluoride was dissolved in 1-propanol at 200 mM as stock.

3.19.1 Total soluble protein content

To calculate the specific enzyme activity, the total soluble protein was determined by the Bradford
method (Kruger, 1996) using bovine serum albumin (BSA, No. A-6003, Sigma, USA) as standard
reference. Total soluble protein content (TSPC) in each sample was measured and calculated according

to the reference. The protocol was as indicated below:

*  Prepate 2 mg/mL BSA aqueous solution (standard solution).

*  Dilute the standard solution to a range of concentrations: 1 mg/mlL, 0.5 mg/ml,, 0.25 mg/mlL.,

0.125 mg/mL and 0.0625 mg/mL.

¢ Dilute Bradford Reagent (Cat. 5000006, Bio-Rad, Germany) 5 times with distilled water.

*  Mix 196 pL of diluted Bradford Reagent and 4 pL. of BSA solution in 96-well plate. Perform the

analysis in duplicate.

o Incubate the mixture at 30 °C for 5 min and read the absorbance at 595 nm.

. Create a correlation curve from the serial concentration of BSA and corresponding absorbances.

. Dilute crude extracts 25-fold using distilled water.
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*  Mix 196 pL of diluted Bradford Reagent and 4 pLL of the diluted crude extract in 96-well plate.

¢ Add the 0.5 mg/ml BSA solution in the same plate as positive control.

®  Assay liver extracts by duplicate.

. Incubate the mixture at 30 °C for 5 min and read the absorbance at 595 nm.

*  Calculate TSPC according to the standard reference.

3.19.2 Pfkl

Reactions designed for determining Pfkl activity are described below. One unit of Pfkl activity

was considered to catalyse the conversion of 2 pmol of NADH to NAD* per minute.

@ Fructose 6-phosphate 4 ATP ;[—ﬂ(g!‘k Fructose 1,6-bisphosphate <+ ADP

Aldolase

@ Fructose 1,6-bisphosphate Dihydroxyacetone phosphate + Glyceraldehyde 3-phosphate

Glycerol-3-phosphate dehydro gcnasc

@ Dihydroxyacetone phosphate + NADH =+ H* Glycerol 3-phosphate 4+ NAD*

To perform the determination, R1 and R2 mixtures (table 3.19.2) were separately prepared and

the procedure was as follow:

. Add 4 pL of crude extract and 176 pL of R1 into 96-well plate (Cat.167008, Thermo Scientific,
USA) and brief mix by multi-channel pipette.

. Incubate the mixture at 30 °C for 3 min.

*  Add 20 pL R2 and briefly mix. Incubate the mixture at 30 °C for 1 min.

*  Read the plate 15 seconds per round for 24 rounds at 340 nm.

*  Beer Lambert law was used for calculating enzyme activity: A = ebC, where A = absorbance, €

= the molar extinction coefficient of NADH (6220 mol"! cm), b = pathlength of light = height
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of 200 pL mixture in 96-well plate (0.56 cm) and C = concentration of the absorbing species

(NADH, mol). Thus, Pfkl activity = 2-AC -min'! = 2-AA-g1-b!- min'. Pfkl specific activity (U/g)
= Pfkl activity / TSPC.

Table 3.19.2 Reaction system for measuring hepatic Pfkl activity

Component Concentration Reference
R1 =
Tris-HCI! 100 mM T1503-1KG, Sigma, USA
MgCl,

5 mM M2670-100G, Sigma-Aldrich, USA
KCl

50 mM 4936, Merck, Germany
NADH

0.15 mM 128015, Boehringer Mannheim,
Germany
Ammonium sulfate 4 mM 1217, Metck, Germany
2-mercaptoethanol 12 mM M3148-250ML, Sigma, USA
Fructose-6-phosphate 10 mM F3627-1G, Sigma, USA
Glucose-6-phosphate 30 mM G7879-5G, Sigma, USA
Aldolase? 0.675U / mL A8811-1KU, Sigma, USA
Triosephosphate isomerase? 5U / mL T2391-2MGM, Sigma, USA
Glycerol-3-phosphate 2U / mL 127752, Boehringer Mannheim,
dehydrogenase? Germany
R2 —
ATP 1 mM A2383-1G, Sigma, USA

IpH = 8.25. 2Mix the three enzymes and centrifuge at 10000 g and 4 °C for 2 min. Resuspend the
enzyme pellet in Tris-HCI (pH = 8.25) buffer.

3.19.3 Fbpl

Reactions designed for determining Fbp1 activity are indicated below. One unit of Fbp1 activity

catalyzes the conversion of 1 umol of NADP* to NADPH per minute.

—_—

(D Fructose 1,6-bisphosphate 4+ ADP Fbgi Fructose 6-phosphate + ATP

Phosphoglucose isomerase
@ Fructose 6-phosphate —

Glucose 6-phosphate

Glucose-6-phosphate dehydrogenase
@ Glucose 6-phosphate + NADP'

—

6-Phosphogluconate + NADPH
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To perform the determination, R1 mixture (table 3.19.3) was prepared, and the procedure was as

follows.
Table 3.19.3 Reaction system for measuring hepatic Fbpl activity
Component Concentration Reference
R1 -
Imidazole! 85 mM 10125-100G, Sigma, USA
MgCl, 5 mM M2670-100G, Sigma-Aldrich, USA
NADP* 0.5 mM 10128058001, Roche, USA
2-mercaptoethanol 12 mM M3148-250ML, Sigma, USA
Fructose 1,6-phosphate 12 mM 104795, Boehringer Mannheim,
Germany
Phosphoglucose isomerase? 25U/ mL F2668-4ML, Sigma, USA
Glucose-6-phosphate 0.5U / mL G7877-1KU, Sigma, USA
dehydrogenase?

IpH = 7.70. 2Mix the two enzymes and use directly.

¢  Add 4 pL of crude extract and 196 pl. R1 mixture into 96-well plate and brief mix by multi-

channel pipette.

o Incubate the mixture at 30 °C for 30 second.

®  Read the plate 15 seconds per round for 24 rounds at 340 nm.

*  Beer Lambert law (see 3.19.2) was used for calculating Fbp1 activity: Fbp1 specific activity (U/g)

= AA-e!l-b!- min!*TSPC!, where € and b are the same as in section 3.19.2.

3.19.4 Pkir

Reactions designed for determining Pklr activity are indicated below. One unit of Pklr activity

catalyzes the conversion of 1 umole of NADH to NAD* per minute.
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Pklr
Mg2+

(D Phosphoenolpyruvate + ADP Pyruvate + ATP

Lactate dehydrogenase
@ Pyruvate + NADH =< YOS Llactate + NAD

To perform the determination, R1 and R2 mixtures (table 3.19.4) were separately prepared, and the

procedure was as indicated below.

Table 3.19.4 Reaction system for measuring hepatic Pklr activity

Component Concentration Reference
R1 --
Glycylglycine! 70 mM G1002-25G, Sigma, USA
MeCl, 10 mM M2670-100G, Sigma-Aldrich, USA
KCl 100 mM 4936, Merck, Germany
NADH 0.15 mM 128015, Boehringer Mannheim, Germany
Phosphoenolpyruvate 2.8 mM 860077-1G, Sigma, USA
Lactate dehydrogenase? 21U / mL 1.2500-25KU, Sigma, USA
R2 —
ADP 2.5 mM A2754-1G, Sigma, USA

IpH = 7.40. Mix the three enzymes and centrifuge at 10000 g and 4 °C for 2 min.
Resuspend enzyme pellet in glycylglycine (pH = 7.40) buffer.

. Add 2 pL of crude extract and 181.44 pL. R1 mixture into 96-well plate (Cat.167008, Thermo

Scientific, USA) and brief mix it by multi-channel pipette.

o Incubate the mixture at 30 °C for 5 min.

o Add 16.56 ulL R2 mixture and brief mix. Incubate at 30 °C for 1 min.

. Read the plate 15 seconds per round for 24 rounds at 340 nm.

*  Beer Lambert law was used for calculating enzyme activity: Pklr specific activity (U/g) = AA €

I-b1- min1-"TSPC-!, where € and b are the same as in section 3.19.2.

61



MATERIALS AND METHODS

3.19.5 G6pd

Reactions designed for determining G6pd activity are below. One unit of G6pd activity catalyzes

the conversion of 1 umol of NADP* to NADPH per minute.

Go6pd

Glucose 6-phosphate + NADP* 6-Phosphogluconate + NADPH

To perform the determination, R1 mixture (table 3.19.5) was prepared and the procedure was as

described below.

Table 3.19.5 Reaction system for measuring hepatic G6pd activity

Component Concentration Reference
R1 --
Imidazole! 77.5 mM 10125-100G, Sigma, USA
MgCl, 5mM M2670-100G, Sigma-Aldrich, USA
NADP* 1 mM 10128058001, Roche, USA
Glucose-6-phosphate 1 mM G7879-5G, Sigma, USA
IpH = 7.70.

¢ Add 4 pL of crude extract and 196 pl. R1 mixture into 96-well plate and brief mix by multi-

channel pipette.

o Incubate the mixture at 30 °C for 30 second.

®  Read the plate 15 seconds per round for 24 rounds at 340 nm.

*  Beer Lambert law was used for calculating G6pd activity: G6pd specific activity (U/g) = AA-€

b1 min1-TSPC-, where € and b are the same as in section 3.19.5.

3.19.6 Pgd

Reactions designed for determining Pgd activity are below. One unit of Pgd activity was

considered to catalyze the conversion of 1 umol of NADPH to NADP* per minute.
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Pgd

6-Phosphogluconate + NADP* Ribulose-5-phosphate + NADPH

To perform the determination, R1 mixture (table 3.19.6) was prepared, and the procedure was as

described below.

Table 3.19.6 Reaction system for measuring hepatic Pgd activity

Component Concentration Reference
R1 --
Imidazole! 82.7 mM 10125-100G, Sigma, USA
MgCl, 3 mM M2670-100G, Sigma-Aldrich, USA
NADP* 0.5 mM 10128058001, Roche, USA
6-Phosphogluconate 2 mM 127604, Roche, USA
'pH = 7.70.

¢ Add 4 pL of crude extract and 196 pl. R1 mixture into 96-well plate and brief mix by multi-

channel pipette.
*  Incubate the mixture at 30 °C for 30 second.
®  Read the plate 15 seconds per round for 24 rounds at 340 nm.

*  Beer Lambert law was used for calculating Pgd activity: Pgd specific activity (U/g) = AA-e!'b-

I+ min!*TSPC-!, where € and b are the same as in section 3.19.2.
3.19.7 1dh

Reactions designed for determining Idh activity are below. One unit of Idh activity catalyzes the

conversion of 1 pmol of NADP* to NADPH per minute.
D-isocitrate + NADP* —1dh o a-Ketoglutarate + NADPH

To perform the determination, R1 and R2 mixtures (table 3.19.7) were separately prepared and the

procedure was as below.

63



MATERIALS AND METHODS

* Add 4 pL of crude extract and 183 ul. R1 mixture into 96-well plate and brief mix by multi-

channel pipette.

. Incubate the mixture at 30 °C for 3 min.

¢ Add 13 pL. R2 mixture and briefly mix. Incubate at 30 °C for 1 min.

*  Read the plate 15 seconds per round for 24 rounds at 340 nm.

Beer Lambert law was used for calculating enzyme activity: Idh specific activity (U/g) = AA-g'-b-

L min1-TSPC!, where € and b are the same as in section 3.19.2.

Table 3.19.7 Reaction system for measuring hepatic Idh activity

Component Concentration Reference
R1 =
Triethanolamine! 80 mM 127426, Boehringer Mannheim, Germany
NaCl 42 mM 131659.1214, Panreac, Spain
DIL-Isocitrate 3.7 mM 11252-1G, Sigma, USA
MQ water? - =
R2 _
MnSOq4 3.9 mM 131413, Panreac, Spain
NADP* 0.325 mM 10128058001, Roche, USA

IpH = 7.5. 2Add 12.6 pL. MQ) water per test.

3.19.8 Ogdh

Reactions designed for determining Ogdh activity are below. One unit of Ogdh activity catalyzes

the conversion of 1 umol of NAD* to NADH per minute.

a-Ketoglutarate + NAD* + CoA-SH Ogdh Succinyl CoA + NADH + CO-

To perform the determination, R1 and R2 mixtures (table 3.19.8) were separately prepared and the

procedure was as below.
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* Add 4 pL of crude extract and 188 pul. R1 mixture into 96-well plate and brief mix by multi-

channel pipette.

. Incubate the mixture at 30 °C for 3 min.

¢ Add 8 pL R2 mixture and briefly mix. Incubate at 30 °C for 1 min.

®  Read the plate 15 seconds per round for 24 rounds at 340 nm.

Beer Lambert law was used for calculating enzyme activity: Ogdh specific activity (U/g) = AA-e!'b-

1 min!"TSPC-!, where € and b are the same as in section 3.19.2.

Table 3.19.8 Reaction system for measuring hepatic Ogdh activity

Component Concentration Reference
R1 -
Phosphate buffer! 50 mM 106346.1000, Merck, Germany
122507.1211, Panreac, Spain
MgCls 2 mM M2670-100G, Sigma-Aldrich, USA
Thiamine pyrophosphate 0.6 mM C8754-1G, Sigma, USA
NAD* 2mM N7004-1G, Sigma, USA
o-ketoglutarate 10 mM K1875-5G, Sigma, USA
EGTA? 0.2 mM E4378-10G, Sigma, USA
ADP 0.4 mM A2754-1G, Sigma, USA
R2 -
CoA-SH 0.12 mM 100493, MP Biomedicals, Germany

IpH = 7.40. 2EGTA, ethylene glycol-bis(8-aminoethyl ether)-N,N,N',N'-tetraacetic acid.

3.19.9 Alt

Reactions designed for determining Alt activity are below. One unit of Alt activity catalyzes the

conversion of 1 pmol of NADH to NAD* per minute.
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Alt

——

(D Alanine 4+ o-ketoglutaratt ==—== Pyruvatc + Glutamatc

Lactate dehydrogenase
@ Pyrwvate + NADH == YIOETES I -lactate + NAD*

To perform the determination, R1 and R2 mixtures (table 3.19.9) were separately prepared and the
procedure was as below.

¢ Dilute crude extract 20 times with MQ water.
*  Add5 pL of crude extract,149.8 uL. R1 mixture and 45.2 pl. R2 mixture into 96-well plate and

brief mix by multi-channel pipette.

o Incubate the mixture at 30 °C for 1 min.

®  Read the plate 15 seconds per round for 24 rounds at 340 nm.

Beer Lambert law was used for calculating enzyme activity: Alt specific activity (U/g) = AA-e!'b

I+ min1-TSPC-!, where € and b are the same as in section 3.19.2.

Table 3.19.9 Reaction system for measuring hepatic Alt activity

Component Concentration Reference
R1 -
Tris-HCI! 112.5 mM T1503-1KG, Sigma, USA
L-Alanine 562.5 mM A7627, Sigma, USA
Lactate dehydrogenase? 10125 U / L 1.2500-25KU, Sigma, USA
MQ watet? - -
R2 —
NADH 0.26 mM 128015, Boehringer Mannheim, Germany
a-Ketoglutarate 15 mM K1875-5G, Sigma, USA

IpH = 7.30. 2Centrifuge at 10000 g and 4 °C for 2 min. Resuspend enzyme pellet in
Tris-HCI (pH = 7.30) buffer. 2Add 12.64 pL MQ water per test.

3.19.10 Ast

Reactions designed for determining Ast activity are below. One unit of Ast activity catalyzes the

conversion of 1 pmol of NADH to NAD* per minute.
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Ast
(D Aspartate + o-ketoglutarate 2 Oxaloacetate + Glutamate
Malat dehydrogenase
@ Oxaloacetate + NADH =— yeoeenaxe Malate + NAD*

To perform the determination, R1 and R2 mixtures (table 3.19.10) were separately prepared and the

procedure was as below.
¢ Dilute crude extract 20 times with MQ water.

¢  Add5 pL of crude extract,149.8 uL. R1 mixture and 45.2 pL. R2 mixture into 96-well plate and

brief mix by multi-channel pipette.
*  Incubate the mixture at 30 °C for 1 min.
®  Read the plate 15 seconds per round for 24 rounds at 340 nm.

Beer Lambert law was used for calculating enzyme activity: Ast specific activity (U/g) = AA-el'b

1 min!"TSPC-!, where € and b are the same as in section 3.19.2.

Table 3.19.10 Reaction system for measuring hepatic Ast activity

Component Concentration Reference
R1 --
Tris-HCI! 90.75 mM T1503-1KG, Sigma, USA
L-Aspartate 271.5 mM A92506, Sigma, USA
Malat dehydrogenase? 345U / L 127256, Boehringer Mannheim, Germany
MQ water? -- --
R2 -
NADH 0.26 mM 128015, Boehringer Mannheim, Germany
a-Ketoglutarate 15 mM K1875-5G, Sigma, USA

IpH = 7.80. 2Centrifuge at 10000 g and 4 °C for 2 min. Resuspend enzyme pellet in
Tris-HCI (pH = 7.80) buffer. 2Add 76.20 pL. MQ water per test.

3.20 Body composition

Fish whole-body compositions, including moisture, crude protein, crude fat, and ash, were
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analyzed (Busacker et al., 1990)(Lucas, 1990).

Moisture content was measured as follows:

*  Weigh empty glass dishes.

. Defrost the stored fish on ice for 1 hout.

*  Wipe fish surface water, place the fish in dishes and weigh net fresh fish.

*  Place the dishes + fish in oven (E50, Heraeus, Germany) at 85 °C.

. Cool the dish + fish in desiccator to room temperature for about 1 hour.

*  Weighed the dish + fish every 24 hours until the last two weights are constant.

*  Moisture content % = 100 X [fresh fish weight — (dry dish + fish weight - dry dish weight)] /
fresh fish weight.

®  The dried samples were grinded into fine particles and stored in desiccator for further analysis

of crude protein, crude fat, and ash contents.

Crude fat content was measured by the Soxhlet method as follows:

¢ Cellulose extraction thimbles (Ref. E022080, Part Dumas, France) were weighed after dried at

80 °C overnight.

. Weigh about 2000 mg of the grinded sample and load it into the thimble.

*  Insert the sample-loaded thimble into a Soxhlet extractor.

*  Add about 100 mL petroleum ether (Ref. 131315.0314, Panteac, Spain) into the 150-mL round

bottom flask of Soxhlet extraction apparatus.

*  Assemble the extraction units and seal interfaces with polytetrafluoroethylene film tape.
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®  Pass tap water through the condenser.

®  Heat the round bottom flask with electric heating mantle (Mode XC-250, R.Espinat, Spain).

. Adjusted the heat soutce so that petroleum ether was condensed at about 5 drops / second.

. Conduct the extraction till consistent weight of the thimble with sample reached, which was

about 3 hours according to pre-test result.

¢ Pull out the thimble and place it in fume hood for about 10 min and in oven at 80 °C for 30 min

to evaporate petroleum ether and dry the thimble.

. Weigh the thimble.

*  Crude fat content % = 100 X [weight of pre-extracted sample — (weight of post-extracted

thimble with sample - thimble weight)] / weight of pre-extracted sample.

Crude protein content was calculated using the protein-nitrogen conversion factor (6.25) X

Nitrogen content, which was determined as follows:

¢ Place 1.00 to 2.00 mg of the sample into a tin capsule (D1002, Elemental Microanalysis, United
Kingdom) and weigh using microbalance according to the manual (MX5, Mettler Toledo, USA).

*  Weighed and determined each sample for triplicates.

®  Package the capsule with sample into a tight cube and send to the CCiTUB for nitrogen content

analysis (FlashEA 1112 NC Analyzer, ThermoFisher Scientific, USA).

Ash content was determined as follows:

®  Mark ceramic porcelain boats (length X width X height, 77 X 13 X 8 mm) with pencil and heat

in a muffle furnace (Hobersal 12PR/300, Hobersal, Spain) at 550 °C overnight.

¢ Keep the boats in the furnace for 3 hours after the heating;
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®  Take the boats out and cool the boats to room temperature in a desiccator for about 1 hour.

*  Weigh the boats.

*  Weigh about 1.00 g of fish sample and place into the boat.

*  Insert the sample-loaded boat into the same furnace and heat at 550 °C overnight.

¢ Keep the boats in the furnace for 3 hours after the heating;

®  Take the boats out and cool the boats to room temperature in a desiccator for 1 hour.

. Weigh the boat with sample.

. Ash content = 100 X (post-heat weight of boat with sample — boat weight) / pre-heat weight of

sample.

3.21 Fatty acids extraction

Fatty acid of liver and muscle samples were extracted by the Bligh and Dyer method (Bligh and
Dyer, 1959), as indicated below:

®  Prepare fresh mixture of methanol (A3493-5000, Panreac, Spain) + chloroform (194002, MP

Biomedicals, USA) at a volume ratio of 2:1 and place on ice.

¢ Dissolve 2M KOH (131515, Panreac, Spain) in methanol.

o Weigh about 50 mg liver or muscle sample from -80 °C and keep in glass tube (99445-10, Pyrex,
USA) sitting on ice.

o Add 1.5 mL of the ice-cold methanol-chloroform mixture and vortex for 2 min.

. Add 0.5 mL ice-cold chloroform using glass pipette and vortex for 0.5 min.

. Add 0.5 mL ice-cold distilled water and vortex for 0.5 min.
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¢ Centrifuge at 4 °C and 1000 g for 15 min.

®  Transfer the middle layer into brown glass tubes and keep on ice.

*  Volatilize solvent in the brown glass tubes completely under gentle Ny flux (0.5 to 1 psi) using

Sample Concentrator device.

*  Add 0.5 mL n-hexane (104367.2500, Merck, Germany) and vortex to dissolve precipitate.

. Add 0.2 mL of the 2M KOH-methanol solution, vortex for 0.5 min, and incubate at room

temperature for 3 min to trans-esterify fatty acids.

. Transfer the samples into a 1.5 ml Eppendorf tube and centrifuge at 2000 g and 4 °C for 5 min.

®  Save the upper phase in gas chromatography vials (SV02-A20-100, Labbox, Spain) at -20 °C until

gas chromatography analysis.

3.22 Gas chromatography

HepG2 cells and . awrata liver and muscle samples were applied for fatty acids composition
analysis by gas chromatography with flame ionization detection (GC-2025, Shimadzu, Japan) equipped
with capillary column BPX70, 30 m X 0.25 mm X 0.25 um (Trajan Scientific and Medical, Australia).
The oven temperature was held 1 min at 60 °C and then raised to 260 °C by 6 °C/min. Injector (AOC-
201, Shimadzu, Japan) and detector temperatures were set at 260 °C and 280 °C, respectively. One
microliter of sample was injected with helium as carrier gas and split ratio 1:20. Supelco 37 Component
FAME Mix (CRM47885, Sigma-Aldrich, USA) was introduced as references for identifying fatty acids.

Gas chromatography data was analyzed by OpenchromV13 and expressed as percentage of content.

3.23 Chitosan-TPP-plasmid nanoparticles

3.23.1 Preparation of Chitosan-TPP-plasmid nanoparticles

Chitosan-TPP nanoparticles complexed with pSG5 (empty vector), pSG5-FAT-1, or pSG5-FAT-

2 were prepared by the ionic gelation method. Chitosan solution (2 mg/mlL) was prepared as follows:
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. Prepare 500 mL of 0.1M glacial acetic acid: add 2859.5 uL glacial acetic acid (141008, Panreac,

Spain) into 400 mLL MQ water, mix it well and fix the final volume to 500 mL.

*  Prepare 100 mL of 0.1M sodium acetate: add 1360.8 mg (HR-150AZ, A&D, Japan) sodium
acetate 3-hydrate (Code 478137, Analyticals, Italy) into 80 mI. MQ water. Stirring to mix it and

fix the final volume to 100 mL.

*  Add1 gchitosan (Ref. 448869-50G, Sigma, USA) into a mixture composed of 423.50 mL of the
glacial acetic acid and 76.50 mL of the sodium acetate solutions. Magnetic stirring at 1000 rpm
for 4.5 hours to dissolve chitosan (MR 3000, Heidolph, Germany). Filter the dissolved solution
through qualitative analysis filter paper (ref. 1300/80, Filtet-Lab, Spain).

For prepating TPP solution (0.84 mg/mL), dissolve 420 mg TPP with 400 mL MQ watet, mix

and fix the final volume to 500 mlL. Filter the solution through qualitative analysis filter paper.

Mannitol solution (2 % w / v) was prepared by dissolving 10.0 g mannitol (ref. M4125-500g,
Sigma, USA) into 400 mIL MQ water. Mix and fix the final volume to 500 mL.

Chitosan-TPP-plasmid nanoparticles were prepared with the above solutions as follow:

*  Mix 4000.0 pL. TPP solution and 1000.0 pL plasmid (1mg/mlL) through a brief vortex.

*  Add 10000.0 pL chitosan solution in a 25 mL. breaker and stirring the solution at 800 rpm with

a 2.5%0.5 cm fluoropolymer coating stirrer.

*  Dropwise the TPP-plasmid mixture into chitosan solution using Pasteur pipette at about 3

sec/drop (about 6 min in total).

. Keep stirring 10 min more for gelation.

*  Centrifuge the above mixture at 36000 g and 15 °C for 20 mins (Model L-90K, Beckman Coulter,
USA).

*  Discard supernatant and wash the precipitate (nanoparticles) twice with 1 mL MQ water (avoid

72



MATERIALS AND METHODS

directly onto the white precipitate).

*  Resuspended the nanoparticles with 2 mL of the mannitol solution by pipetting,

*  Treeze-drying the nanoparticles by lyophilization (Cryodos 50, IMA-Telstar, Spain) at -47 °C for
48 hours.

*  Store the prepared nanoparticles at 4 °C until use.

*  Resuspended the nanoparticles with 0.9% saline solution before 7 vivo experiment.

3.23.2 Characterization of nanoparticle size and zeta potential

Solutions taken from the end of the gelation process were used for nanoparticles characterization
by dynamic light scattering and laser Doppler electrophoresis using Malvern Instrument (Malvern
Panalytical, UK) as follows:

*  Pipette 1 mL of the solution into disposable cuvettes and insert the cuvettes into the
instruments. Folded capillary zeta cells were used for determining zeta potential.

*  The Standard Operating Procedures of the instrument were taken for particle size and zeta
potential measurement.

*  Dilute the samples with MQ water to optimal concentration, if necessary, for particle size and

zeta potential characterization.

3.24 Statistical analysis

To identify significant differences between treatments, the SPSS Version 25 software (IBM,
Armonk, NY, USA) was used to submit experimental data to unpaired Student's t-test (2 groups) and
one-way analysis of variance followed by the Duncan post-hoc test (> 2 groups). Statistical significance

was considered when P < 0.05.

73






4 RESULTS






RESULTS

4.1 Construction of pSG5-FAT-1

4.1.1 Fish codon-optimized sequence of FAT-1

Fish codon-optimized FAT-1 cDNA sequence (GenBank No. ON374024) was designed using
GeneArt Instant Designer (ThermoFisher Scientific, USA) and optimized according to Danio rerio
codon usage. The synthetic FAT-1 is composed by 1231 base pair (bp) including an upstream EcRI
restriction endonuclease site, a Kozak sequence at the translation initiation site and a downstream Kpnl

restriction endonuclease site (figure 4.1.1). The deduced amino acid sequence of fish codon-optimized

FAT-1 is 402 amino acids, which exhibit 100 % homology wild type C. elegans FAT-1 (figure 4.1.1).
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Figure 4.1.1 Fish codon-optimized C. elegans FAT-1 cDNA sequence. Dotted and solid
underlined letters indicate restriction endonuclease sites and Kozak sequence, respectively. Lower

case letters between restriction endonuclease sites correspond to the coding sequence of FAT-1.

« 2

Uppercase letters show the deduced amino acid sequence of FAT-1, where indicates the stop

codon.
4.1.2 Enzyme digestion of pMA-T-FAT-1 and pSG5

In order to obtain the expression construct pSG5-FAT-1, both pMA-T-FAT-1 and pSG5 were
digested with EcRI and Kpul. Gel electrophoresis results showed that pMA-T-FAT-1 digestion
resulted in two bands with expected sizes, around 3609 bp (pMA-T) and 1231 bp (FAT-1 cDNA)
(figure 4.1.2A). The digested pSG5 showed a major band of about 4086 bp (figure 4.1.2B). Digestion
products corresponding to pSG5 and fish codon-optimized FAT-1 ¢cDNA were further ligated in
presence of T4 DNA ligase (see section 3.9).

3609 bp._

.
—

i

1231 bp

Figure 4.1.2A Gel electrophoresis of pMA-T-FAT-1 digested with EcoRI and Kpal. M, 1kb
gene ruler; 1, pMA-T-FAT-1.
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Figure 4.1.2B Gel electrophoresis of pSG5 digested with EcoRI and Kpnl. M, 1kb gene ruler;
1, pSG5.

4.1.3 PCR colony screening of pSG5-FAT-1

Ligation products were used to transform competent DH5a E. co/i cells (see section 3.6), which
were subsequently analyzed by PCR colony screening and showed 17 positive and 11 negative pSG5-
FAT-1 colonies (figure 4.1.3). The expected size for positive and negative bands was 1656 bp and 425
bp, respectively (figure 4.1.3).
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M1 28384558887 8 910 11121314

< 1656 bp
425 bp

—————

M 151617 181920 21 2223 24 2526 27 28

< 1656 bp
425 bp

Figure 4.1.3 PCR screening of pSG5-FAT-1. Line with amplification bands of about 1656 bp
were apparent positive colonies and those with 425 bp bands were considered as negative colonies.

M, 1kb gene ruler; 1-28, colony number.

4.1.4 Sequencing pSG5-FAT-1

Apparent positive colonies no. 2, 11, 16, 20, and 27 were selected for sequencing (figure 4.1.3)
using T7 and pSGb5rev as forward and reverse primers, respectively. Fully sequence on both sides
confirmed colonies no. 20 and 27 having no mutations and being fully consistent with the designed
sequence. Figures 4.1.4A and 4.1.4B show representative electropherograms resulting from pSG5-

FAT-1 sequencing with T7 and pSG5rev primers, respectively.

f
Mm J/\V\/\/\ Doy M, N YV /\( b /\ /M 0 M /\/\“,“'

TG\TTG\TT( Al T((VTQ T\\Cr AG CG AGG GMCTTAG G T\ AG T TG TG ACAG G GG A
40 70

bl e i /{\/\ ) o/ [MI/J\A N WA

GATG TG TGG TG G ACG TAG AG TAG TG G AAG \(\\\Q AG G T TCG GACG TCAACG AA
50 90

100 120 130
A

Figure 4.1.4A pSG5-FAT-1 sequencing with T7 forward primer. Pink box, Kozak sequence;
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Green box, fish codon-optimized C. elegans FAT-1 cDNA (partial).

kl ”/\/W\ /\AW\A /\f\/\ NW\/\A [\

TOCTGGTACCTCACT TG G ( TT G -TTTT TT AG

"3 330

TGTGGTTCTGAACTGCATGATTCCGGCGGTC TTGTGGACCAGGTAGTC CAGC TTGTAGTT TGAACCACAGG A
360 370 380 390 100, A10 420

290 300

Figure 4.1.4B pSG5-FAT-1 sequencing with pSG5rev reverse primer. Gray box, pSG5 (partial);
Purple box, Kpnl restriction site; Green box, fish codon-optimized C. elegans FAT-1 cDNA (partial).

4.2 Construction of pSG5-FAT-2

4.2.1 Fish codon-optimized sequence of FAT-2

Fish codon-optimized sequence of FAT-2 ¢cDNA sequence (GenBank No. ON374025) was
designed using GeneArt Instant Designer (ThermoFisher, USA) and optimized according to Danio
rerio codon usage. Fish codon-optimized FAT-2 consists of 1151 bp including upstream EcRI
restriction endonuclease site, Kozak sequence and downstream BazHI restriction endonuclease site
(figure 4.2.1). The deduced amino acid sequence of fish codon-optimized FAT-2 is composed by 376
amino acids and has 100 % homology with wild type C. elegans FAT-2 (figure 4.2.1).
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Figure 4.2.1 Fish codon-optimized C. elegans FAT-2 cDNA sequence.
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respectively. Lower

case letters between restriction endonuclease sites correspond to the coding sequence of FAT-2.

Uppercase letters show the deduced amino acid sequence of FAT-2, where

codon.

4.2.2 Enzyme digestion of pMA-T-FAT-2 and pSG5

« »

indicates the stop

To construct pSG5-FAT-2, both pMA-T-FAT-2 and pSG5 were double digested with E¢RI and

BamHI. Gel electrophoresis of digested products resulted in the apparition of two bands around 3527

bp and 1151 bp for pMA-T-FAT-2 (figure 4.2.2A), and a major band of around 4104 bp for pSG5

(figure 4.2.2B). Digestion products corresponding to pSG5 and fish codon-optimized FAT-2 cDNA

were further ligated in presence of T4 DNA ligase (see section 3.9).
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Figure 4.2.2A Gel electrophoresis of pMA-T-FAT-2 digested with EcoRI and BamHI. M,
1kb gene ruler; 1, pMA-T-FAT-2.

Figure 4.2.2B Gel electrophoresis of pSG5 digested by EcoRI and BamHI. M, 1kb gene ruler;
1, pSG5.

4.2.3 PCR colony screening of pSG5-FAT-2
Competent DH5a. E. coli cells were transformed with the ligation products following the
procedure described in section section 3.6 and subsequently analyzed by PCR colony screening. PCR

screening showed 12 apparent positive and 11 negative pSG5-FAT-2 colonies (figure 4.2.3). The
expected sizes of the positive and negative bands were 1556 bp and 425 bp, respectively (figure 4.2.3).
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M 128 4B 6780
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M 10111213 14151617 1819202122 23
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Figure 4.2.3 PCR screening of pSG5-FAT-2. Lines with a band of about 1556 bp were apparent
positive colonies, while lines with a 425 bp band were considered as negative colonies. M, 1kb gene

ruler; 1-23, colony number.

4.2.4 Sequencing pSG5-FAT-2

Apparent positive colonies no. 6 and 7 (figure 4.2.3) were selected for further sequencing using
T7 and pSGbrev as forward and reverse primers, respectively. Fully sequence on both sides confirmed
colonies no. 6 and 7 having no mutations and being totally consistent with the designed sequence.
Figures 4.2.4A and 4.2.4B show representative electropherograms resulting from pSG5-FAT-2

sequencing with T7 and pSG5rev primers, respectively.
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Figure 4.2.4A pSG5-FAT-2 sequencing with T7 forward primer. Pink box, Kozak sequence;
Glccn box, fish cod()n ()ptlmucd C. (/(U[ljlf FAT-2 cDNA (pnm

T GTT TG TTT T G T TG G G T T G TTG GAT T \ TG
310 330
y\N\A/\/\u\ N\A/\/\/\ /\NU\ /\N\M\/\/\/\A/\ NV NWM&M&A&
AG TTT TTAG TTrr GG T G\ T G TT TGT\ TG \f \ G TTGG TTGT(TGT AGGT
180

Figure 4.2.4B pSG5-FAT-2 sequencing with pSG5rev reverse primer. Gray box, pSG5 (partial);
Purple box, BamHI restriction site; Green box, fish codon-optimized C. elegans FAT-2 cDNA

(partial).
4.3 Characterization of chitosan-TPP-plasmid nanoparticles

For hepatic delivery and expression of foreign proteins FAT-1 and FAT-2 in Sparus anrata,
chitosan-TPP nanoparticles nude or complexed with DNA (empty pSG5, pSG5-FAT-1 or pSG5-FAT-
2) were obtained following the ionic gelation method (see section 3.23). The resulting nanoparticles
were characterized for particle size and zeta-potential (table 4.3). The results showed that the size of
chitosan-TPP nanoparticles were 214.6 = 20.2 nm and zeta potential was 37.6 = 0.6 mV. Chitosan-
TPP-DNA nanoparticles were 262.7 = 74.0 nm and 12.0 = 0.8 mV. The zeta-potential of chitosan-

TPP-DNA was significantly lower than chitosan-TPP nanoparticles.

Table 4.3 Characteristics of chitosan-TPP and chitosan-TPP-DNA nanoparticles

Plasmid Z-average £ SEM (nm) Zeta Potential (mV) £ SEM
Chitosan-TPP 214.6 £20.2 37.6 £ 0.6
Chitosan-TPP-DNA 262.7 + 74.0 12.0% £ 0.8

Z-average was measured by dynamic light scattering. Zeta potential values were
determined by laser-Doppler anemometry. Data represents the mean * standard
error of the mean (SEM), » = 3 measurements. Asterisk indicates significant

differences between chitosan-TPP and chitosan-TPP-DNA (P < 0.05).

4.4 Effect of in vitro expression of pSG5-FAT-1 and pSG5-FAT-2

In order to validate functionality of pSG5-FAT-1 and pSG5-FAT-2 constructs previous to
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chitosan-TPP encapsulation and performing iz vivo experiments, both expression constructs were used
to transfect liver-derived cells (HepG2) and analyze FAT-1 and FAT-2 mRNA levels as well as changes
in fatty acid profile. To this end, HepG2 cells seeded in 100 mm culture dishes were transiently

transfected with pSG5, pSG5-FAT-1, pSG5-FAT-2, and pSG5-FAT-1 + pSG5-FAT-2 plasmids (20

pg/dish), respectively, using the DNA calcium phosphate co-precipitation method.

4.4.1 Transient transfection with pSG5-FAT-1 and pSG5-FAT-2 increases FAT-1 and FAT-2

mRNA levels in HepG2

Forty-eight hours following transfection, cells were lysed, total RNA was isolated and submitted
to  RT-qPCR  using  ptimer  pairs  YW2001/YW2002, YW2003/YW2004  and
JDRTpcmvbS/JDRTpecmvbAS (see section 3.14 and 3.15) for amplifying FAT-1, FAT-2 and pCMV,
respectively, and normalized to pCMV3 mRNA levels. When compared with control cells transfected
with empty pSG5, transfection of pSG5-FAT-1 and pSG5-FAT-2 significantly increased the mRNA
levels of FAT-1 and FAT-2, respectively (figure 4.4.1). Compared to controls, cells transfected with
pSG5-FAT-1 and pSG5-FAT-1 + pSG5-FAT-2 upregulated 2121.1 and 2430.1-fold FAT-1 mRNA
levels, respectively. Similarly, FAT-2 mRNA abundance in the cells transfected with pSG5-FAT-2 and
pSG5-FAT-1 + pSG5-FAT-2 was 4287.9 and 2454.2-fold higher than in control cells, respectively.
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Figure 4.4.1 Effect of transient transfection with pSG5 (control), pSG5-FAT-1, pSG5-FAT-2,
and pSG5-FAT-1 + pSG5-FAT-2 plasmids on the mRNA levels of fish codon-optimized FAT-
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1 and FAT-2 in HepG2 cells. Forty-eight hours following transfection, FAT-1 and FAT-2
expression was determined by RT-qPCR and normalized to pCMV mRNA levels. Expression levels
are represented as mean £ SEM (» = 3). Homogeneous subsets for the treatment are shown with

different letters (P < 0.05).

4.4.2 Transient transfection with pSG5-FAT-1 and pSG5-FAT-2 affects the fatty acid profile in

HepG2 cells

In addition to verify FAT-1 and FAT-2 expression, further confirmation of the functionality of
the two enzymes was performed in HepG2 through analysis of changes in the fatty acid profile. Forty-
eight hours following transfection with pSG5-FAT-1 and pSG5-FAT-2, HepG2 cells were collected to

determine the fatty acid profile by gas chromatography (see section 3.22).

As shown in table 4.4.2, among 16 fatty acids identified in the present study, treatment with
FAT-1 + FAT-2 significantly increased 1.4, 1.2, 1.1, 3.5, 1.6, 2.6, 1.6 and 1.2-fold the percentage of SA
(18:0), OA (18:1#-9¢), LA (18:2-6¢), ARA (20:47-6), PUFA, #-3 fatty acids, #-6 fatty acids and #-9 fatty
acids, respectively. The treatment also decreased PA (16:0, to 94.4% of control values) and SFA (to
90.9%). A 2.2-fold increase of ARA (20:4#-6) was also observed in both FAT-1 and FAT-2 treated
cells. In addition, cells treated with FAT-1 alone showed a 1.1-fold increase of #-9 fatty acids. Although
not significantly different, a 2.8- and 3.8-fold increase of DHA was observed after transfecting FAT-

1 and FAT-1 + FAT-2, respectively.

Table 4.4.2 Effect of pSG5 (control), pSG5-FAT-1, pSG5-FAT-2, and pSG5-FAT-1 + pSG5-
FAT-2 plasmids on the fatty acid profile of HepG2 cells.

Fatty acid Control FAT-1 FAT-2 FAT-1 + FAT-2
14:0 10.49£0.74 10£0.4 9.82+1.18 8.0410.13

16:0 47.43>%0.36 46.342>+0.43 46.29*%1.19 44.77210.44
17:0 0.31+0.3 0.0220.01 00 0.11+0.05

18:0 4.9210.16 5.57210.42 5.57210.45 7°£0.22

21:0 0.01x0 0.0220.01 0.01+0 0.0320.02
15:1%-5 00 0.01x0 00 0.01x0

16:1n-7 22.8+0.73 21.9410.23 22.07%0.34 22.07%0.08
17:1n-7 0.6410.04 0.6810.04 0.75+0.13 0.8£0.03
18:1#-9¢ 9.8:40.12 10.932b%0.37 10.78%%0.36 11.27°+0.28

87



RESULTS

20:17-9 0.05£0.01 0.12£0.04 0.1£0.05 0.15£0.01
18:2n-6¢ 1.862%0.08 1.912£0.06 1.872£0.03 2.117+0.02
18:31-6 0.95£0.04 0.83£0.21 1.1710.2 1.0910.03
20:3n-3 0.0410.02 0.0610.01 0.0710.03 0.12+0.04
20:47-6 0.65*£0.16 1.45b%0.33 1.4>+0.22 2.25¢10.1
20:51-3 0.0210.01 0.0210.01 0.01+0 0.020
22:67-3 0.04£0.04 0.11£0.05 0.09£0.02 0.15%0.03
SFA 63.13>+0.8 61.95>+0.32 61.68>+0.5 59.95210.35
MUFA 33.29£0.64 33.68£0.27 33.71£0.83 34.310.26
PUFA 3.572%0.2 4.37210.49 4.6251+0.48 5.74>+0.09
7-3 0.112£0.01 0.19%10.05 0.182>%0.04 0.29+0.05
n-6 3.46210.21 4.18+0.45 4.44201+0.44 5.45>+0.07
7-9 9.85+0.13 11.05>%0.41 10.892+0.4 11.425+0.29
n-6/n-3 31.43%3.1 23.95+3.58 27.8614.99 20.55+4.47

Data are expressed as percentage of total fatty acids and represented as mean = SEM (» = 3).

Different superscript letters indicate significant differences between groups (P < 0.05).

4.5 Short-term effects of expressing fish codon-optimized C. elegans FAT-1 and FAT-2 in .

aurata

4.5.1 Hepatic expression of exogenous enzymes, FAT-1 and FAT-2

Following successful verification of the functionality of pSG5-FAT-1 and pSG5-FAT-2 in vitro,
the present study further introduced the two fish codon-optimized enzymes into S. aurata to study
their potential for boosting #-3 LC-PUFA synthesis 7z vivo. Chitosan-TPP nanoparticles complexed
with pSG5-FAT-1 and pSG5-FAT-2 were obtained for delivering the plasmids. This methodology was
expected to facilitate the release iz vivo and the function of the two enzymes in the liver of treated fish.
Seventy-two hours after intraperitoneal administration of chitosan-TPP-DNA nanoparticles, the
mRNA abundance of fish codon-optimized FAT-1 and FAT-2 was determined by RT-qPCR in §.

anrata liver.

The results showed that when compared with control fish that received chitosan-TPP-pSG5
nanoparticles, chitosan-TPP complexed with pSG5-FAT-1 and pSG5-FAT-2 significantly induced the
hepatic mRNA levels of FAT-1 and FAT-2, respectively (figure 4.5.1). In particular, the mRNA
abundance of FAT-1 in fish treated with FAT-1 and FAT-1 + FAT-2 nanoparticles was 16.5 and 27.9-
fold higher, respectively, than in control fish (figure 4.5.1A). Similarly, the mRNA levels of FAT-2 in
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fish treated with FAT-2 and FAT-1 + FAT-2 nanoparticles were 21.2 and 16.4-fold higher than in
control fish (figure 4.5.1B).
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Figure 4.5.1 Short-term effect of chitosan-TPP nanoparticles encapsulated with pSG5
(control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the mRNA levels of
fish-codon optimized C. elegans FAT-1 (A) and FAT-2 (B) in the S. aurata liver. Seventy-two

hours after nanoparticle administration and 24 h following the last meal, RNA was isolated and
exogenous FAT-1 and FAT-2 expression was assayed by RT-qPCR. Values are represented as mean +
SEM (# = 3) and were normalized to the S. aurata 18s, eefla and acth mRNA levels. Homogeneous

subsets for the treatment are shown with different letters (P < 0.05).

4.5.2 Effect on serum metabolites

Previous reports indicated that transgenic expression of FAT-1 and FAT-2 reduced serum
triglycerides in fish (Park and Harris, 2003; Qi et al., 2008). Thus, following the successful expression
of the two exogenous enzymes in the liver of S. aurata, we further determined its effect on serum

metabolites including glucose, triglycerides and cholesterol.

Figure 4.5.2 shows the short-term effect of FAT-1 and FAT-2 expression on serum glucose,
triglycerides and cholesterol. For glucose and cholesterol, any treatment assayed promoted statistically
significant differences compared to control values (figures 4.5.2A and C). However, co-expression of

FAT-1 + FAT-2 significantly decreased triglycerides to 53.4 % of control values (figure 4.5.2B).
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Figure 4.5.2 Short-term effect of chitosan-TPP nanoparticles encapsulated with pSG5
(control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on serum glucose (A),
triglycerides (B) and cholesterol (C) in S. aurata. Seventy-two hours after nanoparticle
administration and 24 h following the last meal, fish were sacrificed, and the blood was collected.
Values are represented as mean = SEM (# = 3 - 7). Homogeneous subsets for the treatment are

shown with different letters (P < 0.05).

4.5.3 Effects on hepatic fatty acid profile

FAT-1 is known to convert #-6 PUFA to #-3 PUFA, whereas FAT-2 converts OA to LA (Kang
et al., 2001; Watts and Browse, 2002). Here, acute changes in the hepatic fatty acid profile resulting
from the expression of fish codon-optimized FAT-1 and FAT-2 were analyzed by gas chromatography
in the liver of treated fish 72-h post-administration of chitosan-TPP nanoparticles encapsulated with
pSGH5 (control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 (table 4.5.3). Among 25
fatty acids identified, major fatty acids (each representing more than 1 % of total fatty acid
composition), including SA (18:0), EPA (20:5#-3), DHA (22:6#-3), PUFA and total #-3 fatty acids, were
significantly affected when compared to control levels. Specifically, expression of FAT-1 increased 1.3-

fold both EPA and total #-3 fatty acids, while FAT-2 decreased SA to 69.7 % of control values.
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Treatment of FAT-1 + FAT-2 increased 1.4-fold DHA and 1.1-fold PUFA compared to control fish,

while decreased few marginal fatty acids that represent less than 1 % of total fatty acid composition,

including heptadecenoic acid (17:1#-7), dihomo-y-linolenic acid (20:3#-6) and nervonic acid (24:12-9),

to 9.5 %, 23 % and 25 % of the control values. Although not significant, treatment with FAT-1, FAT-

2 and FAT-1 + FAT-2 showed a trend to decrease #-6/7-3 PUFA ratio to 76.4 %, 88.3 % and 88.8 %,

respectively, of the values observed in control fish.

Table 4.5.3 Effects of chitosan-TPP nanoparticles complexed with pSG5 (control), pSG5-

FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the fatty acid composition of S.

aurata liver.

Fatty acid pPSG5 FAT-1 FAT-2 FAT-1 + FAT-2
14:0 8.61%0.2 9.47%0.69 10.35%+1.13 8.09%0.84
15:0 0.13+0.13 0.11+0.11 0.1+0.1 0£0

16:0 28.98*1.2 26.45%1.06 26.4210.87 26.68+1.19
17:0 0.1£0.04 0.07£0.02 0.07£0.03 0.11£0.02
18:0 4.39>+0.37 4.112>+0.51 3.062£0.29 4.312>+0.39
20:0 0.17£0.17 0£0 0£0 0.34£0.2
21:0 0£0 0£0 0£0 0.0410.02
15:1%-5 0.04£0.03 0.01£0.01 0£0 0£0
16:12-7 4.42+1.18 5.49%0.11 6.381+0.33 5.3%0.27
17:1n-7 0.21>%0.07 0.112>+0.03 0.112>+0.05 0.022£0.01
18:12-9t 0.01£0.01 0.01+0 0.01+0 0£0
18:12-9 21.43%0.79 20.68%1.07 20.75£0.95 20.55%0.48
20:1%-9 0.5%0.22 0.62%0.1 0.6710.29 0.08%0.05
22:1n-9 0.14£0.05 0.19£0.04 0.19£0.01 0.11£0.07
24:1n-9 0.04>1+0.01 0.022>+0.01 0.012>+0 0.012+0
18:2n-6t 0£0 0£0 0.01£0.01 0£0
18:21-6 23.7£1.23 23.6210.55 23.8410.94 26.2610.98
20:27-6 0.06£0.03 0.09£0.02 0.12£0.02 0.09£0.06
18:31-3 1.35£0.48 1.64£0.34 1.26%0.23 1.13+0.19
18:31-6 0.07£0.06 0.220.2 0.37£0.07 0.19£0.08
20:3n-6 0.52b+0.22 0.3321+0.08 0.282>1+0.02 0.12240.07
20:37-3 0.08£0.05 0.01£0.01 0.02£0.01 0.12£0.05
20:471-6 0.18%0.06 0.2910.03 0.231+0.01 0.17%0.1
20:57-3 2.312£0.23 3.08+0.26 2.66:°+0.11 2.73:1+(0.24
22:61-3 2.552%0.18 3.392b40.42 3.126%0.19 3.55P+0.26
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SFA 42.39£1.1 40.2£1.02 39.99£1.6 39.57£1.61

MUFA 26.78%1.25 27.13+1.18 28.1110.67 26.0710.27
PUFA 30.832+0.6 32.66:>+0.19 31.92+1.41 34.36°+1.44
7-3 6.29210.48 8.12°+0.49 7.062%0.48 7.53240.39
7-6 24.54%+1.01 24.54%0.44 24.84%0.98 26.83£1.09
7-9 22.11%0.75 21.52+1.16 21.6210.86 20.7510.48
n-6/n-3 4.02£0.53 3.07£0.25 3.55%0.16 3.57£0.09

Data are expressed as percentage of total fatty acids and represented as mean = SEM (» = 4).

Different superscript letters indicate significant differences between groups (P < 0.05).

4.5.4 Effect on hepatic expression of DNL and LC-PUFA synthesis related genes

To gain insight into the short-term effects of FAT-1 and FAT-2 on lipid metabolism 7 vivo, the
expression of enzymes exerting a major role in DNL and LC-PUFA synthesis was analyzed by RT-

qPCR in the liver of §. aurata.

When compared to controls, the three treatments FAT-1, FAT-2 and FAT-1 + FAT-2 showed
significant suppression on the mRNA levels of genes including acaca (to 5.9 %, 3.4 % and 4.4 % of
control values, respectively), acach (64.8 %, 72.3 % and 53.5 %), fasn (25.3 %, 23.3 % and 19.7 %), scd1a
(18.2 %, 6.4 % and 8.5 %) and fads2 (45.1 %, 12.2 % and 41.4 %) (figures 4.5.4A, B, C, D and E).
Although not statistically significant for FAT-1 + FAT-2, the three treatments also decreased the
expression of hmger to 21.7 %, 27.3 % and 64.5 % of the control values, respectively (figures 4.5.4]).
In addition, the expression of ¢p#1a also showed an increase of 1.7-fold by the treatment with FAT-2

comparing to control fish (figure 4.5.4I).
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Figure 4.5.4 Short-term effects of chitosan-TPP nanoparticles encapsulated with pSG5
(control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the expression of
key genes in DNL and LC-PUFA synthesis in the liver of S. aurata. Seventy-two hours after

nanoparticle administration and 24 h following the last meal, fish were sacrificed, the liver was

collected, RNA isolated and gene expression was assayed by RT-qPCR. Data are means = SEM (# =

4 - 6). Expression data were normalized by the geometric mean of S. aurata 18s, acth and eefla
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mRNA levels. Homogeneous subsets for the treatment are indicated with different letters (P < 0.05).

4.5.5 Effect on hepatic expression of glucose metabolism related genes

As above-mentioned, hepatic lipogenesis is tightly linked to glucose metabolism. Therefore, we
also assayed transcript levels of key genes in glycolysis and PPP in response to FAT-1 and FAT-2

expression in the S. aurata liver.

Figures 4.5.5A-H show the effect of FAT-1 and FAT-2 on the hepatic expression of rate-limiting
enzymes in glycolysis-gluconeogenesis and PPP 72 hours post-treatment. Treatment with FAT-1
significantly downregulated the mRNA levels of g6p¢7(to 63.5 %) (figures 4.5.5B). The three treatments,
FAT-1, FAT-2 and FAT-1 + FAT-2, increased the mRNA levels of pf&/ 1.3-, 1.5- and 1.8-fold,
respectively (figure 4.5.5D). The mRNA levels of fhp7 were significant higher by the treatment of
FAT-1 (1.4-fold) and FAT-2 (1.5-fold) than in control fish (figure 4.5.5D). FAT-2 also induced the
mRNA abundance of pk/r 1.3-fold (figure 4.5.5F). Compared to control fish, treatment with FAT-1
and FAT-2 did not significantly modify the expression of gek, pfkfb1, pekl and g6pd (figures 4.5.5A, E,
G and H).
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Figure 4.5.5 Short-term effects of chitosan-TPP nanoparticles encapsulated with pSG5
(control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the mRNA levels of
glucose metabolism genes in the S. aurata liver. Seventy-two hours after nanoparticle
administration and 24 h following the last meal, RNA was isolated and gene expression was assayed
by RT-qPCR, normalized to the S. aurata 18s, acth and eefla mRNA levels and expressed as mean +

SEM (# = 4 - 6). Homogeneous subsets for the treatment are shown with different letters (P < 0.05).
4.5.6 Effect on hepatic activity of intermediary and glucose metabolism related enzymes

The present study also analyzed the effects of expressing FAT-1 and FAT-2 on the activity of
key enzymes involved in hepatic glycolysis-gluconeogenesis, PPP, the Krebs cycle and amino acid

metabolism.

Expression of FAT-1 significantly increased hepatic Ogdh activity (1.6-fold), while did not affect
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the other assayed enzymes (figure 4.5.6H). Fish treated with FAT-2 showed a significant higher activity
of Pfkl (1.8-fold), Fbp1 (1.6-fold), Pklr (1.7-fold) and Pgd (1.4-fold) than control (figures 4.5.6A, B,
D, F and J), while a significant lower value was found for Ogdh activity (39.9 % of the control values)
(figure 4.5.7H). Co-expression of FAT-1 + FAT-2 induced the activity of Fbp1 (1.5-fold), Pklr (1.4-
fold) and GO6pd (1.3-fold) compared to the controls (figures 4.5.6B, D, E and I). Amino acid
metabolism-related activities, Alt and Ast, were not affected by any of the treatments (figure 4.5.61

and J).
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Figure 4.5.6 Short-term effects of chitosan-TPP nanoparticles complexed with pSG5
(control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on key enzymes in
glycolysis-gluconeogenesis, PPP, the Krebs cycle and amino acid metabolism in the liver of
S. aurata. Seventy-two hours after nanoparticle administration and 24 h following the last meal, the
activity of hepatic key enzymes was analyzed and expressed as mean £ SEM (z = 4 - 6).

Homogeneous subsets for the treatment are shown with different letters (P < 0.05).

97



RESULTS

4.5.7 Effect of short-term nanoparticle administration on hepatic expression of glucose and

lipid metabolism related transcription factors

To further address the acute effects of FAT-1 and FAT-2 on glucose and lipid metabolism, the
mRNA levels of key transcription factors involved in controlling the expression of genes involved in

glucose and lipid metabolism wete evaluated.

The hepatic mRNA level of ppara was induced 1.3-fold by expression of FAT-2 (figure 4.5.7A).
The treatments with FAT-2 and its co-expression with FAT-1 significantly decreased hepatic mRNA
levels of pparg (to 48.6 % and 50.7 % of the control values, respectively) (figure 4.5.7B), while increased
the mRNA levels of Anfda (1.6-fold and 2.2-fold, respectively) (figure 4.5.7C). Expression of FAT-1,
FAT-2 and FAT-1 + FAT-2 significantly downregulated srebf7 to 60.5 %, 42.1 % and 35.6 % of control
values, respectively (figure 4.5.7E).
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Figure 4.5.7 Short-term effects of chitosan-TPP nanoparticles encapsulated with pSG5
(control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the expression of
key transcription factors involved in glucose and lipid metabolism in the liver of S. aurata.

Seventy-two hours after nanoparticle administration and 24 h following the last meal, fish were

sacrificed, and the liver was collected. Data are means = SEM (» = 6). Expression data were
normalized by the geometric mean of S. aurata 18s, acth and eefl a mRNA levels. Homogeneous

subsets for the treatment are shown with different letters (P < 0.05).
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4.6 Long-term detection of fish codon-optimized C. elegans FAT-1 and FAT-2 mRNA levels

in the liver of S. aurata after a single dose of chitosan-TPP-DNA nanoparticles

As a preliminary step before studying the effects of periodical intraperitoneal doses of chitosan-
TPP-DNA nanoparticles on growth and metabolism of §. awrata, the functionality of chitosan-TPP-
DNA nanoparticles to sustain long-term expression of exogenous genes in . aurata was addressed.
To this end, the mRNA levels of fish codon-optimized C. elegans FAT-1 and FAT-2 were assayed in
the liver of fish administered 28 days earlier with a single dose of chitosan-TPP-pSG5-FAT-1 and
chitosan-TPP-pSG5-FAT-2 (10 pg/g BW of plasmid).

The results showed that at 28 days post-treatment, the hepatic mRNA levels of FAT-1 and FAT-
2 were at levels even higher than those found at 72 h post-treatment. Expressed as mean £ SEM (» =
3), fold increase over control values at 72 hours and 28 days post-treatment were 31.6 * 4.1 and 74.8
+ 29.8, respectively, for FAT-1 mRNA levels, while for FAT-2 mRNA levels fold increase was 20.3 *
2.8 and 70.2 £ 7.0, respectively.
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Figure 4.6 Effect of single dose of chitosan-TPP nanoparticles complexed with pSG5
(control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the mRNA levels of
fish-codon optimized C. elegans FAT-1 and FAT-2 in S. aurata liver. Seventy-two hours and
twenty-eight days after nanoparticle administration, respectively, and 24 h following the last meal,
RNA was isolated and exogenous FAT-1 and FAT-2 expression was assayed by RT-qPCR. Values are
represented as mean = SEM (7 = 3) and were normalized to the S. awrata 18s, eefl a and acth mRNA

levels. Homogeneous subsets for the treatment are shown with different letters (P < 0.05).
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4.7 Effects of periodical intraperitoneal doses of chitosan-TPP nanoparticles complexed with
pSG5-FAT-1 and pSG5-FAT-2 on the intermediary metabolism, fatty acid profile and growth

parameters in S. aurata

4.7.1 Effect of periodical nanoparticle administration on tissue distribution of FAT-1 and

FAT-2

To promote a long-term sustained expression of fish codon-optimized FAT-1 and FAT-2 in the
liver of . aurata, each experimental group of fish received every 4 weeks 3 intraperitoneal injections
of chitosan-TPP complexed with 10 pg/g BW of the corresponding plasmid (pSG5, pSG5-FAT-1,
pSG5-FAT-2 or pSG5-FAT-1 + pSG5-FAT-2) during a total period of 70 days. Nanoparticle
administration was performed every 4 weeks. All administrations were performed 24 h before the last

meal.

Following 70 days of treatment (14 days after the last injection and 24 h following the last meal),
fish were sacrificed, and RNA was isolated for determining the mRNA levels of fish codon-optimized
FAT-1 and FAT-2 by RT-qPCR in the liver, intestine, skeletal muscle and brain (figure 4.7.1). When
compared with control fish, chitosan-TPP nanoparticles complexed with pSG5-FAT-1 and pSG5-
FAT-2 significantly increased the mRNA levels of FAT-1 and FAT-2, respectively, in the liver and
intestine of . aurata. Specifically, FAT-1 mRNA abundance in the liver of fish administered with
pSG5-FAT-1 was 201.8-fold higher than in control fish, while treatment with pSG5-FAT-2 upregulated
FAT-2 297.4-fold. For the intestine, pSG5-FAT-1 and pSG5-FAT-2 upregulated 10.6-fold FAT-1 and

24.7-fold FAT-2, respectively. Nanoparticle administration did not exert effects on the skeletal muscle

and brain.
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Figure 4.7.1 Effect of periodical administration of chitosan-TPP nanoparticles complexed
with pSG5 (control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the
mRNA levels of fish-codon optimized C. elegans FAT-1 and FAT-2 in S. aurata tissues. Fish
were treated 70 days with a total of 3 intraperitoneal injections (each administration every 4 weeks)
of chitosan-TPP-DNA nanoparticle (10 pg/g BW of plasmid). Fourteen days after the last injection
and 24 h following the last meal, exogenous FAT-1 and FAT-2 expression in brain, skeletal muscle,
liver and intestine was assayed by RT-qPCR, normalized to the 5. aurata 185 mRNA levels and
represented as mean + SEM (7 = 4). For each tissue, homogeneous subsets for the treatment are

shown with different letters (P < 0.05).

4.7.2 Effect of periodical nanoparticle administration on body composition and growth

performance

Body composition of moisture, ash, crude fat and crude protein as well as fish growth
performance parameters including SGR, FCR, HSI, PR, LR and PER were analyzed after periodical

nanoparticle administration and sustained expression of FAT-1 and FAT-2 in §. aurata.

Long-term expression of fish codon-optimized FAT-1 + FAT-2 in the liver of §. awrata caused
a moderate but significant 7.6 % decrease of whole-body crude protein values observed in control
fish. No effect was observed in moisture, ash and crude lipid body composition (table 4.7.2). Analysis
of growth performance parameters showed significantly increased weight gain values in fish expressing
FAT-1 (18 % of increase) and FAT-1 + FAT-2 (26 % of increase) compared to control fish. No
significant difference was found between controls and treatment with FAT-2. Similarly, the highest
SGR was found in fish treated with FAT-1 4+ FAT-2, followed by fish treated with FAT-1, controls and
fish treated with FAT-2. Fish expressing FAT-2 also presented the lowest PER. HSI significantly
decreased in fish treated with FAT-1 and FAT-1 + FAT-2 to 72 % of control values. No significant

differences were observed in PR and LR.

able 4.7.2 Growth performance, nutrient retention and body composition of S. aurata after
Table 4.7.2 Growth perfa , hutrient retent d body posit f S. ta aft
periodical administration of chitosan-TPP nanoparticles complexed with empty vector

(pSG5, control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2.

Control FAT-1 FAT-2 FAT-1 + FAT-2
Initial body weight (g) 9.97%0.69 11.42%0.90 9.74%0.44 11.04£0.55
Final body weight (g) 34.64+1.03 40.51°+1.63 31.462+1.57 42.15>+1.25
Weight gain (g) 24.672+0.51 29.09°+1.06 21.73*+1.23 31.11°+0.73
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SGR (%) 1.792£0.05 1.852£0.08 1.59240.04 2.01°£0.03

FCR 1.402+0.03 1.362>£0.04 1.53%0.08 1.292£0.03

HSI (%) 1.55>+0.12 1.122£0.08 1.491+0.18 1.1224£0.15

PR (%) 24.98+3.24 21.96%0.85 18.90£2.45 21.81%+1.56
LR (%) 28.00£7.50 31.47+1.12 25.1712.03 26.2412.02
PER 1.40%21+0.03 1.45%1+0.05 1.312£0.07 1.52%0.04

Moisture (%) 71.34£1.22 70.6810.29 72.0310.98 71.10+1.28
Ash (%) 13.7241.47 13.93£0.12 13.07£0.73 12.94%0.45

Protein (%) 62.20>£3.88 58.812b+1.80  57.98%*1.04  57.502%+1.24
Lipid (%) 27.28+1.44 29.28%0.55 26.09+1.85 25.02+2.3

SGR, specific growth rate; FCR, feed conversion ratio; HSI, hepatosomatic index; PR, protein
retention; LR, lipid retention; PER, protein efficiency ratio. Data are expressed as mean = SEM

(n = 3). Different superscript letters indicate significant differences between groups (P < 0.05).

4.7.3 Effect of periodical nanoparticle administration on serum metabolites

Following a periodic administration of 3 doses of FAT-1 and FAT-2 nanoparticles in 70 days,
serum metabolites of glucose, triglycerides and cholesterol were analyzed in . aurata using colorimetry

as stated in section 3.18.

Serum glucose, triglycerides and cholesterol were determined in 70-day treated §. aurata. Any of
the treatments assayed affected blood glucose levels. However, co-expression of FAT-1 + FAT-2
significantly decreased triglycerides and cholesterol to 41.6 % and 67.7 % of control values,

respectively (figure 4.7.3).
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Figure 4.7.3 Effect of periodical nanoparticle administration of chitosan-TPP nanoparticles
complexed with pSG5 (control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2
on serum glucose (A), triglycerides (B) and cholesterol (C) in S. aurata. Fish were treated 70
days with a total of 3 intraperitoneal injections (each administration every 4 weeks) of chitosan-TPP-
DNA nanoparticle (10 pg/g BW of plasmid). Fourteen days after the last injection and 24 h
following the last meal, fish were sacrificed, and the blood was collected. Values are represented as
mean * SEM (7 = 6-7). Homogeneous subsets for the treatment are shown with different letters (P

< 0.05).
4.7.4 Effect of periodical nanoparticle administration on hepatic fatty acid profile

Increasing the ratio of #-3 LC-PUFA through expression of FAT-1 and FAT-2 was one of the
major objectives in the present study. Therefore, we analyzed the fatty acid profile in the S. aurata liver

using gas chromatography after long-term sustained expression of the two enzymes.

Table 4.7.4 shows the fatty acid composition in the liver of S. awrata long-term treated with
chitosan-TPP nanoparticles complexed with pSG5 (control), pSG5-FAT-1, pSG5-FAT-2, and pSG5-
FAT-1 + pSG5-FAT-2. Among 30 different fatty acids identified in this study, treatment with FAT-1
and FAT-1 + FAT-2 significantly increased EPA (1.5-fold and 1.6-fold, respectively), DHA (2.4-fold
and 2.3-fold, respectively) and total #-3 fatty acids (1.7-fold and 1.7-fold, respectively). The #-6/#-3
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ratio significantly decreased in fish expressing FAT-1 (to 60.3 % of control values), FAT-2 (to 66.9 %)
and FAT-1 + FAT-2 (to 63.7 %). A significant decrease of palmitoleic acid (16:1#-7) to 58.4 % of

control levels was also observed in FAT-1treated fish.

Table 4.7.4 Effect of periodical administration of chitosan-TPP nanoparticles complexed
with pSG5 (control), with empty vector (pSG5, control), pSG5-FAT-1, pSG5-FAT-2 and
pSG5-FAT-1 + pSG5-FAT-2 on the fatty acid profile of S. zurata liver.

Fatty acid Control FAT-1 FAT-2 FAT-1+ FAT-2
14:0 9.3810.46 7.31+1.45 7.4310.60 7.40+1.45
15:0 0.100.10 0.32+0.12 0.37+0.13 0.321+0.11
16:0 27.49%0.66 27.0913.37 26.3311.42 25.2942.50
17:0 0.21+0.03 0.11£0.04 0.2210.11 0.1120.04
18:0 3.7310.39 3.88%0.30 4.201+0.38 4.03+0.33
20:0 0.0210.02 0.20%0.13 0.08%0.03 0.0810.04
21:0 0.06%0.06 0.1620.06 0.1210.07 0.11+0.04
22:0 0.0020.00 0.06£0.04 0.11+0.04 0.050.05
23:0 0.0210.02 0.01£0.01 0.0020.00 0.01+0.01
24:0 0.010.01 0.0320.02 0.060.02 0.04+0.02
14:1%-5 0.06%0.05 0.000.00 0.14+0.09 0.13+0.04
15:1%-5 0.060.02 0.0220.01 0.05+0.03 0.050.02
16:1n-7 6.93%0.27 4.05++1.23 5.5810.48 5.381+0.42
17:1n-7 0.2010.02 0.2220.00 0.2610.02 0.23+0.01
18:1#-9¢ 21.24+1.24 22.04+1.60 22.45%+1.15 21.84%1.89
18:1#-9t 0.06+0.03 0.04£0.01 0.08%0.02 0.04+0.01
20:1#-9 0.58%0.08 0.83+0.02 0.71+0.13 0.7210.14
22:1n-9 0.1710.03 0.30£0.08 0.25+0.05 0.31+0.08
24:11-9 0.0020.00 0.07+0.05 0.07£0.03 0.05%0.03
18:2-6¢ 23.23+0.52 23.55%1.4 22.42%1.36 24.19%1.29
18:2-6t 0.2610.22 0.09£0.03 0.0910.04 0.13%0.05
20:27-6 0.1710.05 0.2520.03 0.2110.05 0.1910.07
22:2n-6 0.01+0.01 0.0220.01 0.0210.01 0.0210.01
18:31-3 1.29£0.10 1.26%0.25 1.76£0.45 1.16£0.20
18:31-6 0.76+0.17 0.65+0.14 0.81%0.06 0.7210.14
20:37-3 0.0020.00 0.0620.06 0.0020.00 0.07%0.07
20:3n-6 0.23+0.04 0.2920.06 0.21%0.06 0.25+0.02
20:47-6 0.2210.02 0.29+0.10 0.40+0.14 0.30+0.11
20:5#-3 1.792£0.09 2.76>%0.29 2.43>+0.26 2.89>%0.33
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22:6n-3 1.702£0.15 4.02>+0.65 3.15%1+0.74 3.87°+0.66
SFA 41.02%0.58 39.18+4.49 38.921+1.64 37.4513.54
MUFA 29.3%1.10 27.57%2.60 29.59%1.30 28.75%1.79
PUFA 29.67%0.60 33.25%+2.51 31.49%+1.39 33.80+1.94
7-3 4.78:%0.28 8.11°+0.99 7.34510.99 8.00>+0.93
7-6 24.8910.47 25.14%+1.63 24.15+1.48 25.811.54

7-9 22.05%£1.18 23.28+1.74 23.56%1.07 22.9612.06
n-6/n-3 5.26%0.28 3.172£0.26 3.522%0.65 3.35210.42

Data are expressed as percentage of total fatty acids and represented as mean = SEM (» = 4).

Different superscript letters indicate significant differences between groups (P < 0.05).

4.7.5 Effect of periodical nanoparticle administration on muscle fatty acid profile

Following analysis of fatty acid composition in the liver, the profiles in the skeletal muscle were
also determined by gas chromatography in order to confirm the effectiveness of FAT-1 and FAT-2 in

elevating fish oil usage and improving fish fillet quality regarding muscle #-3 LC-PUFA content.

The effect of long-term hepatic expression of FAT-1, FAT-2 and FAT-1 + FAT-2 on the fatty
acids profile in the skeletal muscle is shown in table 4.7.5. Twenty-one out of 29 fatty acids identified
in the skeletal muscle were significantly affected by co-expression of FAT-1 and FAT-2. Total SFA
significantly decreased to 57.1 % of controls, mostly resulting from the low content in myristic acid
(14:0; 34.4 % of controls), PA (16:0; 56.3 % of controls) and margaric acid (17:0; 50.04 % of controls).
In addition, treatment with FAT-1 and FAT-2 also decreased margaric acid to 50.04 % of control
values, respectively. In contrast, longer SFA (with more than 17 carbons) presented increased values
than in controls. Thus, SA (18:0) increased 1.2-fold, while arachidic acid (20:0), behenic acid (22:0),
tricosylic acid (23:0) and lignoceric acid (24:0) raised from non-detectable levels in control fish to low

but detectable levels in fish treated with FAT-1 + FAT-2.

MUPFA, PUFA and total #-9, #-6 and #-3 fatty acids increased 1.3-fold, 1.3-fold, 1.5-fold, 1.1-fold
and 2.2-fold, respectively, in the skeletal muscle of fish expressing FAT-1 + FAT-2. As a result of
greater effect on #-3 series than in #-6 fatty acids, the #-6/#-3 ratio significantly decteased to 52.0 %
of control levels. Considering unsaturated fatty acids with a content greater than 1 % for any assayed
treatment, expression of FAT-1 + FAT-2 significantly increased EPA (1.7-fold) and DHA (3.0-fold)
from the #-3 series, LA (18:24-6¢; 1.1-fold) and OA (18:12-9¢; 1.5-fold), while decreased palmitoleic

acid to 61.5 % of control levels. For less abundant unsaturated fatty acids (content between 0.1 % and
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1 %), treatment with FAT-1 + FAT-2 also resulted in significant increases of ¢s-10-heptadecenoic acid
(17:1n-7; 1.5-fold), gondoic acid (20:12-9; 3.2-fold), erucic acid (22:1#-9; 5.2-fold), ARA (20:4#-6; 1.4-
fold) and eicosadienoic acid (20:27-6; 5.5-fold).

Table 4.7.5 Effect of periodical administration of chitosan-TPP nanoparticles complexed
with pSG5 (control), with empty vector (pSG5, control), pSG5-FAT-1, pSG5-FAT-2 and
pSG5-FAT-1 + pSG5-FAT-2 on the fatty acid profile of S. aurata skeletal muscle.

Fatty acid  Control FAT-1 FAT-2 FAT-1+ FAT-2
14:0 8.83b%0.37 7.86>%1.39 7.44b%1.22 3.042%0.10
15:0 0.000.00 0.000.00 0.0020.00 0.0020.00
16:0 29.58>%1.31 27.00>%3.05 26.93>£2.85 16.64*10.34
17:0 0.18>%0.01 0.092%0.00 0.092£0.00 0.092£0.00
18:0 2.7710.04 2.78*+0.15 2.962%0.11 3.29>%0.08
20:0 0.002%0.00 0.112%0.07 0.092%0.07 0.28>%0.03
22:0 0.002%0.00 0.002%0.00 0.002£0.00 0.10>%0.01
23:0 0.002%0.00 0.002%0.00 0.002£0.00 0.09>%0.03
24:0 0.002%0.00 0.012%0.01 0.022£0.02 0.08>%0.00
14:1n-5 0.01£0.01 0.01£0.01 0.010.01 0.0220.00
15:1%-5 0.02+0.02 0.04£0.02 0.060.02 0.0520.00
16:1n-7 6.63>%0.16 6.42>+0.68 6.14>%0.56 4.0821+0.05
17:1n-7 0.162%0.01 0.202>£0.03 0.202v£0.01 0.24>%0.00
18:1#-9t 0.11>£0.04 0.062>£0.03 0.11>£0.04 0.002£0.00
18:1#-9¢ 19.62£0.53 21.98:+2.33 21.65*%2.01 28.45>%0.30
20:17-9 0.262%0.16 0.48£0.12 0.542>£0.10 0.84>%0.01
22:1#-9 0.12240.01 0.202%0.09 0.212%£0.09 0.62>%0.05
24:11-9 0.002%0.00 0.012£0.01 0.002£0.00 0.08>%0.01
18:2-6t 0.40+0.23 0.16x0.16 0.170.17 0.0020.00
18:2-6¢ 24.49210.62 24.57210.64 25.29240.67 27.98>10.26
20:2n-6 0.062%0.02 0.12210.05 0.13220.04 0.33>%0.02
22:21-6 0.002%0.00 0.012£0.01 0.022£0.02 0.10>%0.01
18:31-3 0.86%0.26 0.89+0.17 0.83%0.16 1.11£0.13
18:31-6 0.97+0.13 0.9920.06 0.90%0.07 1.12%0.04
20:3n-3 0.00£0.00 0.04£0.04 0.04+0.04 0.0910.01
20:37-6 0.1320.01 0.13+0.03 0.13+0.02 0.2010.02
20:4n-6 0.23240.01 0.24240.03 0.28>+0.03 0.32>%0.01
20:5#-3 2.36:%+0.13 2.62210.44 2.79210.45 4.07°£0.03
22:6n-3 2.25:40.31 2.97:+0.99 2.98:+0.98 6.69>%0.21
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SFA 41.36°+1.46 37.86°14.21 37.53>+3.86 23.622£0.38
MUFA 26.92£0.80 29.392+1.95 28.92211.68 34.38>+0.34
PUFA 31.752£0.67 32.75*£2.26 33.55*£2.19 42.00v£0.38
7-3 5.472£0.19 6.522%1.59 6.64211.62 11.96>£0.16
7-6 26.272£0.82 26.232£0.74 26.912£0.76 30.04>+0.26
7-9 20.09210.65 22.73*1+2.53 22.512+2.16 29.99v+0.32
n-6/n-3 4.83>+0.30 4.52+0.69 4.59v+0.76 2.512£0.03

Data are expressed as percentage of total fatty acids and represented as mean = SEM (» = 4).

Different superscript letters indicate significant differences between groups (P < 0.05).

4.7.6 Effect of periodical nanoparticle administration on hepatic expression of DNL and LC-

PUFA synthesis related genes

The effect of periodical nanoparticle administration of chitosan-TPP-DNA nanoparticles
expressing FAT-1 and FAT-2 was also assessed on the hepatic expression of genes involved in DNL

and LC-PUFA synthesis by RT-qPCR.

As shown in figure 4.7.6, treatment with FAT-1 significantly decreased the mRNA levels of elovi4a
(to 43.3 % of control values), elov/4b (to 45.4 %) and elovl5 (to 62.3 %), while treatment with FAT-2
downregulated elov/5 to 43.6 % of control values (figures 4.7.8F, G and H). Co-expression of FAT-1
and FAT-2 also significantly downregulated acaca (to 31.4 % of control values), acach (to 65.0 %), fads2
(to 69.4 %), elovidb (to 59.1 %), elovl5 (to 41.8 %) and hmger (to 64.2 %) (figures 4.7.6A, B, E, G, H and

D-
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Figure 4.7.6 Effect of periodical administration of chitosan-TPP nanoparticles complexed
with pSG5 (control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the
expression of key genes in DNL and LC-PUFA synthesis in the liver of S. aurata. Fish were

treated 70 days with a total of 3 intraperitoneal injections (each administration every 4 weeks) of

chitosan-TPP-DNA nanoparticle (10 pg/g BW of plasmid). Fourteen days after the last injection

and 24 h following the last meal, fish were sacrificed, and the liver was collected. Data are means +

108



RESULTS

SEM (1 = 6). Expression data were normalized by the geometric mean of . aurata 18s, acth and eefla

mRNA levels. Homogeneous subsets for the treatment are shown with different letters (P < 0.05).

4.7.7 Effect of periodical nanoparticle administration on the hepatic expression of glucose

metabolism related genes

Transcript levels of key genes related to glycolysis-gluconeogenesis and PPP in response to
periodical nanoparticle administration and sustained long-term expression of FAT-1 and FAT-2 in .

anrata liver were also analyzed by RT-qPCR.

FAT-2 and its co-expression with FAT-1significantly induced the hepatic mRNA levels of pf&fb7
(1.4-fold), pkir (1.5- and 1.9-fold) and g6pd (to 2.2- and 2.5-fold of the control values, respectively),

when compared to controls (figures 4.7.7E, F and H).

109



RESULTS

A B

« 2.0 < 2.5 b 1 Control
& 1.5 —1L £ 201 ab ab FAT-1
g 197
3 3 7 FAT-2
s N 1.5+ a
2 1.0 3 I FAT-1+FAT-2
£ £ 1.0
- Q
g 0.5 \E
& - 0 0.5
S Q
> S
0.0 0.0
C D E
2.0- 1.0 < 1-5-
3 z z b
© 054 b
ﬂE= 154 % 08 =
- © 8104 4
] g 0.6+ N
N = ® a
= 1.0 = g
£ E 0.4 £
5 ] 2 0.5+
£ 0.5- = £
E ‘S. 0.2 ﬁ
Q 8 &
0.0 0.0 200
25 F 20 G 20 H
.5 0 . b
3 c 2 ! b
€ 2.0- b i x
£ £ 1.5 € 154
ab -
- 2 @
® 1.5 & N a
= a T 1.0- T 104 a
E 1.0 E §
=]
2 € 054 £ 54
L 0.5 - B
5 g g
Q Q =)
0.0 0.0 0

Figure 4.7.7 Effect of periodical administration of chitosan-TPP nanoparticles complexed
with pSG5 (control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the
mRNA levels of glucose metabolism genes in S. aurata liver. Fish were treated 70 days with a
total of 3 intraperitoneal injections (each administration every 4 weeks) of chitosan-TPP-DNA
nanopatticle (10 pg/g BW of plasmid). Fourteen days after the last injection and 24 h following the
last meal, gene expression was assayed by RT-qPCR, normalized to the . aurata 18s, actb and eefla
mRNA levels and expressed as mean £ SEM (7 = 4-6). Homogeneous subsets for the treatment are

shown with different letters (P < 0.05).

4.7.8 Effect of periodical nanoparticle administration on hepatic activity of intermediary and

glucose metabolism related enzymes

To study the response of glucose metabolism to long-term expression of FAT-1 and FAT-2, the
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activity of key enzymes of glycolysis-gluconeogenesis, PPP, the Krebs cycle and amino acid

metabolism in S. axrata was determined.

Figure 4.7.8 shows the effect of long-term expression of fish codon-optimized FAT-1 and FAT-
2 on the hepatic activity of rate-limiting enzymes involved in glycolysis-gluconeogenesis, PPP and the
Krebs cycle. Fish treated with FAT-2 exhibited a significant induced activity of Pfkl (1.6-fold), Fbp1
(1.3-fold), Pklr (1.6-fold), G6pd (1.5-fold) and Pgd (1.6-fold), (figures 4.7.8A, B, D, E and F), while
decreased activity of Ogdh (39 %) compared to control fish (figure 4.7.8H). Similarly, treatment with
FAT-1 + FAT-2 increased Pklr activity (1.9-fold) compared to the control (figure 4.7.8D). When
considering the Pfkl/Fbpl activity ratio, fish treated with FAT-1 + FAT-2 exhibited an increased
glycolytic flux (29.9 %) compared to control fish, respectively (Fig, 4.7.8C). FAT-1 and FAT-2 did not
significantly affect neither the hepatic activity of Idh nor amino acid metabolism related enzymes (Alt

and Ast).
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Figure 4.7.8 Effect of periodical administration of chitosan-TPP nanoparticles complexed
with pSG5 (control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on key
enzymes in glycolysis-gluconeogenesis, PPP, the Krebs cycle and amino acid metabolism in
the liver of S. aurata. Fish were treated 70 days with a total of 3 intraperitoneal injections (each
administration every 4 weeks) of chitosan-TPP-DNA nanoparticle (10 pg/g BW of plasmid).
Fourteen days after the last injection and 24 h following the last meal, fish were sacrificed, and the
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liver was collected. Data are means = SEM (# = 6). Homogeneous subsets for the treatment are

shown with different letters (P < 0.05).

4.7.9 Effect of periodical nanoparticle administration on hepatic expression of glucose and

lipid metabolism related transcription factors

Transcription factors such as PPARA, PPARG, HNF4A, SREBF1 and NR1H3 are known to
regulate glucose and lipid metabolism. Thus, here, we analyzed the expression of these transcription
factors in response to sustained long-term expression of FAT-1 and FAT-2 by RT-qPCR in order to
obtain further knowledge reasoning the changes caused by the two exogenous enzymes on S. awrata

glucose and lipid metabolism.

In fish treated with FAT-1, the mRNA levels of ppara and srebf! were significantly reduced to
46.0 % of control values (figures 4.7.9A and E). Similarly, FAT-2 treatment also promoted a 56.3 %
decrease of mRNA levels of ppara (figure 4.7.9A). Co-expression of FAT-1 + FAT-2 downregulated
pparg and srebfl to 62.8 % and 41.8 % of control mRNA levels, respectively, while increased 7753

mRNA levels 1.6-fold when compared to controls.
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Figure 4.7.9 Effect of periodical administration of chitosan-TPP nanoparticles complexed
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with pSG5 (control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the
expression of key transcription factors involved in glucose and lipid metabolism in the liver
of S. aurata. Fish were treated 70 days with a total of 3 intraperitoneal injections (each
administration every 4 weeks) of chitosan-TPP-DNA nanoparticle (10 pg/g BW of plasmid).
Fourteen days after the last injection and 24 h following the last meal, fish were sacrificed, and the
liver was collected. Data are means = SEM (# = 6). Expression data were normalized by the
geometric mean of S. aurata 18s, actb and eeffa mRNA levels. Homogeneous subsets for the

treatment are shown with different letters (P < 0.05).
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DISCUSSION

5.1 Expression of fish codon-optimized C. elegans FAT-1 and FAT-2 in HepG2 cells

PUFA are essential for vertebrates due to the lack of A12/#-6 and A15/#-3 desaturases for de
novo PUFA synthesis. Both enzyme activities have been preserved in plants and a few invertebrates
such as C. elegans during evolutionary diversification of desaturases (Hashimoto et al., 2008). PUFA
serve as fuel but they are also involved in physiological functions. In particular, #-3 LC-PUFA such as
EPA and DHA have beneficial effects on inflammation, CVD, and neural development. The present
study was intended to boost the synthesis of #-3 LC-PUFA in the liver of Sparus aurata by means of
transient overexpression of foreign desaturases such as C. elgans FAT-1 and FAT-2. In addition, we
addressed the effects of FAT-1 and FAT-2 overexpression on growth and intermediary metabolism,
including hepatic lipogenesis and glycolysis, the latter of which is known to provide substrates for
DNL. To this end, we hypothesized that chitosan-TPP nanoparticles complexed with FAT-1 and FAT-

2 exptession plasmids could efficiently increase #-3 LC-PUFA and the #-3/7-6 tatio in S. aurata.

In recent years, increasing studies reported applications of chitosan-TPP nanoparticles delivering
foreign genes in fish for bacterial and viral infection, gonadal development and improved dietary
nutrients utilization (Wu et al., 2020a). We have previously assayed chitosan-TPP nanoparticles to
overexpress or silence target genes with major roles in controlling fish intermediary metabolism in
order to improve the use of dietary carbohydrates in S. awrata. The results of these studies showed
successful expression of exogenous protein such as hamster SREBF1a and shRNAs designed to
downregulate the expression of cytosolic Alt and glutamate dehydrogenase in the liver 72-hour after

intraperitoneal injection (Juan D. Gonzalez et al., 2016; Silva-Marrero et al., 2019).

In the present study, fish codon-optimized C. elegans FAT-1 and FAT-2 were successfully ligated
into pSG5 and functionality of both constructs (pSG5-FAT-1 and pSG5-FAT-2) to express FAT-1
and FAT-2 was validated by transient transfection of HepG2 cells. The pSGS5 vector allows expression
of transcripts in eukaryotic cells under the control of the SV40 promoter (Benoist and Chambon,
1981; Tabor and Richardson, 1985). In addition, pSG5 carries the gene regulatory element beta-globin
intron II, which enhances the maturation process of cargo gene mRNA (Antoniou et al., 1998), a
feature that may improve the expression levels of FAT-1 and FAT-2 in the present study. Our findings
indicate that the constructed expression systems were able to generate functional FAT-1 and FAT-2
transcripts in HepG2 cells 48 h after transfection. Co-expression of FAT-1 and FAT-2 in HepG2 cells
led to significantly higher proportions of PUFA, notably #-3 LC-PUFA, and lower proportions of
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SFA, especially PA. Separately, FAT-1 and FAT-2 affected similarly the fatty acid profile in HepG2
cells; in both cases the effects were in the same direction than FAT-1 + FAT-2 co-expression, but with
lower intensity. In regard of #-3 LC-PUFA such as EPA and DHA, while both FAT-1 and FAT-2
showed a trend to increase DHA proportions, surprisingly none of the treatments assayed modified
EPA values in the cells transfected for 48 hours. Possibly, the fact that HepG2 is an established human-
derived cell line while FAT-1 and FAT-2 desaturases used in the present study are fish codon-optimized
C. elegans sequences, may somewhat limit the catalytic activity of the foreign enzymes in human cells.
Other factors, such as the limited time of action in the transfected cells (up to 48 hours) may also
reduce the efficiency of FAT-1 and FAT-2 activity. Elevation of #-3 LC-PUFA by heterologous
expression of FAT-1 was also observed in other eukaryotic cells, such as 3T3-L1 cells (An et al., 2012),
cardiac myocytes (Kang et al., 2001) and goat ear skin-derived fibroblast cells (Fan et al., 2016). In any
case, and taken together, our data indicate that the catalytic functions of the two desaturases were

performed in HepG2 cells transfected with pSG5-FAT-1 and pSG5-FAT-2.

5.2 Delivery of chitosan-TPP complexed with fish codon-optimized FAT-1 and FAT-2

nanoparticles to S. aurata

Having concluded that pSG5-FAT-1 and pSG5-FAT-2 can be used as proper expression vectors
for fish codon-optimized C. elegans FAT-1 and FAT-2 in eukaryotic cells, we addressed the use of
chitosan-TPP nanoparticles to allow sustained expression of both desaturases in the liver of §. aurata,
an animal model with limited LC-PUFA synthesis and low glucose tolerance. The main objective was
to induce #-3 LC-PUFA synthesis by overexpressing FAT-1 and FAT-2 and evaluate acute and long-

term effects on growth and intermediary metabolism in the S. aurata liver.

To this end, pSG5 (control), pSG5-FAT-1 and pSG5-FAT-2 were encapsulated into chitosan-
TPP nanoparticles by the ionotropic gelation technique to facilitate hepatic delivery of the plasmid
constructs after intraperitoneal injection. This delivery system is increasingly used as carrier for
delivering nucleic acids iz vivo due to its well-known low toxicity, mucoadhesion, biodegradability and
biocompatibility (Wu et al., 2020a). Indeed, abundant transcripts of FAT-1 and FAT-2 were detected
in S. aurata liver at 72-h post-injection, which is in line with our previous studies using chitosan-TPP
nanoparticles to deliver plasmids expressing SREBP1a (sterol regulatory element binding protein 1a)
and silencing endogenous cytosolic ALT and glutamate dehydrogenase (Gaspar et al., 2018b; Juan D.
Gonzalez et al., 2016; Silva-Marrero et al., 2019).
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In contrast to rapid degradation of naked DNA, encapsulation with nanoparticles allows
sustained expression of cargo gene and hepatic retention after administration (Intra and Salem, 2008;
Bachir et al., 2018). In line with this, monthly intraperitoneal administration of 3 doses of the resulting
nanoparticles allowed long-standing high expressional levels of the two exogenous proteins in the liver,
mild expression in the intestine and barely detectable levels in the skeletal muscle and brain.
Biodistribution of fish codon-optimized FAT-1 and FAT-2 expression shows that the particle size of
chitosan-TPP-DNA complexes used in the present study favored liver retention in §. aurata, which
confirms previous reports with hepatic delivery of exogenous srebfla and shRNAs (Gaspar et al.,
2018b; Juan D. Gonzalez et al., 2016; Silva-Marrero et al., 2019). Possibly, discontinuous endothelia of
the intestine enables chitosan-TPP-DNA nanoparticle absorption and transportation to the liver
through portal circulation (Hagens et al., 2007a), while the tight morphology of capillary endothelium
in the muscle and brain may limit the transfer of nanoparticles and result in scarce levels of transcripts

(Kooij et al., 2005).

5.2.1 Effects of FAT-1and FAT-2 expression on body composition and growth petformance

Body fatty acid composition is affected by multiple factors, including DNL, physiological
requirements and dietary fatty acid profile. Single-gene expression of either FAT-1 and FAT-2
enhanced fatty acid desaturation and, consequently, #-3 LC-PUFA synthesis in transgenic mice (Pai et
al., 2014a), pig (Tang et al., 2019), zebrafish (Pang et al., 2014), and common carp (Zhang et al., 2019).
Similatly, S. aurata long-term treated with chitosan-TPP-DNA nanoparticles expressing either FAT-1
or FAT-2 showed a general trend to increase liver and muscle EPA, DHA, and total #-3 fatty acids
and PUFA, while decteased the #-6/#-3 ratio and SFA, conceivably by convetsion into unsaturated
fatty acids. Most of these effects were potentiated by hepatic co-expression of FAT-1 and FAT-2.
Combined activities of FAT-1 and FAT-2 decreased SFA such as 14:0, 16:0 and 17:0, while increased
unsaturated fatty acids, particularly #-3, and to a lesser extend #-9 and #-6. Thus, co-expression of FAT-
1 and FAT-2 promoted a synergistic effect that favored #-3 LC-PUFA accumulation in the muscle,
particularly EPA and DHA. Given that FAT-1 and FAT-2 mRNA levels were scarcely detected in the
skeletal muscle of S. aurata, changes in the muscle fatty acid profile between treatments may ascribe to

hepatic fat exportation of fatty acids forming part of VLDL.

Transgenesis of FAT-1, a gene that facilitates the conversion of #-6 to #-3 fatty acids, scarcely

affected body growth in zebrafish, common carp, mice, pig and lamb (Bhattacharya et al., 20006a; Ji et
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al., 2009a; X. Liu et al., 2016a; Sun et al., 2020a; Zhang et al., 2019; J. Zhang et al., 2018a). However,
in the present study long-term hepatic expression of FAT-1 and FAT-1 + FAT-2 significantly
increased weight gain but not lipid content in §. au#rata. A trend to increase SGR values was also
observed in fish co-expressing FAT-1 and FAT-2. Our findings suggest that increased levels of #-3
LC-PUFA and decreased #-6/#-3 fatty acid ratio resulting from expression of fish codon-optimized
FAT-1 and FAT-2 may contribute to increased growth performance in 5. aurata. In support of this
hypothesis, substitution of fish oil by vegetable oil enhances the 7#-6/#-3 ratio and lowers #-3 LC-PUFA
and weight gain in S. awrata (Houston et al., 2017), as well as in other marine fish such as cobia
(Trushenski et al., 2012) and the anadromous Atlantic salmon (Qian et al., 2020a). However, dietary
fish oil (rich in #-3 LC-PUFA) does not significantly affect growth in freshwater fish such as zebrafish
(Meguro and Hasumura, 2018), common carp (Ljubojevi¢ et al., 2015), red hybrid tilapia (Al-Souti et
al,, 2012) and rainbow trout (Richard et al., 2006a). Greater capacity of freshwater fish than marine
fish for converting #-3 and #-6 Cis PUFA into highly unsaturated long-chain fatty acids (Castro et al,,
2016), may explain different adaptative responses to dietary #-3 LC-PUFA. Better growth performance
of S. aurata submitted to sustained expression of fish codon-optimized FAT-1 and FAT-1 + FAT-2
may also result from improved health condition due to increased #-3 LC-PUFA and decreased #-6/#-
3 ratio. Consistently, FAT-1 transgenesis prevents liver steatosis and lipid deposition in the abdominal
cavity of zebrafish by a mechanism involving hepatic downregulation of lipogenic-related genes and
upregulation of steatolysis-related genes (Sun et al., 2020a). Moreover, FAT-1 transgenesis prevents
glucose intolerance, insulin resistance, noz-alcoholic fatty liver disease and allergic airway responses in
mice (Bilal et al., 2011; Boyle et al., 2020; Kim et al., 2012; Romanatto et al., 2014a), and exerts
protective vascular effects on pigs and cattle by reducing inflammatory factors and improving the
immune system (X.-F. F. Liu et al., 2017; X. Liu et al., 2016a). The low HSI values observed in FAT-
1 and FAT-1 + FAT-2 treated fish may be a trait reflecting low lipid deposition in the liver. In support
of this hypothesis, #-3 fatty acids reduce circulating triglycerides, and supplementation with dietary fish

oil correlates with lower HSI values in fish (Peng et al., 2008, 2016; Piedecausa et al., 2007).

5.2.2 Effects of FAT-1 and FAT-2 expression on serum metabolites

High levels of circulating triglycerides are considered as a cardiovascular risk factor, while 7#-3
LC-PUFA are well known for their role in decreasing plasma triglycerides. A number of studies
revealed the serum triglycerides-lowering effect resulting from dietary supplementation with fish oil in

humans. However, considering longer petiods of fish oil supplementation, a meta-analysis found no
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difference in serum triglyceride levels with longer trial durations from 6.58 to 199.9 weeks (Eslick et
al,, 2009). In this regard, in the present study we showed that both short- and long-term post-treatment
with FAT-1 + FAT-2 reduced serum triglycerides, which may be at least partially attributed to the
increase of #-3 LC-PUFA in the . aurata liver. Consistently, among biochemical parameters improved
by FAT-1 transgenesis, reduced triglycerides were reported in serum of mice (Romanatto et al., 2014a),
pig (X. Liu et al., 2016a), cattle (X.-I\. I Liu et al., 2017) and the liver of zebrafish (Sun et al., 2020a).
Decreased serum triglycerides may be attributed in part to the increase of #-3 LC-PUFA in the liver,
where #-3 fatty acids are generally thought to reduce the production of VLDL and induce fatty acid
B-oxidation (Shearer et al., 2012a). In addition, FAT-1 transgenesis is also associated with decteased
levels of glucose and cholesterol in mice and cattle serum as well as in the zebrafish liver (X.-F. F. Liu

et al.,, 2017; Romanatto et al., 2014a; Sun et al., 2020a).

The levels of #-3 LC-PUFA are known to decrease total and LDL-loaded cholesterol while
increase HDL-loaded cholesterol (Lorente-Cebrian et al., 2013). Although no statistically significant at
the short-term, a clear trend to decrease serum cholesterol was found in S. aurata long-term treated
with FAT-1 + FAT-2, which was in line with results reported for FAT-1 transgenic zebrafish (Sun et
al., 20202).

In the present study, no significant effect on serum glucose was found by expressing FAT-1, FAT-
2 and FAT-1 + FAT-2. Even though dietary intake of #-3 LC-PUFA was shown to decrease serum
fasting glucose (T. T. Zhang et al., 2019), whether and how such effect is related to glucose tolerance

remains obscure (Green et al., 2020).

5.2.3 Effects of FAT-1 and FAT-2 expression on hepatic and muscular fatty acid profiles in S.

aurata

Fatty acid composition of fish is affected by multiple factors, such as physiological requirements
and dietary fatty acid profiles. Generally, in the present study, short-term expression of FAT-1 alone
elevated the proportion of EPA and total #-3 LC-PUFA, whereas co-expression of FAT-1 and FAT-
2 induced hepatic DHA and total PUFA proportion in S. aurata liver. Consistently, sustained
expression of FAT-1 + FAT-2 for 70 days elevated hepatic EPA and DHA proportions, which also
increased #-3 PUFA and the #-6/#-3 ratio as a consequence. Consistently, transgenic exptression of
either FAT-1 or FAT-2 intensified #-3 LC-PUFA synthesis in previous reports (Lai et al., 2006a; X.-F.

F. Liu et al., 2017; Pang et al., 2014; Romanatto et al., 2014a; Tang et al., 2019). In the present study,
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21 fatty acids (from a total of 29 fatty acids identified) significantly altered their proportions in the
muscle by the administration of chitosan-TPP-DNA nanoparticles expressing FAT-1 and FAT-2, while
3 fatty acids were significantly affected in the liver (out of 30 fatty acids identified). Together with the
lessened SFA proportion by FAT-1 + FAT-2 in the skeletal muscle, elevation of the proportions of
MUPFA, #-9 PUFA and #-6 PUFA indicates a forward conversion of SFA into unsaturated fatty acids
in S. anrata treated with FAT-1 + FAT-2. In transgenic models, single-gene expression of either FAT-
1 or FAT-2 induced #-3 and #-6 LC-PUFA synthesis, respectively, in mice (Pai et al., 2014a), pig (Tang
et al,, 2019), zebrafish (Pang et al., 2014) and common carp (X. Zhang et al., 2018). A similar trend
was observed in §. aurata, having maximal production in fish treated with nanoparticles expressing
FAT-1 + FAT-2, which in turn favored #-3 LC PUFA production. Given that fish codon-optimized C.
elegans FAT-1 and FAT-2 mRNA were scarcely detected in S. aurata muscle of fish administered with
nanoparticles, apparent differences of fatty acid profiles between liver and muscle in treated fish may
ascribe to lipid mobilization from the liver to the muscle. Moreover, co-presence of FAT-1 and FAT-
2 may raise a synergistic effect for #-3 LC-PUFA synthesis in the liver, which may explain less intense
effects observed in the liver and muscle fatty acid profile of fish treated with FAT-1 and FAT-2 alone.
Conceivably, hepatic expression of FAT-1 may drain FAT-2 products and diminish allosteric inhibition
of FAT-2 activity by its products (Shi et al., 2020), while concomitant products catalyzed by FAT-2
could satisfy substrates for FAT-1.

C. elegans FAT-1 is a #-3 desaturase with activity at A15 and A17 fatty acid substrates. Mutation
of C. elegans FAT-1 leads to decreased levels of 18:37-3, 20:4#-3 and 20:5#-3, and increased proportions
of 18:2%-6, 20:3#-6 and 20:4#-6 (Kahn-Kirby et al., 2004; Watts and Browse, 2002). Transgenic
expression of C. elegans FAT-1 in mammalian cells decreases #-6 LC-PUFA such as 18:2%-6, 20:2-6,
20:3n-6, 20:4n-6, 22:4n-6 and 22:5#-6, while increases 18:3%-3, 20:4#-3, 20:51-3, 22:51-3 and 22:67-3
(Kang et al,, 2001). On the other hand, heterologous expression of FAT-2 reveals its ability to insert
double bonds sequentially at the A12 and A15 positions in substrates with preexisting A9 double bond
(Zhou et al., 2011). In the present study, a significant increase of 18:2#-6 was observed in the muscle
by treatment with FAT-1 + FAT-2, which was not concomitant with decreased levels of fatty acids
containing A9 double bond, ze., 18:12-9, 20:1%-9, 22:1#-9 and 24:1#-9. Nevertheless, the decrease of
muscular SFA, 14:0, 16:0 and 17:0, paralleled increased values of #-9, #-6 and #-3 fatty acids in fish
treated with FAT-1 + FAT-2. Substrate recognition and the particular catalysis performed by fish
codon-optimized C. elegans FAT-1 and FAT-2 desaturases in the S. awrata liver remains unclear and

needs further investigation.
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5.2.4 Effects of FAT-1 and FAT-2 expression on lipid metabolism

Concomitant to the alteration of hepatic fatty acid profile, DNL (acaca, acach, fasn and seda) and
LC-PUFA (fads2) synthesis related genes were downregulated at 72 h post-treatment with FAT-1, FAT-
2 and FAT-1 + FAT-2 in S. aurata. In transgenic animals, the effect of FAT-1 seems to depend on a
variety of factors including the species, environmental conditions and dietary lipid content. Previous
reports on FAT-1 transgenic common carp (X. Zhang et al., 2018), zebrafish (Pang et al., 2014) and
goat ear skin-derived fibroblast cells (Fan et al., 2016) showed elevated mRNA levels of fatty acid
desaturases and elongases, which are also induced in FAT-2 and FAT-1 + FAT-2 transgenic models
(Pang et al., 2014; Tang et al., 2019) Nonetheless, a recent study showed that the nutritional status had
dramatic impacts on lipogenesis of zebrafish transfected with FAT-1: when compared to wild type,
FAT-1 transgenic zebrafish fed low fat diet showed higher hepatic mRNA levels of fasn, acaca and sed1,
which were reversed in transgenic fish fed with high fat diet (Sun et al., 2020a). Similarly, when treated
with #-3 LC-PUFA, mice fed normal diets showed no differences of hepatic Acac, Fasn and Sed1
mRNA levels, but they were decreased when mice were fed a high fat diet (Echeverria et al., 2019). In
line with our findings, FAT-1 transgenesis in mice decreased the levels of phosphorylated ACACA
and FASN (Romanatto et al., 2014a). Consistently, a short-term supplement of #-3 PUFA also
decreased the hepatic mRNA levels of Acac and Fasz in mice fed a high fat diet (Wang et al., 2017).
Thus, LC-PUFA synthesis may be regulated in a feedback manner that combines sense of cellular LC-
PUFA levels with regulation of the activity of lipogenic enzymes. Interestingly, in long-term treated S.
anrata periodically administrated with nanoparticles, the combined action of FAT-1 + FAT-2 was the
condition that exerted a stronger reduction of the expression of most key enzymes in fatty acid
synthesis, desaturation and elongation, such as acaca, acacb, fads2 and elov/5. Since that expression of
lipogenic enzymes is known to be regulated by their downstream products, co-presence of FAT-1 and
FAT-2 may raise a synergistic effect on the synthesis of downstream fatty acids in the liver, which in
turn promote stronger negative feedback to the upstream enzymes. Less intense reduction of the
expression of fatty acid synthesis-related genes was generally observed by long-term treatment of
FAT-1 and FAT-2 alone. Therefore, unpaired expression of FAT-1 and FAT-2 may result in limited
LC-PUFA synthesis and transcriptional suppression in the feedback loop. Additionally, decreased
expression of Amger, a rate-limiting enzyme for cholesterol synthesis, in both short- and long-term
periodically treated with FAT-1 and FAT-2 is in line with reduced serum cholesterol levels.
Downregulation of hmger may be also due to elevated #-3 LC-PUFA in the liver. Consistently with our

findings, previous reports in mice confirmed that EPA is able to suppress hepatic Hmger expression
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(Chang et al., 2018).

The effect of #-3 LC-PUFA supplementation on hepatic ¢#7 expression is unclear. Increased
hepatic mRNA levels of Cpt7 were reported in mice fed fish oil (Bargut et al., 2014). However,
substitution of fish oil by vegetable oil, which contains lower #-3 LC-PUFA, increased ¢#7 expression
in S. aurataliver (Betancor etal., 20106). In addition, mice fed high fat diet + EPA showed no differences
on hepatic Cp#1 expression compared with the non-EPA diet (Du et al, 2013). Nevertheless,
expression of ¢p/7 in these studies, notably at short time, were synchronized to the expression of ppara.
Indeed, hepatic PPARA was shown to direct regulate ¢p#7 expression (discussed in section 4.2.5). In
line with this, the present study showed a similar expression pattern between ¢p#7a and ppara in the
liver of S. aurata 72 h post-treatment with nanoparticles. Nevertheless, the induction of hepatic ¢p#7a
expression by FAT-2 was buried in long-term periodically treated fish. In fact, any of the treatments
assayed affected the mRNA abundance of ¢#7aatlong-term. CPT1A is essential for the mitochondrial
uptake of long-chain fatty acids and their subsequent P-oxidation in the mitochondtion. In
mitochondria, ACACB catalyzes conversion of acetyl-CoA into malonyl-CoA, the latter of which is a
potent allosteric inhibitor of CPT1A (Saggerson, 2008a). Thus, our data suggest that in addition to
decrease DNL, sustained co-expression of FAT-1 and FAT-2 may do not reduce fatty acid oxidation
in the liver of S. aurata. Hence, transgenesis of FAT-1 and double transgenesis of FAT-1 and FAT-2
increased expression of ¢p#la in zebrafish (Pang et al., 2014; Sun et al., 20202).

Similar to our findings indicating increased #7753 expression in the liver of . aurata treated with
FAT-1 + FAT-2, supplementation with #-3 LC-PUFA also upregulated expression of #r1)h3 in in
Atlantic salmon (Huyben et al., 2021; Sprague et al., 2019). LXRa,, encoded by #7743, is known to
stimulate cholesterol efflux, lipogenesis, and triglycerides secretion in liver (Wang and Tontonoz, 2018).
Consistent with the activation of LXRa to low cholesterol levels, in the present study, sustained
expression of FAT-1 + FAT-2 exhibited low serum cholesterol levels concomitant with high hepatic
nr1h3 transcripts, while marginal effects were concomitantly observed for the serum and hepatic
changes in the short-term fish. In support of this, studies in HepG2 cells showed that depletion of
LXRo induced expression of HMGCR, the rate-limiting enzyme for cholesterol synthesis (Wang et
al., 2008). Coincidentally, long-term periodical administration of nanoparticles to express FAT-1 +
FAT-2 reduced hmger expression in the S. aurata liver. In addition, LXR is engaged in the activation of

lipogenesis via transcriptional induction of SREBF7¢, which is a potent factor in regulating lipogenesis.
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In mammals, alternate promoters of the Srebf! gene generate Srebfla and Srebflc, which
constitute transcription factors with a major role in activating DNL. Srebflc primarily transactivates
genes required for fatty acid and triglyceride synthesis while Srebfla is a potent activator of all SREBF-
responsive genes, including genes associated with cholesterol synthesis. Consistent with the role of
srebf! in the transcription of lipogenic genes both in fish and mammals (Carmona-Antofianzas et al.,
2014; Silva-Marrero et al., 2019), downregulation of srebf7 in the liver of S. aurata submitted to both
short- and long-term periodically sustained expression of fish codon-optimized FAT-1 and FAT-1 +
FAT-2 led to a trend to decrease the expression of genes involved in cholesterol synthesis (buzger) and
fatty acid synthesis (acaca, acach and fasn), desaturation (scdla and fads2) and elongation (elovia, elovi4b
and elov/5). In agreement with our findings, transgenic zebrafish expressing FAT-1, FAT-2 and FAT-1
+ FAT-2 and double transgenic pigs for FAT-1 and FAT-2 also showed downregulated expression
levels of srebfl. Since DHA suppresses srebf! expression and enhances its protein degradation (Jump,
2008), increased levels of DHA seem the main responsible for downregulating sresf! and DNL genes
in the liver of . aurata expressing FAT-1 and FAT-1 + FAT-2. Consistently, substitution of fish oil,
rich in DHA, by vegetable oil leads to upregulation of srebf7 and fatty acid synthesis-related genes in
8. anrata (Ofori-Mensah et al., 20202). A LXRE is present in the SREBF7 promoter. However, the
mechanism addressing srebf! downregulation in S. aurata treated with FAT-1 and FAT-2 may be an
antagonistic action of LXRa., a transcription factor encoded by #7753, which expression levels were

upregulated under this condition.

PPARA is a nuclear receptor activated by a wide range of ligands including fatty acids and fatty
acid metabolites, such as eicosanoids. In the mammalian liver, PPARA controls the expression of genes
involved in fatty acid uptake, intracellular transport, acyl-CoA formation and fatty acid mitochondrial
and peroxisomal oxidation, ketogenesis and lipoprotein metabolism (Bougarne et al., 2018a). PPARA-
mediated transcriptional regulation of lipid metabolism is achieved either indirectly via SREBP1
(Fernandez-Alvarez et al., 2011), or through direct mediation on the expression of fatty acid transport
proteins and transferases such as CPT1A (Bougarne et al., 2018a), as it may occur in the liver of S.
anrata treated with FAT-2 at short time. In the present study, long-term sustained expression of FAT-
1 and FAT-2 downregulated ppara in the liver of S. aurata. Supplementation of fish oil to rodents
enhances Ppara expression in the liver (Hein et al., 2010a; Kamisako et al., 2012a), possibly as a result
of increased availability of #-3 LC-PUFA. The effect of dietary fish oil on ppara expression in fish
varies among the species. Similar to S. aurata expressing FAT-1 and FAT-2, fish oil supplementation

was shown to decrease the hepatic mRNA levels of ppara in S. aunrata and juvenile turbot (Ofori-
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Mensah et al., 2020a; Peng et al., 2014), while the opposite effect was reported in large yellow croaker
and lean, but not fat Atlantic salmon (Du et al., 2017a; Morais et al., 2011a). Similarly, LC-PUFA,
especially #-3 LC-PUFA, are effective to activate Ppara and increase its gene expression as well
(Echevertia et al., 2016; Tapia et al., 2014). However, as pointed out by Peng et al., (Peng et al., 2014)
fatty acid-derived factors other than EPA-mediated activation may contribute to species-specific
regulation of ppara expression in fishes. Additionally, in fish, two homologous pparal and ppara2 have
been identified and their response to fatty acid supplement varies not only from fish species but also
between the two homologs. For example, dietary replacement of fish oil with vegetable oil increased
expression of ppara2 in the liver of rainbow trout but decreased the expression in Japanese seabass
(Dong et al., 2017), while diet-enriched ALA or fish oil inhibited hepatic pparal and upregulated ppara2
mRNA levels when compared with PA- or OA-rich diets in the same species (Dong et al., 2015).

Similar to ppara, activation of Pparg is also involved in regulating lipogenesis via elevating
expression of genes such as Acaca, Sed? and Fasn in mice liver (Wang et al., 2020). Meanwhile SFA are
unable to bind PPARG (Xu et al., 1999), PUFA including #-3 and #-6 fatty acids exhibit binding affinity
with PPARG (Xu et al., 1999). In spite of this, increased dietary #-3/#-6 LC-PUFA ratio was associated
with decreased hepatic pparg levels in juvenile grass carp and large yellow croaker (Tian et al., 2014;
Wang et al., 2012). However, contradictory results were obtained about the effect of FAT-1 on PPARG
expression: as in . aurata, FAT-1 transgenic zebrafish showed decreased expression of hepatic pparg
(Sun et al., 2020a), while goat cells transfected with FAT-1 showed increased expression (Fan et al.,
2016). Supplementation of #-3 LC-PUFA or fish oil also shows controversial effects on pparg transcript
levels between fish species (Tian et al., 2014; You et al., 2017), which may due to the existence of two

isoforms encoded from same gene by different promoters (Lee et al., 2018).

5.2.5 Effects of FAT-1 and FAT-2 expression on glycolysis-gluconeogenesis, PPP, the Krebs

cycle and amino acid metabolism

The effect of C. elegans FAT-1 and FAT-2 on glucose metabolism remains largely unknown.
Nevertheless, the general knowledge of hepatic coordination between glycolysis and lipogenesis drove
us to further evaluate the effects of FAT-1 and FAT-2 expression on glycolysis-gluconeogenesis, PPP,

the Krebs cycle and amino acid metabolism in the §. axrata liver.

Glycolysis-gluconeogenesis. In the present study, FAT-2 and FAT-1 + FAT-2 activated hepatic

glycolysis in both short- and long-term petiodically treated §. aurata. By controlling the flux through
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the fructose-6-phosphate (fru-6-P)/fructose-1,6-bisphosphate (fru-1,6-P2) substrate cycle, pfk/ and
Jbp1 exert critical roles in hepatic glycolysis-gluconeogenesis. Although the mRNA levels of pfk/and
Jfbp1 were not significantly affected by any of the treatments, expression of FAT-2 and FAT-1 + FAT-
2 promoted higher levels of PFKIL/FBP1 activity ratio, possibly as a result of pf&fb7 upregulation. The
bifunctional enzyme pfkfb7 catalyses the synthesis and degradation of fructose-2,6-bisphosphate (fru-
2,6-P), which is a major regulator of glycolysis—gluconeogenesis through allosteric activation of
PFKL and inhibition of FBP1 (Okar et al., 2004). We previously showed that refeeding and high
carbohydrate diets upregulate pf&fb7 and the kinase activity of the bifunctional enzyme in the liver of
8. anrata, leading to concomitant increased fru-2,6-P» levels (I Metén et al., 1999a; Meton et al., 2000).
As in mammals, fru-2,6-P2 is an allosteric activator of S. aurata Ptkl (Mediavilla et al., 2008). Therefore,
after long-term sustained expression of FAT-1 and FAT-2, the results obtained suggest that pf&fb7
upregulation in the liver of fish expressing FAT-2 (and FAT-1 + FAT-2) may be a key step favouring
the glycolytic flux through the fru-6-P/fru-1,6-P; substrate cycle, which in turn will increase the
hepatic content of fru-1,6-P; (Jurica et al., 1998). Altogether led to higher levels of Pfkl/Fbp1 activity
ratio and a concomitant activation of glycolysis. Pklr activity is known to be allosterically promoted by
its upstream substrates such as PEP and fru-1,6-P». Indeed, in line with the elevated expression of
PfRfb1, which may suggest enhanced production of fru-1,6-P», increased Pklr activity were observed
in fish expressing FAT-2 and FAT-1 + FAT-2. On the other hand, G6Pase, the catalytic unit of which
is encoded by G6PCT, hydrolyzes the phosphate of glu-6-P to produce glucose. In present study, fish
expressing FAT-1 for 72 h dectreased hepatic g6pecl expression, while long-term sustained expression
of FAT-1 + FAT-2 showed marginal effects. The transcriptional changes of g6pc7 may ascribe to the
regulation by Hnf4a, which binding element was found in . aurata g6pc promoter (Salgado et al., 2004).
Nevertheless, hepatic expression of pekl was scarcely affected, which may suggest negligible changes

of the gluconeogenic flux in both short-term and long-term periodically treated fish.

PPP. To our knowledge, the effect of C. elggans FAT-1 and FAT-2 on PPP has not been previously
addressed. In the present study, long-term expression of FAT-2 significantly promoted the expression
and activity of GG6pd, which encodes the rate-limiting enzyme in the oxidative phase of the PPP.
Correspondingly, the activity of Pgd, which also belongs to the PPP, was elevated by FAT-2 in both
the short- and long-term studies, suggesting stimulation of this pathway in the S. awrata liver.
Activation of G6pd and Pgd produce NADPH, a reducing power necessary for fatty acid synthesis.
Therefore, fish expressing FAT-2 (and co-expressing FAT-2 together with FAT-1) may favor hepatic

lipogenesis through the activation of PPP. Our findings support that fatty acid composition,
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particulatly the #-3/#-6 ratio, also seems to tegulate the hepatic expression of g6pd. In agreement with
g6pd upregulation by #-3 LC-PUFA, fish oil stimulated G6PD activity in the rat liver (Yilmaz et al.,
2004), and dietary supplementation with #-3 PUFA increased G6pd mRNA levels in the pig muscle
(Vitali et al., 2018). Furthermore, #-6 PUFA, particularly LA, decreased G6pd mRNA levels in rat
hepatocytes (Kohan et al., 2011). Additionally, certain fatty acid altered by the expression of FAT-1
and FAT-2 may also affect PPP activation via insulin signals, such as MUFA. Meanwhile lack of #-3
PUFA effects on insulin signaling (Akinkuolie et al., 2011), MUFA was shown to improve insulin
sensitivity (Johns et al.,, 2020), the improvement of which is evident in elevating hepatic G6pd
expression and activity in mammals and fish (Enes et al., 2010; Polakof et al., 2010; F. Wang et al,,
2012). Although not statistically significant, in the present study, the highest MUFA proportions were
observed in fish expressing FAT-2. Species-specific regulation of g6pd expression by fatty acid
composition may occur in other fishes. In this regard, total replacement of fish oil by vegetable oil did
not affect G6pd activity but increased the mRNA levels in the liver of Nile tilapia (Ayisi et al., 2018),
while enhanced G6pd activity in the liver of Atlantic salmon (Menoyo et al., 2005). Bearing in mind a
general trend to downregulate de #ovo hepatic lipogenesis in S. aurata co-expressing FAT-1 and FAT-2,
NADPH resulting from g6pd upregulation by #-3 LC-PUFA may reinforce cellular protection from

oxidative stress.

LXR promotes the expression of carbohydrate response element binding protein (CAREBP)
(Wang and Tontonoz, 2018). Thus, regarding the elevated Pfkl/Fbp1 activity ratio and pk/r expression
and enzyme activity by FAT-1 + FAT-2, the induced #7753 may also contribute to the activation of
glycolysis via Chrebp (lizuka and Horikawa, 2008). Furthermore, LXR stimulating glycolysis was also
shown via inducting PFKFB expression in human (Zhao et al, 2012). Additionally, the
LXRo—ChHREBP was also shown to promote G6PD expression (Zhu et al., 2021). In line with these
findings, in the present study, hepatic #7753, g6pd and pfefb1 showed similar expression pattern by the

treatments in both short- and long-term periodically treated fish.

The nuclear receptor hnfda is a master regulator of liver metabolism through transcriptional
regulation of target genes involved in glucose metabolism, lipid metabolism and hepatocyte
differentiation (Meng et al., 2016). Early studies showed that DHA had 2.7-fold higher binding affinity
for HNF4A than EPA (Hertz et al,, 1998). Consistently, DHA supplement upregulated hepatic HNF4
mRNA in mice (Zhuang et al., 2021), while the effect of EPA was marginal (Zhuang et al., 2021).

Similarly, dietary supplementation with dried marine algae, rich in #-3 LC-PUFA (particularly DHA),
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induced hnfta expression in the pig liver (Meadus et al., 2011). In agreement, FAT-1 transgenic mice
presented increased mRINA levels of Anfta in the liver (Kim et al., 2012). The present study showed a
trend to upregulate hepatic hnffa expression in fish treated by FAT-2 and FAT-1 + FAT-2 both at
short-term and after long-term sustained expression of the exogenous enzymes, while no effect was
observed in fish treated with FAT-1 alone. Since DHA values were similarly increased by FAT-1 and
FAT-2 in the liver of §. aurata, upregulation of hnf4a expression may be due to DHA levels but also
can be affected by additional pathways associated with Auzffa expression. Consistent with enhancement
of glycolysis in . aurata, hufta expression was previously shown to increase in S. aurata under glycolytic
conditions versus gluconeogenic conditions such as fasting and treatment with streptozotocin (Salgado
et al., 2012). Furthermore, Hnf4a was shown to induce the expression of #7753 (Theofilatos et al.,
2016a), a nuclear receptor that is also involved in glucose and lipid metabolism (lizuka and Horikawa,

2008).

The Krebs cycle. In present study, both at short-term and in long-term periodically treated fish,
Ogdh activity decreased in . aurata expressing FAT-2, while activity of Idh was not affected by any
of the treatments assayed. Thus, the reduction of Ogdh activity may indicate accumulation of o.-
ketoglutarate, which may flow out from the Krebs cycle and be utilized for biosynthetic purposes
(Metallo et al., 2012). Co-enzyme thiamine diphosphate, substrates, products, allosteric effectors and
thioredoxin are known to affect OGDH activity (Bunik and Strumilo, 2009), which may be affected in
turn by changes in the fatty acid profile. Mediation through NADH, the product and allosteric
inhibitor of Ogdh, among other factors that can be affected by fatty acids, may favor reasoning the
decreased activity by FAT-2. In this regard, induced glycolytic flux observed in fish expressing FAT-2
can contribute to NADH production and allosteric inhibition of Ogdh activity. Indeed, FAT-2-
dependent inhibition of Ogdh activity was abrogated in fish co-expressing both FAT-1 and FAT-2.
Further investigation is needed to unravel the molecular mechanism that mediates between the
expression of fish codon-optimized FAT-1 and FAT-2 and the flux through the Krebs cycle in S.

aurata.

Amino acid metabolism. In the present study, scarce differences of Alt and Ast activity were
noticed among the treatments in S. aurata liver. In vertebrates, certain fatty acids were shown to affect
Alt and Ast activities. For example, dietary #-3 LC-PUFA trends to decrease serum Alt and Ast
activities in juvenile Onychostoma macrolepis (Gou et al., 2020), while dietary #-6 LC-PUFA increases the

activities of the two enzymes in serum of Japanese eel (Shahkar et al., 2016). Other fatty acid such as
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erucic acid, which is prevalent in rapeseed oil, has been shown to increase ALT and AST activities in
rat serum (Hasan et al., 2018). Thus, lack of specific effects on hepatic Alt and Ast activity levels in
the S. aurata petriodically treated with FAT-1 and FAT-2 could result from compensatory effects of the

contents of individual fatty acids.
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1. Transient transfection of HepG2 cells showed that pSG5-FAT-1 and pSG5-FAT-2 are efficient
constructs for driving the expression of fish codon-optimized C. elegans FAT-1 and FAT-2 in eukaryotic

cells.

2. Co-expression of fish codon-optimized C. elegans FAT-1 and FAT-2 for 48 hours in HepG2 cells
significantly increased fatty acid proportions of SA (18:0), OA (18:1#-9¢c), LA (18:21-6¢), ARA (20:4#-
6), PUFA, #-3 fatty acids, #-6 fatty acids and #-9 fatty acids.

3. Seventy-two hours following intraperitoneal administration of a single dose of chitosan-TPP
complexed with pSG5-FAT-1 and pSG5-FAT-2 (10 pg plasmid/g BW) allowed detection of high
mRNA levels of fish codon-optimized C. elegans FAT-1 (16.5-fold increase) and FAT-2 (21.2-fold

increase) in the liver of §. aurata.

4. Co-expression of fish codon-optimized C. elegans FAT-1 and FAT-2 in the liver of §. aurata for 72

hours decreased serum triglycerides to 53.4 % of control values.

5. Treatment with chitosan-TPP-DNA nanoparticles for 72 hours after a single dose also affected the
fatty acid profile in the liver of §. awrata. Expression of FAT-1 increased 1.3-fold EPA (20:54-3) and
total #-3 fatty acids, while expression of FAT-2 decreased SA (18:0) to 69.7 % of control levels. Co-
expression of FAT-1 + FAT-2 increased 1.4-fold DHA (22:6#-3) and 1.1-fold PUFA, while decreased
heptadecenoic acid (17:1#-7), dihomo-y-linolenic acid (20:37#-6) and nervonic acid (24:12-9), to 9.5 %,
23 % and 25 % of control levels.

6. Seventy-two hours after nanoparticle administration, treatment with FAT-1 significantly decreased
the expression of g6pel (to 63.5 % of controls), while increased fBp7 (1.4-fold) expression in the liver.
FAT-2 increased the hepatic expression of pfe/ (1.5-fold), fip1 (1.5-fold) and pk/r (1.3-fold), while co-
expression of FAT-1 and FAT-2 increased 1.8-fold the mRNA levels of pfl. Fish expressing FAT-2
significantly increased the activity of key enzymes in both glycolysis (Pfkl, 1.8-fold; Pklr, 1.7-fold) and
gluconeogenesis (Fbp1, 1.6-fold). Similarly, co-expression of FAT-1 + FAT-2 induced the activity of
Pklr (1.4-fold) and Fbp1 (1.5-fold). Any treatment assayed affected significantly the Pfkl/Fbp1l enzyme
activity ratio. In regard of other metabolic pathways, FAT-2 induced the PPP by increasing Pgd activity
1.4-fold, FAT-1 and FAT-2 caused opposite effects on Ogdh activity from the Krebs cycle (FAT-1
increased hepatic Ogdh activity 1.6-fold, while FAT-2 reduced Ogdh activity to 39.9 % of control

values), and Alt and Ast transaminases were not significantly altered.
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7. Short-term expression of FAT-2 induced hepatic ppara mRNA levels to 1.3-fold compared to
control fish. FAT-2 and its co-expression with FAT-1, significantly decreased hepatic mRNA levels of
pparg (to 48.6 % and 50.7 % of controls, respectively), while increased the expression of hufta (1.6-
fold and 2.2-fold, respectively). Expression of FAT-1, FAT-2 and FAT-1 + FAT-2 significantly

downregulated srebf! to 60.5 %, 42.1 % and 35.6 % of control values, respectively.

8. Seventy-two hours after nanoparticle administration, treatments with FAT-1, FAT-2 and FAT-1 +
FAT-2 suppressed expression of genes acaca (to 5.9 %, 3.4 % and 4.4 % of control values, respectively),
acach (to 64.8 %, 72.3 % and 53.5 %), fasn (to 25.3 %, 23.3 % and 19.7 %), sed1a (to 18.2 %, 6.4 % and
8.5 %) and fads2 (45.1 %, 12.2 % and 41.4 %). Expression of FAT-1 and FAT-2 decreased to 21.7 %
and 27.3 % of the expression of hmger in control fish, respectively. Expression of FAT-2 increased

1.7-fold the expression of ¢p#1a in the liver.

9. The mRNA levels of fish codon-optimized C. elegans FAT-1 and FAT-2 lasts at high levels (74.8-
and 70.2-fold increased, respectively) in the liver of . aurata for at least 4 weeks after a single

intraperitoneal injection of chitosan-TPP-pSG5-FAT-1 and chitosan-TPP-pSG5-FAT-2.

10. Periodical administration (every 4 weeks) of intraperitoneal doses of chitosan-TPP complexed
with pSG5-FAT-1 and pSG5-FAT-2 (3 doses in a total period of 70 days, each dose with 10 ug
plasmid/g BW) to S. awrata, significantly increased the mRNA levels of FAT-1 and FAT-2 in the liver
(201.8- and 297.4-fold, respectively) and intestine (10.6- 24.7-fold, respectively), while no significant

detection was observed in skeletal muscle and brain.

11. Seventy days following periodical administration of chitosan-TPP nanoparticles complexed with
pSG5-FAT-1 and pSG5-FAT-2, expression of FAT-1 and FAT-1 + FAT-2 significantly increased
weight gain (18 % and 26 % of increase, respectively) in S. aurata. In contrast, HSI significantly
decreased in fish treated with FAT-1 and FAT-1 + FAT-2 to 72 % of control values. In regard of body

composition, co-expression of FAT-1 + FAT-2 caused a 7.6 % decrease of whole-body crude protein.

12. Sustained co-expression of FAT-1 and FAT-2 for 70 days decreased serum triglycerides and

cholesterol to 41.6 % and 67.7 % of control levels, respectively, in S. aurata.

13. In the liver of . awurata periodically administered with chitosan-TPP-DNA, expression of FAT-1

significantly increased EPA (20:5#-3, 1.5-fold), DHA (22:6-3, 2.4-fold) and total #-3 fatty acids (1.7-
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fold), while decreased palmitoleic acid (16:1-7; to 58.4 % of control levels) and the #-6/#-3 ratio (to
60.3 % of control values). Expression of FAT-2 decteased the #-6/#-3 ratio (to 66.9 % of control
values). Co-expression of FAT-1 + FAT-2 significantly increased EPA (20:5#-3, 1.6-fold), DHA (22:62-
3, 2.3-fold) and total #-3 fatty acids (1.7-fold), while reduced the #-6/#-3 ratio (to 63.7 % of control

values).

14. The fatty acid profile of the skeletal muscle of §. aurata was significantly affected by periodical
administration of chitosan-TPP-DNA nanoparticles to express fish codon-optimized C. elegans FAT-
1 and FAT-2. Co-expression of FAT-1 + FAT-2 significantly decreased total SFA (to 57.1 % of
controls), myristic acid (14:0; to 34.4 %), PA (16:0; to 56.3 %) and margaric acid (17:0; to 50.0 %),
while increased SA (18:0; 1.2-fold) and raised arachidic acid (20:0), behenic acid (22:0), tricosylic acid
(23:0) and lignoceric acid (24:0) from non-detectable levels in control fish to low but detectable levels.
Co-expression of FAT-1 + FAT-2 also increased MUFA (1.3-fold), PUFA (1.3-fold) and total #-9 (1.5-
fold), #-6 (1.1-fold) and #-3 (2.2-fold) fatty acids, while decteased the #-6/#-3 ratio to 52.0 % of control
levels. In regard of unsaturated fatty acids, co-expression of FAT-1 + FAT-2 significantly increased
EPA (20:5#-3, 1.7-fold) and DHA (22:6#-3, 3.0-fold) from the #-3 series, LA (18:2x-6¢; 1.1-fold), OA
(18:1#-9¢; 1.5-fold), cis-10-heptadecenoic acid (17:1#-7; 1.5-fold), gondoic acid (20:1#-9; 3.2-fold),
erucic acid (22:17-9; 5.2-fold), eicosadienoic acid (20:27-6; 6.2-fold) and ARA (20:4#-6; 1.4-fold), while
decreased palmitoleic acid (16:1#-7) to 61.5 % of control levels. In contrast to co-expression of FAT-
1 + FAT-2, FAT-1 and FAT-2 alone only affected significantly margaric acid (17:0), which decreased

in both cases to 50 % of control values.

15. Seventy days of sustained expression of FAT-2 in the liver of Sparus anrata induced the hepatic
expression of glycolytic genes such as p&/ (1.5-fold) and pfkfb1 (1.4-fold), and the activity of rate-
limiting enzymes in glycolysis (Pfkl, 1.6-fold; Pklr, 1.6-fold) and PPP (G6pd, 1.5-fold; Pgd, 1.6-fold),
while decreased Ogdh (39 % of control values). Similarly, co-expression of FAT-1 + FAT-2
upregulated the mRNA levels of p&/ (1.9-fold) and pfkfb1 (1.4-fold), and PKL activity (1.9-fold).

16. Sustained co-expression of FAT-1 + FAT-2 for 70 days significantly downregulated the hepatic
expression of key genes involved in cholesterol synthesis (hzger, to 64.2 % of control values) and fatty
acid synthesis (acaca, to 31.4 %o; acach, to 65.0 %), desaturation (fads2, to 69.4 %) and elongation (elov/4b,
to 59.1 %; elovl5, to 41.8 %). Treatment with FAT-1 significantly decreased the mRNA levels of fatty
acid elongases (elovia, to 43.3 %; elovib, 45.4 %; elovl5, to 62.3 %), while FAT-2 expression
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downregulated elov/5 (to 43.6 %0).

17. In regard of transcription factors involved in lipogenesis, sustained expression of FAT-1
downregulated the expression of ppara (to 46.0 % of control values) and srebfl (to 46.0 %). Treatment
with FAT-2 also decreased ppara mRNA levels (to 56.3 %), while increased hnfta expression (1.5-fold).
Co-expression of FAT-1 + FAT-2 downregulated pparg (to 62.8 %) and srebfl (to 41.8 %), while
upregulated #7753 (1.6-fold).
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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-3-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
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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, C4-OH, Cp-NH, acetyl amino and glycoside bonds [6,28].
Two of the functional groups, C¢-OH and C»-NHj, have chemical properties that make them of particular
interest for derivatization (Figure 2).

OH

0]
HO

HO NH;*

Figure 2. Schematic representation of chitosan. Functional groups C,-NH, and C4-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 RN A-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 sShRNA to the cytosol and association with Dicer to generate siRNA. 5, siRNA association
with RNA-induced silencing complex (RISC) and target mRNA 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 Hy,O; [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 pug/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)-1§3, 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-o) 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), TNF«, 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 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 [140]. In another study, oral vaccination
with alginate-chitosan microspheres encapsulating the recombinant protein serine-rich repeat (rSrr) of
Streptococcus inine 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 IFN-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

.Preloadmg I.’ostloadmg Zeta Potential  Zeta Potential Encal'as.ulatlon References
Diameter (nm) Diameter (nm) Efficiency
(mV) (mV)
- <10,000 - - 94.5% [145]
30-60 - - - - [146]
- 200 - - 91.5% [147]
- - - - 83.6% [148]
193 + 531 246 + 741 320+1.0! 144 +131 - [80]
- 146 + 22 - 243+ 0572 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]
116 306 247 18.0 - [156]
231 + 182 272 + 362 312+152 14.1+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.
Séez 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

Inrecent 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), IFN, chemokine receptor (CXCR), T-cell receptor (TCR), MHC-Ix and MHC-Il, 7
days after oral vaccination against reddish body iridovirus in turbot (Scophthalmus maximus). A 10-fold
higher expression of TNF-o 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«) 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-1§ 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 173-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



Polymers 2020, 12, 1177 14 of 24

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 173f-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 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 [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

N Pentose
Phosphate

Pathway
A Glycolysis (G6PD)
(GK, PFKFB1)
ﬂ NPH

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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To increase our current knowledge on the nutritional regulation of growth and gene expression pattern in fish
skeletal muscle, the effect of dietary macronutrient composition was assessed on digestibility, nutrient retention,
growth performance, and the mRNA levels of key genes involved in functionality, growth and development of the
skeletal muscle in gilthead sea bream (Sparus aurata). Long-term starvation decreased the expression of myogenic
regulatory factors such as Myod2, Myf5, myogenin (Myog) and Myf6 in the skeletal muscle of S. aurata. The
supply of high or medium protein, low carbohydrate diets enhanced growth parameters, feed efficiency ratio,
feed conversion ratio and significantly upregulated myod2. However, the supply of low protein, high carbohy-
drate diets restricted growth and stimulated the mRNA levels of myostatin, while downregulated follistatin (fst),
igf1, mtor and rps6. Microarray analysis revealed igfals, tnni2, and gadd45a as gene markers upregulated by diets
enriched with protein, lipids and carbohydrates, respectively. The results of the present study show that in
addition to myod2, fst, igf1, mtor and rps6, the expression levels of igfals, tnni2 and remarkably gadd45a in the
skeletal muscle can be used as markers to evaluate the effect of dietary macronutrient changes on fish growth and
muscle development in S. aurata.

1. Introduction

The development of the skeletal muscle follows a well-ordered
structure that is highly adaptable to changing conditions. The process
of myogenesis has a marked plasticity, which constitutes a fundamental
event for proliferation, differentiation, migration and fusion of new
myoblasts (Johnston, 2006). This complex and dynamic process leads to
fusion of myocytes with existing myofibers (hypertrophy) and
increasing proliferation of myocytes (hyperplasia) (Zhu et al., 2014).
Myogenesis is primarily controlled by myogenic regulatory factors
(MRFs) which include Myod, Myf5, myogenin (Myog) and Myf6, among
others (Braun and Gautel, 2011; Rescan, 2001; Alami-Durante et al.,
2019). MRFs are highly conserved proteins from teleosts to mammals
that belong to a larger group of transcription factors containing a basic
DNA-binding motif and a helix-loop-helix dimerisation domain (Olson

* Corresponding author.
E-mail address: imeton@ub.edu (I. Metén).
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and Klein, 1994; Rossi and Messina, 2014). Myod and Myf5 are essential
for initiation of the myogenic program, while Myog and Myf6 are
expressed later, during myofibre differentiation (Holterman and Rud-
nicki, 2005; Rescan, 2001; Tan and Du, 2002). Additional factors, such
as myostatin (Mstn) and follistatin (Fst), which belong to the trans-
forming growth factor beta (Tgfb) superfamily, were also shown to have
a major role in skeletal muscle growth and development. Mstn is a
potent negative regulator of skeletal muscle growth (McPherron et al.,
1997). Knockout mice for Mstn present 2 to 3-fold greater skeletal
muscle mass than wild-type animals. Fst is an activin-binding protein
essential for muscle fibre formation (Medeiros et al., 2009), and a potent
antagonist of several members of the Tgfb superfamily, including Mstn
(Amthor et al., 2004). Overexpression of Fst in mice and rainbow trout
(Oncorhynchus mykiss) evidences the capacity of Fst to increase muscle
mass (Lee and McPherron, 2001; Medeiros et al., 2009).
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Somatotropic compounds such as insulin-like growth factor 1 (Igf1)
exert an important role in nutritional regulation of metabolism. Igfl
expression increases muscle mass and decreases muscle atrophy
(Christoffolete et al., 2015; Glass, 2003a, 2003b; Vélez et al., 2014).
Protein synthesis and glucose and amino acid uptake is stimulated by
Igfl in rainbow trout (O. mykiss) and gilthead sea bream (S. aurata)
myocytes (Castillo et al., 2004; Montserrat et al., 2012). Igfl and amino
acids activate the phosphatidylinositol 3-kinase (Pi3k)-Akt pathway,
which leads to phosphorylation of the serine/threonine protein kinase
mechanistic target of rapamycin (Mtor) and activation of a critical
pathway involved in cellular processes such as apoptosis, protein syn-
thesis, gene transcription and cell proliferation (Vélez et al., 2016).
Indeed, Mtor is an essential sensor of nutrient and amino acid avail-
ability through phosphorylation of 40S ribosomal protein S6 (Rps6)
(Glass, 2005; Schiaffino and Mammucari, 2011).

Despite the fact that carnivorous fish are considered glucose intol-
erant (Panserat et al., 2019; Rashidpour et al., 2019), we previously
showed that partial replacement of dietary protein by carbohydrates
stimulates glucose oxidation via glycolysis and pentose phosphate
pathway in the liver of S. aurata (Fernandez et al., 2007; Meton et al.,
1999). Indeed, the administration of chitosan-tripolyphosphate-DNA to
overexpress srebpla stimulates conversion of dietary carbohydrates into
lipids in S. aurata through enhanced hepatic glycolysis, pentose phos-
phate pathway and lipogenesis (Silva-Marrero et al., 2019; Wu et al.,
2020). Dietary carbohydrates upregulate the expression of glycolytic
genes in the muscle of rainbow trout (Song et al., 2018), while it was
claimed that glucose regulates protein synthesis and growth-related
mechanisms in myogenic precursor cells from this species (Latimer
et al., 2019). Although the fundamental events in muscle growth and
development were well conserved during vertebrate evolution, fishes
have unique features such as continuous growth and different propor-
tion of white and red muscle fibres than mammals. Indeed, the molec-
ular events that mediate the effect of dietary nutrients on signaling
pathways that control growth of fish skeletal muscle remain unclear.
With the aim to increase our current knowledge about the nutritional
regulation of skeletal muscle growth and development in fish, we
addressed the effect of dietary macronutrient composition on nutrient
retention, growth performance and the gene expression pattern in the
skeletal muscle of S. aurata, and identified novel gene markers for
nutritional studies in cultured fish.

2. Materials and methods
2.1. Animals, feeding trial and sampling

S. aurata juveniles were obtained from Piscicultura Marina Medi-
terranea (Burriana, Castellon, Spain). A total of 330 fish (8.22 g + 0.26
body weight) were transported to the laboratory, and distributed in 12
aquaria of 260 1 supplied with running seawater at 21 °C in a closed
system with active pump filter and UV lamps. The photoperiod was
adjusted to a 12 h: 12 h dark-light cycle. Fish maintenance conditions
were as previously described (Fernandez et al., 2007). Three diets were
formulated with gross energy at 20-22 kJ/g and macronutrient
composition at levels above and below those in commercially available
aquafeeds: HLL (high protein, low lipid, low carbohydrate), MHL (me-
dium protein, high lipid, low carbohydrate) and LLH (low protein, low
lipid, high carbohydrate) (Table 1). Following acclimation to our facil-
ities, three groups of fish were fed twice a day (9:30 a.m. and 15:30 p.m.)
with 25 g/kg body weight of the corresponding experimental diet for 23
days for microarray analysis and 37 days for evaluating growth, di-
gestibility and gene expression (Fig. 1). Sampling points were selected
according to previous studies showing that a period of 18-20 days is
long enough for producing significant changes due to diet composition
in the intermediary metabolism and gene expression profile of S. aurata
juveniles (Meton et al., 1999; Silva-Marrero et al., 2017), while longer
periods are necessary to obtain significant changes in growth and
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Table 1
Composition of the diets supplied in this study to S. aurata.
HLL MHL LLH

Formulation (%)
Fish meal” 81.6 67.5 54.3
Fish oil” 0.8 13.1 6.0
Starch* 15.0 16.7 37.1
Carrageenan’ 1.5 1.5 1.5
Mineral mixture® 0.9 0.9 0.9
Vitamin mixture’ 0.2 0.2 0.2
Proximate Composition (%)
Crude protein 59.5 50.1 40.6
Crude lipid 7.2 17.5 8.2
Carbohydrates® 18.4 20.9 40.9
Ash 14.9 11.5 10.3
Gross energy (kJ/g)" 20.2 22.4 19.9

% Corpesca S.A. Super-Prime fish meal (Santiago de Chile, Chile).

b Fish oil from A.F.A.M.S.A. (Vigo, Spain).

¢ Pregelatinised corn starch from Brenntag Quimica S.A. (St. Andreu de la
Barca, Barcelona, Spain).

4 Tota carrageenan (Sigma-Aldrich).

¢ Mineral mixture provided (mg/kg): CaHPO,4-2 H,0, 7340; MgO, 800; KCl,
750; FeS04-7 H,0, 60; ZnO, 30; MnO», 15; CuSO4-5 H,0, 1.7; CoCl,-6 H,0, 1.5;
KI, 1.5; NaySeOs, 0.3.

f Vitamin mixture provided (mg/Kg): choline chloride, 1200; myo-inositol,
400; ascorbic acid, 200; nicotinic acid, 70; all-rac-tocopherol acetate, 60; cal-
cium pantothenate, 30; riboflavin, 15; piridoxin, 10; folic acid, 10; menadione,
10; thiamin-HCl, 8; all-trans retinol, 2; biotin, 0,7 cholecalciferol, 0.05; cyano-
cobalamin, 0.05.

8 Carbohydrates were calculated by difference.

" Calculated from gross composition (protein 24 kJ/g, lipids 39 kJ/g, carbo-
hydrates 17 kJ/g).

Sampling
v at 37 days
Sampling
at 23 days o

Growth performance
— Nutrient retention and ADC

RT-gPCR and validation of
microarray analysis

> B
S 3

Fig. 1. Schematic workflow of sampling points and analysis carried out in the
present study. ADC: apparent digestibility coefficient. RT-qPCR: reverse tran-
scription coupled to quantitative real-time PCR.

Microarray analysis

nutrient retention parameters (Fernandez et al., 2007). A fourth group of
fish was submitted to starvation during the same period of time. Each
dietary condition was assayed in 3 aquaria. All fish were weighed at the
beginning of the experiment and every 12 days during the experiment.
To calculate apparent digestibility coefficient (ADC), 0.1% yttrium
oxide (Y203) was included in each experimental diet and used as inert
marker the last week of the experiment. To determine body composition,
30 fish from the initial stock and 5 fish per aquarium at the end of the
experiment were sampled and stored at —20 °C for subsequent analysis.
Prior to sampling, fish were starved for 24 h and sacrificed by anaes-
thesia overdose with 1:12,500 tricaine methanesulfonate (MS-222)
diluted in seawater followed by cervical section. Samples of skeletal
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muscle extracted from the middle/dorsal region were dissected out,
immediately frozen in liquid nitrogen and kept at —80 °C until analysis.
For fecal collection, the posterior intestine was dissected out and the
intestinal content was obtained by stripping. Posterior intestine samples
were pooled (pools of 5 fish per aquarium), dried at 70 °C and kept at
—20 °C. Experimental procedures involving fish complied with the
guidelines of the University of Barcelona's Animal Welfare Committee
and EU Directive 2010/63/EU for animal experiments.

2.2. Diet and body composition

To determine moisture, samples were dried at 70 °C until constant
weight was obtained (Busacker et al., 1990; Lucas, 1996). Samples were
analysed for carbon (C) and nitrogen (N) with a Carlo Erba NA 2100
elemental analyser (CE Instruments, Wigan, UK). Lipid content was
extracted with petroleum ether using a Foss Tecator Soxtec HT 1043
extraction system (Hillersd, Denmark). Ash content was determined
after incineration of samples in muffle furnace at 450 °C for 12 h
(Busacker et al., 1990; Lucas, 1996). Protein was calculated from N
content, using a factor of 6.25. Gross energy was calculated on the basis
of dietary protein (24 kJ/g), lipid (39 kJ/g) and carbohydrate (17 kJ/g)
(Bradfield and Llewellyn, 1982). For assaying Ca, P and Y, samples were
digested and analysed with an inductively coupled plasma spectrometer
(Polyscan 61E, Thermo Jarrell Ash Corporation, Waltham, MA, USA).

2.3. Apparent digestibility and growth parameters

Specific growth rate (SGR) was calculated as (In W¢— In W;)*100/T,
where In W¢ and In Wj are the natural logarithms of the final and initial
mean fish weight in grams per aquarium, respectively, and T is time in
days. Feed conversion ratio (FCR) was calculated as dry feed intake/wet
weight gain. ADC of a given nutrient was calculated from the following
equation (De Silva and Anderson, 1995):

ADC = 100—[1004‘ (Nutrientpeces /Nutrientpie‘)*(YDiel/YFeces) ]
For dry matter, the equation became:
ADC = 100~[100*(Ypiet/ Yreces )]

Other parameters calculated for each aquarium included: protein
efficiency ratio (PER = g weight gain/g feed protein); protein retention
(PR = g protein gain*100/g feed protein); lipid retention (LR = g lipid
gain*100/g feed lipid) and hepatosomatic index (HSI = liver fresh
weight*100/ fish body weight).

2.4. RNA isolation
Total RNA was extracted from the skeletal muscle using the RNeasy

fibrous tissue Mini Kit (Qiagen, Sussex, UK) according to the manufac-
turer's recommendations. Concentration and purity were determined

Table 2
Primers used to analyse gene expression by qPCR.
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spectrophotometrically at 260/280 nm using Nanodrop ND-1000
(Thermo Fischer Scientific, Waltman, MA, USA). RNA integrity was
determined with an Agilent 2100 bioanalyser (Agilent Technologies,
Santa Clara, CA, USA). Only samples with RNA Integrity Number (RIN)
> 9.2 were used for subsequent studies.

2.5. Quantitative real-time PCR

The mRNA levels of key genes involved in skeletal muscle growth
and development, and differentially expressed genes selected from the
microarray analysis were assayed by reverse transcription coupled to
quantitative real-time PCR (RT-qPCR). One microgram of total RNA
isolated from white skeletal muscle of S. aurata was reverse-transcribed
to cDNA with Moloney murine leukemia virus RT (Life Technologies,
Carlsbad, CA, USA) for 1 h at 37 °C in the presence of random hexamer
primers. The cDNA product was used for subsequent qPCR. The mRNA
levels of S. aurata genes listed in Table 2 were determined in a StepO-
nePlus Real-Time PCR System (Applied Biosystems, Foster City, CA,
USA) using 0.4 uM of each specific primer (Table 2), 10 ul of SYBR Green
(Applied Biosystems Foster City, CA, USA), and 1.6 pl of the diluted
c¢DNA product in a final volume of 18 pl. The temperature cycle protocol
for amplification was: 1 cycle of initial activation at 95 °C for 10 min and
40 cycles of 15 s at 95 °C, 1 min at 62 °C. To validate the amplification
efficiency of primers, standard curves with serial dilutions of a control
cDNA were generated, and PCR amplicons were separated electropho-
retically on 2% agarose gel for band size confirmation. 18S ribosomal
RNA (18 s) and elongation factor 1 alpha (efla) were selected to
normalise the amount of mRNA for the genes of interest in each sample.
Variations in gene expression were calculated by the standard AACt
method (Pfaffl, 2001). Results are presented as mean + SD (n = 4-6
fish).

2.6. Microarray hybridisation and data analysis

A microarray analysis was performed to detect differentially
expressed genes with potential interest for nutritional and diet formu-
lation studies in S. aurata. To this end, labelling, hybridisation and
scanning of an Agilent custom high-density oligonucleotide microarray
(8 x 60 k; ID 079501; Agilent Technologies, Santa Clara, CA, USA),
previously described to contain 2 60-mer probes for each of 25,392
assembled unique sequences of S. aurata transcriptome (Silva-Marrero
et al., 2017), were performed with the Two-Color Microarray-Based Gene
Expression Analysis v. 6.5 kit (Agilent Technologies, Santa Clara, CA,
USA). Total RNA isolated from the skeletal muscle of four fish was
analysed for each condition (starved fish and fish fed diets HLL, MHL
and LLH for 23 days). For each sample, 200 ng of total RNA was labelled
with Cy3 or Cy5 using Low Input Quick Amp Labeling Kit (Agilent Tech-
nologies, Santa Clara, CA, USA), and microarray workflow for linearity,
sensitivity and accuracy was monitored using The Two-Color and RNA

Gene Forward (5 to 3') Reverse (5’ to 3) GenBank accession nos.
18 s TTACGCCCATGTTGTCCTGAG AGGATTCTGCATGATGGTCACC AM490061
efla CCCGCCTCTGTTGCCTTCG CAGCAGTGTGGTTCCGTTAGC AF184170

fst GGAAACGACGGGATCATCTATGC CGACTTGGCCTTGATGCATTTTCC AY544167
gadd45a AGCGGGGTCGTTTTTTATTTCTTC AGGAAGTGTGGTGTGTACCC XM_030401611
igf1 ACTGCTGTGCGTCCTCACCCTGA GTGCATTGGGGCCGTAGCCA AY996779
igfals TGTGGTGGAACGCCAGAGCTTTG GAGGCCAGAGAATGTATGGGTTGTGAG XM_030407223
mstn GGATGCAGGAACACACACAC AGACGACGAAGGACGAGAAA AF258448.1
mtor GGAGACTGTTTTGAGGTCGCC ACCTCCATCACCGTGTGGCA MH594580
myf5 CGACGGCATGGTTGACAGCA TCCGGCTGTCTTATCGCCCA JN034420
myfé TCATCCCACAGCTTTAAAGGCA AGTGAATCTTCGGCGTCCTCC JN034421
myod2 CACTACAGCGGGGATTCAGAC CCGTTTGCTTCTCCTGGACT AF478569
myog TTCCCTGACCAGCGCTCCTA TCTGTTCCTGTCACCCCAAC EF462191.1
ps6 CAGCAAGATCCGCAAGCTCT CTTCTGGGTGCGCTGTCTCT MN172174

tmni2 GCCCTGAAGAAAGTACGTATGTCTGC

CTCCCCTCCTCCTTGACCTCCTTC XM_030426857
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Spike-In Kit, Two-Color. The RNeasy Mini Kit (Qiagen, Hilden, Germany)
was used to purify labelled cRNA. Microarray hybridisation was per-
formed using 2.5 pg of each labelled sample at 65 °C for 17 h following
the Gene Expression Hybridization Kit instructions. A double loop
hybridisation with dye swap experimental design was followed (Kerr
and Churchill, 2001), and included eight hybridisations to maximise
discovery of significant changes among assayed conditions (starvation
and feeding with diets HLL, MHL and LLH; n = 4 per condition). Scan-
ning was performed using an Agilent Microarray Scanner G2565BA, and
outlier spots and spot intensity for Cy3 and Cy5 channels were extracted
with Agilent Feature Extraction software v. 10.7. Loess and Aquantile
normalisation for within-and inter-array normalisation, respectively,
was performed with R-Bioconductor package (Gentleman et al., 2004).
Data analysis was only considered for unique sequences involved in
growth and development with E-value <1le-10 and HSP/hit >30.

2.7. Statistics

Data concerning growth performance, nutrient retention, apparent
digestibility and qPCR were analysed using SPSS Version 25 (IBM,
Armonk, NY, USA). One-way analysis of variance (ANOVA) followed by
the Duncan post-hoc test was performed to identify significant differ-
ences between treatments. Statistical significance was considered when
P < 0.05. For microarray data, a linear model analysis using Limma
(Smyth, 2004) was conducted to determine differentially expressed
genes with adjusted P < 0.05. Correlation coefficient values were
calculated to assess relationships between growth, nutrient retention,
ADC and gene expression variables, considering statistical significance
when P < 0.05.

3. Results
3.1. Growth performance, nutrient retention and digestibility

The effect of dietary macronutrient composition on growth param-
eters and nutrient retention was studied in S. aurata juveniles fed 37
days with diets HLL (macronutrient composition similar to the diet of
wild S. aurata), MHL (composition similar to commercial diets) and LLH
(composition similar to HLL but with partial substitution of protein by
carbohydrates). Fish fed the high protein, low lipid, low carbohydrate
diet (HLL) and the medium protein, high lipid, low carbohydrate diet
(MHL) presented significantly higher values of final body weight and
SGR than fish fed the low protein, low lipid, high carbohydrate diet
(LLH; Table 3). The highest FCR value was found in fish fed the LLH diet,
while no significant difference was found between diets HLL and MHL.
Fish fed the LLH diet also presented the highest LR value. The lowest
PER levels were found for fish fed diet HLL, which were significantly
different than in fish fed the MHL diet (Table 3). Diet composition did
not significantly affect HSI or PR.

No significant differences were found in ADC values for calcium,
carbon and dry matter in the posterior intestine of fish fed 37 days with

Table 3
Growth performance and nutrient retention of S. aurata fed diets HLL, MHL and
LLH for 37 days.

HLL MHL LLH
Initial BW (g) 8.20 + 0.04 8.52 + 0.06 8.11 £ 0.21
Final BW (g) 17.69 + 0.22° 18.36 + 0.18° 14.76 + 0.712
SGR 2.08 + 0.04° 2.08 + 0.02° 1.61 + 0.10°
FCR 1.58 + 0.01% 1.44 + 0.04% 1.96 + 0.16°
HSI 1.22 + 0.08 1.11 + 0.05 1.33+0.11
PR (% intake) 17.92 £ 0.72 20.52 + 1.05 20.34 + 1.79
LR (% intake) 24.90 + 4.14° 33.21 + 2.15% 41.95 + 4.30°
PER 1.06 + 0.01° 1.39 + 0.04° 1.27 + 0.10°°

Data are means + SEM (n = 3 tanks). Different superscript letters indicate sig-
nificant differences among dietary conditions (P < 0.05). BW: body weight.
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different diets. However, fish fed LLH revealed a trend to present lower
values than fish fed diets HLL and MHL (Table 4). ADC levels for protein
were not affected by diet composition, while the highest values for
phosphorus, calcium, carbon and dry matter were found in fish fed MHL.
No significant correlation was found between ADC values and growth
and nutrient retention parameters (Table 5).

3.2. Effect of diet composition and starvation on the expression of MRFs,
mstn and fst in the skeletal muscle

Dietary macronutrient composition and food deprivation signifi-
cantly affected the expression of MRFs in the white skeletal muscle of
S. aurata. Starvation for 37 days significantly downregulated the mRNA
levels of all MRFs assayed. Concerning fed animals, the supply of HLL
and MHL significantly enhanced 1.7-1.9 fold the expression levels of
myod2 compared to fish fed with diet LLH (Fig. 2a). In a significant
manner but to a lesser extent than myod2, feeding fish with the diet
containing the lowest protein/carbohydrate ratio (LLH) decreased myf5
and myog mRNA levels when compared to fish fed with medium protein,
high lipid, low carbohydrate (MHL) and high protein, low lipid, low
carbohydrate (HLL) diets, respectively (Fig. 2b-c). The only MRF
assayed whose mRNA levels did not significantly differ as a result of diet
composition was Myf6 (Fig. 2d). The mRNA levels of myod2 and myog
correlated positively with final body weight and SGR, and negatively
with FCR (Table 5).

In regard of genes with a major role in regulation of skeletal muscle
growth, we also analysed the expression of mstn and fst. Feeding with
LLH significantly upregulated mstn 2.1-2.9 fold over the values observed
in starved fish and S. aurata fed with HLL and MHL (Fig. 3a). A different
expressional pattern was observed for fst. The expression levels of fst
were 1.8-2.0-fold significantly higher in fish fed HLL and MHL than in
fish fed LLH and submitted to starvation (Fig. 3b). The expression levels
of mstn and fst exhibited significant but opposite correlation with final
body weight, SGR, FCR, HSI and LR (Table 5).

3.3. Effect of diet composition and starvation on the expression of igfl,
mtor and rps6 in the skeletal muscle

The effect of diet composition and starvation on igf1 mRNA levels in
the skeletal muscle of S. aurata was also addressed. Starvation for 37
days significantly downregulated 2.9-6.0 fold igf1 expression depending
on the diet supplied. Among fed fish, significant upregulation of igfI
(1.8-2.0 fold) was found in fish fed diets with improved growth pa-
rameters (MHL and HLL) (Fig. 4a).

Previous studies indicated that in addition to posttranslational
regulation, the nutritional status regulates Mtor and downstream pro-
teins at the mRNA level in fish (Lavajoo et al., 2020; Qin et al., 2019).
We therefore investigated the effects of starvation and feeding diets
differing in macronutrient composition on mtor and rps6 expression in
the skeletal muscle of S. aurata. Among fed fish, the mRNA levels of mtor
and rps6 showed a significant dependence on the protein/carbohydrate
ratio in the diet. For mtor, diet HLL promoted the highest expression
values, which were 1.7-fold and 2.4-fold greater than in fish fed diets
MHL and LLH, respectively. Likewise, fish fed HLL presented 1.3-fold

Table 4
Apparent digestibility coefficient (ADC) values obtained for S. aurata fed HLL,
MHL and LLH diets.

HLL MHL LLH
Phosphorus 39.96 + 1.11 50.97 + 3.48 44.74 £ 6.27
Calcium 54.71 +1.98 59.25 £ 5.34 45.07 £ 6.72
Carbon 70.53 + 6.78 79.94 + 3.44 65.08 + 8.17
Protein 79.24 + 2.38 78.08 + 3.45 77.46 £ 0.73
Dry matter 64.76 £ 1.54 67.21 £ 4.30 57.18 £ 5.24

Data are means + SEM (n = 3 tanks).
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Table 5
Correlation coefficient values for growth and nutrient retention parameters versus ADC and gene expression values.
Final BW SGR FCR HSI PR LR PER

Phosphorus 0.151 0.091 —0.202 —0.342 0.520 0.254 0.590
Calcium 0.628 0.639 —0.634 —0.621 —0.091 —0.430 0.103
Carbon 0.490 0.639 —0.512 —0.552 0.119 —0.210 0.278
Protein 0.134 0.000 —0.120 —0.072 —0.190 —0.204 —0.156
Dry matter 0.600 0.548 —0.601 —-0.577 —-0.134 —0.442 0.048
myod2 0.744** 0.822%* —0.746** —0.715%* —0.167 —0.548 0.059
myf5 0.494 0.513 —0.508 —0.524 0.027 —0.273 0.183
myog 0.613* 0.616* —0.578* —0.442 —0.569 —0.703* —0.428
myf6 —0.308 —0.140 0.318 0.336 —0.034 0.162 -0.137
mstn —0.858** —0.768** 0.857** 0.815%* 0.220 0.650* —0.040
fst 0.785** 0.804** —0.766** —0.688** —0.385 —0.756** —0.108
igf1 0.767** 0.837** —0.768** —0.735** —0.244 —0.591 —0.017
mtor 0.662** 0.841** —0.615* —0.449 —0.725%* —0.857** —0.544*
ps6 0.612* 0.737** —0.565* —0.400 —0.667** —0.800** —0.503
tnni2 0.519 0.462 —0.565 —0.676* 0.384 —0.052 0.562
igfals 0.249 0.444 —0.249 —0.249 —0.440 —0.552 —0.440
gadd45a —0.645* —0.539* 0.623* 0.528 0.435 0.649* 0.259
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and 1.6-fold higher rps6 mRNA levels than fish supplied with MHL and
LLH, respectively. The expression levels of mtor and rps6 in starved fish
were similar to those observed in the skeletal muscle of fish fed diet LLH
(Fig. 4b-c). The mRNA levels of igf1, mtor and rps6 positively correlated
with final body weight and SGR, while negatively correlated with FCR
(Table 5).

3.4. Microarray analysis

From a total of 247 genes involved in growth and development, the
expression of 21 genes (included in the heat map hierarchical cluster
shown in Fig. 5a) exhibited differential expression with an adjusted P
value <0.05 and at least 2-fold difference in the normalised intensity
ratio (Cy5/Cy3 or Cy3/Cy5) between 2 or more dietary conditions
(starvation and feeding for 23 days with diets HLL, MHL and LLH) in the

Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).

Fig. 2. Effect of diet composition and starvation on
the expression of MRFs in the skeletal muscle of
S. aurata. During 37 days, S. aurata juveniles were
starved or fed with HLL, MHL and LLH diets. RT-qPCR
analysis of myod2 (a), myf5 (b), myog (c) and myf6 (d)
expression in the skeletal muscle is shown. The mRNA
levels for each gene were normalised with the
geometrical mean of S. aurata 18 s and efla, which

a were used as housekeeping genes. Results are pre-
sented as mean + SEM (n = 4-6 fish). Different letters
above deviation bars indicate significant differences
(P < 0.05) among conditions.

MHL LLH Starved

MHL LLH Starved

skeletal muscle of S. aurata. Starvation deeply affected the expression of
most filtered genes. From the total of 21 genes selected, 3-6 genes
(depending on the diet supplied) were significantly upregulated more
than 2-fold in the skeletal muscle of starved fish, while food restriction
downregulated 6-11 genes. Feeding upregulated genes associated with
muscle contraction (tnni2, tnnc2, stac3, ttn, actc1, calm, mpsf and cav3),
muscle development (frgl, fgfr1 and tagln), as well as growth regulation
and the growth hormone-Igf axis (mstn, ghrl and igfals), while down-
regulated genes were mostly involved in growth arrest and regulation
(gas6, ing3, gadd45a and naca). Among upregulated genes by feeding
with fold change >2, the greater values were found for tnni2 (16.1, 39.1
and 29.0 fold change for fish fed HLL, MHL and LLH, respectively),
followed by stac3 (3.2, 3.5 and 2.8 fold change for fish supplied with
HLL, MHL and LLH, respectively). The expression of igfals also increased
in the skeletal muscle of fish fed diets HLL and MHL, but showed more
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Fig. 3. Effect of diet composition and starvation on the expression of members
of the Tgfb superfamily in the skeletal muscle of S. aurata. During 37 days,
S. aurata juveniles were starved or fed with HLL, MHL and LLH diets. RT-qPCR
analysis of mstn (a) and fst (b) expression in the skeletal muscle is shown. The
mRNA levels for each gene were normalised with the geometrical mean of
S. aurata 18 s and efla, which were used as housekeeping genes. Results are
presented as mean + SEM (n = 4-6 fish). Different letters above deviation bars
indicate significant differences (P < 0.05) among conditions.

dependence on diet composition (5.3, 3.1 and 1.0 fold change for fish
supplied with diet HLL, MHL and LLH, respectively). Similar expression
patterns were found for fgfrl and igfals. In regard of downregulated
genes by feeding, the greater fold changes were observed for ing3
(4.6-6.7 fold change, depending on the diet supplied) and gas6 (4.0-4.2
fold change, depending on the diet supplied), while gadd45a exhibited a
higher dependence on diet composition (2.6, 2.3 and 1.6 fold change for
fish supplied with HLL, MHL and LLH, respectively).

With the aim to identify gene markers regulated by dietary macro-
nutrient composition, the mRNA levels of gadd45a, igfals and tnni2 were
assayed by RT-qPCR in the skeletal muscle of fish starved or fed diets
HLL, MHL and LLH for 37 days (Fig. 5b). Starvation significantly upre-
gulated gadd45a over the expression values observed in fish fed diets
HLL, MHL and LLH (2.4, 1.7 and 1.4 fold, respectively). The mRNA
levels of gadd45a negatively correlated with final body weight and SGR,
while positively correlated with FCR and LR (Table 5). Similarly as igf1,
the lowest igfals mRNA levels were promoted by starvation, while
feeding with HLL significantly upregulated igfals 1.9 fold. In regard of
tnni2, the lowest mRNA abundance was found in food-deprived animals.
Among fed fish the highest tnni2 expression was observed in the skeletal
muscle of S. aurata fed diet MHL (2.0-, 4.2- and 45.3-fold increased
levels than in fish fed diets HLL, LLH and under starvation, respectively).
Significant negative correlation was found between tnni2 expression and
HSI (Table 5).
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Fig. 4. Effect of diet composition and starvation on the expression of igf1, mtor
and rps6 in the skeletal muscle of S. aurata. During 37 days, S. aurata juveniles
were starved or fed with HLL, MHL and LLH diets. RT-qPCR analysis of igf1 (a),
mtor (b) and rps6 (c) expression in the skeletal muscle is shown. The mRNA
levels for each gene were normalised with the geometrical mean of S. aurata 18
s and efla, which were used as housekeeping genes. Results are presented as
mean + SEM (n = 4-6 fish). Different letters above deviation bars indicate
significant differences (P < 0.05) among conditions.

4. Discussion

Substitution of dietary protein by cheaper and sustainable nutrients
is a challenging question in fish nutrition (Panserat et al., 2019). The
results of this study showed that partial substitution of fish meal by
carbohydrates had a strong negative impact on growth performance of
S. aurata and nutrient retention parameters such as body weight, SGR
and FCR. On the contrary, the supply of medium protein, high lipid, low
carbohydrate diets (MHL) improved growth performance, although at
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Fig. 5. Effect of diet composition and starvation on the expressional pattern of
genes involved in skeletal muscle function, differentiation and growth, and
validation of the expression of gadd45a, igfals and tnni2. (a) Heat map image of
differentially transcribed genes involved in skeletal muscle function, differen-
tiation and growth regulation. Three groups of fish were fed 23 days at a daily
ration of 25 g/kg body weight with diets HLL, MHL and LLH, respectively. A
fourth group of animals was submitted to starvation for the same period. Hi-
erarchical clustering of differentially expressed genes in the skeletal muscle is
represented from microarray data obtained from S. aurata fed with diets HLL,
MHL and LLH versus starved fish, with an adjusted P value <0.05 and a dif-
ference of at least 2-fold in the normalised intensity ratio (Cy5/Cy3 or Cy3/
Cy5) between two or more conditions. Results are presented as fold change (FC)
mean value (n = 4 fish). Green color denotes downregulated genes and red
color upregulated genes in fed animals. (b) RT-qPCR analysis of gadd45a, igfals
and tnni2 mRNA levels in the skeletal muscle of S. aurata following 37 days of
starvation or feeding with diets HLL, MHL and LLH at a daily ration of 25 g/kg
body weight. The mRNA levels for each gene were normalised with the
geometrical mean of S. aurata 18 s and efla, which were used as housekeeping
genes. Results are presented as mean + SEM (n = 4-5 fish). Different letters
above deviation bars indicate significant differences (P < 0.05) among condi-
tions for a given gene. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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levels not far from those observed in fish fed high protein, low lipid, low
carbohydrate diets (HLL). Increased PER values in fish fed MHL are in
agreement with the increased weight gain exhibited by this group of
fish. Consistent with our findings, diets with 54% of protein and 18% of
carbohydrate, and therefore with macronutrient composition similar to
MHL, are considered optimal to improve growth and nutritional pa-
rameters such as body weight and SGR in S. aurata (Fernandez et al.,
2007). A similar behaviour was observed in other fish species such as
Pagrus pagrus (Schuchardt et al., 2008) and O. mykiss (Kamalam et al.,
2012; Alami-Durante et al., 2019). A trend to present lower values for
Ca, C and dry matter was observed in the group of fish fed LLH. Indeed,
ADC levels for Ca, C and dry matter in turn showed a trend to correlate
positively with final weight and negatively with FCR. Low tolerance of
carnivorous fish to glucose (Polakof et al., 2012; Rashidpour et al.,
2019), may determine the poor growth performance observed in fish fed
the LLH diet.

Our observations also agree with the fact that long-term starvation
and the supply of low protein, high carbohydrate diets in S. aurata affect
similarly the expression of appetite-regulating peptides, leading to
opposite effects than high protein, low carbohydrate diets on the
expression of orexigenic and anorexigenic peptides (Babaei et al., 2017).
Indeed, transcriptomic analysis revealed that both food deprivation and
the supply of low protein, high carbohydrate diets also promoted similar
effects on the expression levels of genes involved in mitochondrial
oxidative phosphorylation in the skeletal muscle of S. aurata (Silva-
Marrero et al., 2017).

In teleost fish, myoblast proliferation and hyperplasia occur mainly
during the swim-up fry stage and through juvenile growth with a large
increase in the number of white muscle fibres (Rowlerson and Veggetti,
2001). Herein, MRFs were measured to analyse myoblast proliferation
and differentiation in S. aurata juveniles. Starvation downregulated
myod2, myf5, myog and myf6 in the skeletal muscle of S. aurata, which
confirms previous observations in this species (Garcia De La Serrana
et al., 2014; Lavajoo et al., 2020). The strong reduction observed in the
expression of myod2 and myf5 suggests that long-term starvation may
promote muscular atrophy. Among fish fed different diets, the mRNA
levels of myod2 and to a lesser extent myog were more sensitive to the
dietary protein to carbohydrate ratio than myf5 and myf6. Therefore,
myod2 and myog mRNA levels significantly increased in fish that
exhibited better growth performance (fish fed high or medium protein,
low carbohydrate diets, MHL and HLL). However, low nmyod2 mRNA
levels in the skeletal muscle of fish fed LLH indicate that myod2 can be
used as sensitive marker of growth performance in S. aurata juveniles. In
this regard, Igf-dependent expression of MRFs seems to play an impor-
tant role in muscle differentiation and proliferation (Vélez et al., 2016).
Indeed, in the present study, the expression of igf1 positively correlated
with growth rate and was highly dependent on nutritional status and
diet composition. Consistent with our findings and the key role exerted
in muscle growth, igf1 was shown to stimulate growth and proliferation
of S. aurata cultured myocytes (Vélez et al., 2014), while starvation
markedly decreases igf1 expression and Igfl circulating levels in this
species (Lavajoo et al., 2020; Meton et al., 2000; Pérez-Sanchez et al.,
1995).

Upregulation of mstn expression inhibits cell growth and differenti-
ation in the skeletal muscle of rainbow trout (Seiliez et al., 2012).
Furthermore, high glucose supplementation inhibits protein synthesis in
primary cultured muscle cells of olive flounder (Paralichthys olivaceus)
by a mechanism involving downregulation of MRFs such as myod and
myog, inhibition of Mtor signaling pathway and upregulation of mstn1
(Liu et al., 2021). Similarly, mstn mRNA levels among fed fish were
herein markedly higher in the skeletal muscle of S. aurata fed LLH,
which was the diet that promoted the lowest growth performance. On
the contrary, the lowest mstn expression was found in fish fed diet MHL,
which in turn promoted better growth parameters. Therefore, down-
regulation of mstn in fish with enhanced growth performance may pre-
vent mstn-dependent negative regulation of growth and induction of
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muscle tissue hypertrophy. Consistent with this hypothesis, down-
regulation of mstn strongly enhances hyperplasia, hypertrophy and body
size in zebrafish (Danio rerio) (Fuentes et al., 2013; Rossi and Messina,
2014). The mstn mRNA levels in S. aurata submitted to long-term star-
vation were even significantly lower than those presented by fish fed
LLH. In this regard, mstn expression in food-deprived fish seems to
depend on the species and the starvation period. For instance, 30 days of
starvation upregulates mstn in the muscle of S. aurata (Garcia De La
Serrana et al., 2014), while 28 days and 10 weeks of starvation did not
significantly affect mstn expression in the muscle of adult tilapia and
rainbow trout, respectively (Chauvigné et al., 2003; Rodgers et al.,
2003). Specific adaptations and dietary conditions previous to starva-
tion may explain variations in mstn expression. Fst is a potent antagonist
of Mstn (Amthor et al., 2004). Overexpression of fst increases muscle
mass in rainbow trout through enhanced muscle hypertrophy and hy-
perplasia (Medeiros et al., 2009). Our findings support that fst may have
a major role in regulating muscle growth in S. aurata. Accordingly, fst
expression showed strong dependence on dietary macronutrient
composition and was significantly downregulated by supplying low
protein, high carbohydrate diets (LLH).

In agreement with previous results in S. aurata (Lavajoo et al., 2020),
muscle mRNA levels of mtor and rps6 decreased upon starvation. The
results of the present study indicate that the Mtor signaling pathway
may be activated in fish fed high or medium protein, low carbohydrate
diets. Our findings are supported by the fact that Mtor activation triggers
biological responses such as cell proliferation and contribution to muscle
hypertrophy (Glass, 2003a, 2003b). In agreement with this hypothesis,
fish fed MHL and HLL exhibited better growth performance. Given that
Akt phosphorylation is induced by growth factors, such as Igfl (Glass,
2005; Vélez et al., 2016), upregulation of igfI in fish fed MHL and HLL
would facilitate Pi3k phosphorylation and induction of the Igf1/Pi3k/
Akt signaling cascade, whose components are considered key mediators
in muscle mass increase (Stitt et al., 2004). Consistently, the combined
action of Igfl and amino acids stimulated Mtor and Akt activity in
S. aurata myocytes (Vélez et al., 2014), and low protein diets diminished
growth performance and Mtor signaling pathway in yellow catfish
(Pelteobagrus fulvidraco) by downregulating the mRNA levels of key
genes such as igf1, mtor and akt (Qin et al., 2019).

A microarray analysis performed on RNA isolated from skeletal
muscle of S. aurata allowed us to address the effect of nutritional status
and diet composition on muscle expression pattern and identify novel
gene markers of interest for nutritional studies and diet formulation. In
general, feeding stimulated the expression of genes involved in growth,
development and muscle function, while starvation upregulated genes
implicated in growth regulation and arrest. Some of the differentially
expressed genes were also dependent on dietary macronutrient
composition. Remarkably, dietary carbohydrates, protein and lipids
specifically upregulated the mRNA levels of gadd45a, igfals and tnni2,
respectively, in the skeletal muscle of S. aurata, suggesting that their
expression level can be used as marker for monitoring the effect of
changes in dietary macronutrient composition and feeding regime in
cultured fish. Indeed, the expression of gadd45a negatively correlated
with final body weight and SGR, which suggests that gadd45a can be also
used as sensitive marker of growth performance.

Gadd45a is a ubiquitously expressed protein belonging to the growth
arrest and DNA damage 45 stress sensor gene family and is involved in
cell response to DNA-damaging agents and growth cessation signals,
such as starvation, by mediating cell cycle arrest and inhibition of cell
entry into S phase (Salvador et al., 2013). Downregulation of gadd45a in
the skeletal muscle of fed fish, particularly those supplied with high or
medium protein diets (HLL and MHL) agrees with reports indicating
increased gadd45a mRNA levels in human and rat muscle under star-
vation (Bongers et al., 2013; Ibrahim et al., 2020; Wijngaarden et al.,
2014). Regulation of gadd45a expression by dietary macronutrients in
fish remains largely unknown. However, a number of evidences point to
gadd45a as sensitive stress sensor gene also in fish. Exposition to
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cyanobacterial extracts, cadmium and DNA damage by acute exposure
to hydrogen peroxide upregulate gadd45 in zebrafish (Chen et al., 2014;
Falfushynska et al., 2021; Reinardy et al., 2013). Moreover, the
expression of gadd45 increases in response to low temperature in
rainbow trout, kelp grouper (Epinephelus moara) and large yellow
croaker (Larimichthys crocea) (Borchel et al., 2017; Chen et al., 2020;
Qian et al., 2020). Furthermore, the pattern of expression of gadd45a in
tilapia (Oreochromis spp.) after infection with Streptococcus agalactiae
and in grass carp (Ctenopharyngodon idella) following challenge with
Aeromonas hydrophila suggests involvement of gadd45a in fish immunity
against bacterial infection (Fang et al., 2018; Shen et al., 2016). In the
present study, restricted-protein feeding (LLH diet) upregulated gadd45a
to values not far from those observed in starved fish. Since gadd45a is
critical mediator of muscle atrophy (Bongers et al., 2013; Ebert et al.,
2012), the results of the present study suggest that protein restriction
may shrink muscle growth in S. aurata.

Igfals encodes the insulin-like growth factor-binding protein complex
acid labile subunit, which stabilises blood levels of Igfl, Igf2 and Igfbp
proteins by binding binary complexes formed by Igf1 or Igf2 with Igfbp-
3 or Igfbp-5 (Domené and Domené, 2020; Hwa et al., 2021). In the
present study, changes in nutritional status and diet composition caused
similar effects on igfals and igf1 mRNA levels. Starvation downregulated
igfals, while among fed fish the highest igfals expression was observed in
S. aurata fed HLL. Our findings are consistent with reports in mammals
showing that food deprivation reduces igfals expression and serum levels
(Frystyk et al., 1999; Kong et al., 2002), while the supply of high protein
diets and overfeeding increases Igfals circulating level (Khan et al.,
2014; Rubio-Aliaga et al., 2011). Given that Igfals is well-established for
its role in binding to Igf-Igfbp complexes and prolonge their half-life in
serum (Boisclair et al., 2001), downregulation of igfals in fish fed low
protein, high carbohydrate diets (LLH) would promote insulin insensi-
tivity and growth impairment. Hence, Igfals deficiency decreases
circulating levels of Igf and Igfbp proteins, leading to insulin insensi-
tivity, growth impairment and puberty delay in humans (Domené and
Domené, 2020; Hwa et al., 2021).

Tnni2 encodes the fast skeletal isoform of troponin I, which acts as
the inhibitory subunit of the troponin complex during muscle contrac-
tion (Fu et al., 2009; Sheng and Jin, 2016). Knowledge of the effect of
nutritional status and diet composition on tnni2 expression in fish is
scarce. However, our findings are consistent with previous observations
that indicate downregulation of troponin in skeletal muscle of mandarin
fish (Siniperca chuatsi) submitted to starvation (Liu et al., 2020).
Accordingly, Lu et al. reported downregulation of troponin I in muscle of
slow-growing grass carp (C. idella) (Lu et al., 2020). Conceivably, given
that S. aurata is a carnivorous fish, starvation would promote the use of
muscle protein as the major source of energy, while impairing muscle
synthesis of proteins and contraction. However, the supply of dietary
protein would avoid muscle breakdown, cessation of muscle contraction
and facilitate muscle growth. Moreover, the fact that the highest tnni2
expression was found in fish fed MHL suggests that dietary lipids could
contribute to tnni2 upregulation. In this regard, maternal dietary linoleic
acid supplementation promotes muscle fibre transformation to type I
fibre in a process that involves troponin I upregulation in the muscle of
suckling piglets (Lu et al., 2017). Further studies are required to explore
the hypothesis that the fatty acid profile of the diet can affect tmni2
expression in fish.

5. Conclusions

The results of the present study show that the expression of MRFs and
key genes in muscle growth and differentiation was markedly affected by
nutritional status and dietary macronutrient composition in the skeletal
muscle of S. aurata. In addition to the skeletal muscle mRNA levels of
myod2, fst, igf1, mtor and rps6, our findings let us to report for the first time
gadd45a and igfals as useful markers to study the effect of changes in
feeding regime and diet composition on growth performance in fish.
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ABSTRACT

Omega-3 long-chain polyunsaturated fatty acids (n-3 LC-PUFA) are essential fatty acids required in
healthy balanced diets for humans. To induce sustained production of #-3 LC-PUFA in gilthead seabream
(Sparus aurata), chitosan-tripolyphosphate (TPP) nanoparticles encapsulating plasmids expressing fish
codon-optimised Caenorhabditis elegans FAT-1 and FAT-2 were intraperitoneally administered every 4
weeks (3 doses in total, each of 10 pg plasmid per g of body weight). Growth performance and metabolic
effects of chitosan-TPP complexed with pSGS5 (empty plasmid), pSG5-FAT-1, pSG5-FAT-2 and pSGS5-
FAT-1 + pSGS5-FAT-2 were assessed 70 days post-treatment. Tissue distribution analysis showed high
expression levels of fish codon-optimised FAT-1 and FAT-2 in the liver (>200-fold). Expression of FAT-1
and FAT-1 + FAT-2 increased weight gain. Fatty acid methyl esters assay revealed that co-expression of
FAT-1 and FAT-2 increased liver production and muscle accumulation of eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) and total n-3 LC-PUFA, while decreased the n-6/n-3 ratio. Co-expression of
FAT-1 and FAT-2 downregulated srebf] and genes encoding rate-limiting enzymes for de novo lipogenesis
in the liver, leading to decreased circulating triglycerides and cholesterol. In contrast, FAT-2 and FAT-1 +
FAT-2 upregulated hepatic hnf4a, nrih3 and key enzymes in glycolysis and the pentose phosphate
pathway. Our findings demonstrate for the first time efficient and sustained production of EPA and DHA in
animals after long-term treatment with chitosan-TPP-DNA nanoparticles expressing FAT-1 and FAT-2,

which enabled the production of functional fish rich in #-3 LC-PUFA for human consumption.

Keywords: Gene therapy, Chitosan, FAT-1, FAT-2, Omega 3 long-chain polyunsaturated fatty acids,

Sparus aurata



1. Introduction

All organisms can synthesise saturated and monounsaturated fatty acids. However, the biosynthetic
rate of long-chain polyunsaturated fatty acids (LC-PUFA) in vertebrates is markedly low and cannot cover
physiological demands. Linoleic acid (18:2n-6, LA) and a-linolenic acid (18:3n-3, ALA) are precursors for
the synthesis of omega-6 (n-6) and omega-3 (n-3) LC-PUFA series, respectively, and essential fatty acids
for vertebrates, which lack A12/n-6 and A15/n-3 desaturases required to synthesise LA from oleic acid
(18:1n-9¢c, OA) and ALA from LA (Castro et al.,, 2016; Tocher et al., 2019). LC-PUFA are critical
components for growth and development, acting as bioactive components of membrane phospholipids,
precursors of signalling molecules and modulators of gene expression. Furthermore, n-3 LC-PUFA such as
eicosapentaenoic acid (20:51-3, EPA) and docosahexaenoic acid (22:6n-3, DHA) exert protective roles
preventing atherosclerosis, stroke, obesity, type-2 diabetes, inflammation and autoimmune diseases, among
others. In contrast, n-6 LC-PUFA, particularly arachidonic acid (20:4n-6, ARA), are precursors of local
hormones promoting acute and chronic inflammation (Djuricic and Calder, 2021). Apart from plants, fungi
and some aquatic microorganisms, few other organisms such as the nematode Caenorhabditis elegans and
some invertebrates can synthesise de novo n-3 and n-6 LC-PUFA in significant amounts. Vegetable oils are
rich in LA and ALA, and often contain high levels of n-6 LC-PUFA, but are devoid of significant amounts
of n-3 LC-PUFA, particularly EPA and DHA. Therefore, trophic transfer from microalgae and plankton to
marine fish and seafood are major sources of LC-PUFA, notably n-3 LC-PUFA, in the human diet
(Osmond and Colombo, 2019; Tocher et al., 2019).

Shortage of n-3 LC-PUFA and increased n-6/n-3 ratio in fish fillets due to progressive replacement of
fish oil with vegetable oils in aquafeeds is nowadays a major challenge for the aquaculture sector. To face
this problem and increasing demands of functional food with high nutritional value, intense research is
being conducted in order to improve the n-3 LC-PUFA content in farmed fish, including dietary
incorporation of microalgae, genetically modified organisms (GMOs) such as yeast and algae, and plant
GMO-derived oils, such as oil from false flax expressing microalgal genes (Betancor et al., 2016; Carvalho
et al., 2022; Osmond and Colombo, 2019; Sales et al., 2021; Tocher et al., 2019). Production in large-scale
fermenters and the supply of balanced amounts of EPA and DHA constrains the use of microalgae biomass
in aquafeeds (Tocher et al., 2019). Transgenesis of fish fatty acid desaturases and elongases aiming to

increase EPA and DHA levels was assayed in zebrafish (Alimuddin et al., 2008, 2007; Cheng et al., 2015).



However, fish desaturases and elongases act on both #-3 and n-6 fatty acid series and generally do not
substantially change the n-6/n-3 ratio (Pang et al., 2014). Efficient conversion of n-6 PUFA into n-3 PUFA
in transgenic mice expressing Caenorhabditis elegans n-3 fatty acid desaturase fat-1 (FAT-1), an n-3 fatty
acid desaturase absent in vertebrates (Kang et al., 2004), led to use synthetically humanised and fish
codon-optimised C. elegans FAT-1 to generate transgenic zebrafish (Pang et al., 2014), common carp
(Zhang et al., 2019) and other vertebrates, including mice, cattle, pigs and sheep (Chen et al., 2013; Ji et
al., 2009; Lai et al., 2006; Li et al., 2018; Liu et al., 2016, 2017; Luo et al., 2020; Sun et al., 2020; Tang et
al., 2019; You et al., 2021). Transgenesis of C. elegans FAT-1 efficiently increases EPA and DHA, while
decreases the n-6/n-3 ratio. The effect is potentiated in zebrafish and pigs by double transgenesis with
codon-optimised C. elegans Al12 fatty acid desaturase fat-2 (FAT-2), a A12 desaturase that converts OA
into LA and which is also absent in vertebrates (Pang et al., 2014; Tang et al., 2019).

Given that there are major concerns on environmental risk, sustainability, fish welfare, food safety as
well as consumer perception and acceptance of GMOs (Osmond and Colombo, 2019; Tocher et al., 2019),
in recent years we developed an alternative methodology to GMO generation based on the production of
chitosan-tripolyphosphate (TPP)-DNA nanoparticles for transient modification of the expression of target
genes in the liver of gilthead seabream (Sparus aurata) (Gaspar et al., 2018; Gonzalez et al., 2016; Silva-
Marrero et al., 2019). Chitosan is a cationic polymer of glucosamine and N-acetylglucosamine derived
from chitin by deacetylation. Chitosan is increasingly used as carrier for delivering nucleic acids in vivo
due to its well-known mucoadhesion, low toxicity, biodegradability and biocompatibility (Wu et al., 2020).

With the aim to promote sustained production of n-3 LC-PUFA in S. aurata, in the present study
chitosan-TPP nanoparticles encapsulating plasmids expressing fish codon-optimised Caenorhabditis
elegans FAT-1 and FAT-2 were intraperitoneally administered every 4 weeks to S. aurata (3 doses in total).
Seventy days post-treatment, the effect of chitosan-TPP-DNA nanoparticles was assessed on growth

parameters, intermediary metabolism and fatty acid content in the liver and skeletal muscle of S. aurata.

2. Materials and methods
2.1. Animals
S. aurata juveniles (7.7 g = 0.2, mean weight + SEM) were obtained from Piscicultura Marina

Mediterranea (AVRAMAR Group, Burriana, Spain) and maintained at 20 °C in 250-L aquaria supplied



with running seawater in the aquatic animals facility of the Scientific and Technological Centers of the
Universitat de Barcelona (CCiTUB) as described (Silva-Marrero et al., 2017). Fish were fed with
commercial diet (Dibaq Microbaq 165, Dibaq, Segovia Spain), containing 52 % protein, 18 % lipids, 12 %
carbohydrates, 10 % ash, 8 % moisture and 21.3 kJ/g gross energy. For the acclimation regime, fish were
fed twice daily (9:00 and 17:00) at a ration of 5 % body weight (BW). Two weeks before experimental
treatments, the ration was adjusted and kept to 3 % BW until the end of the experiment. To study the long-
term effect of fish codon-optimised C. elegans FAT-1 and FAT-2 expression, 4 groups of fish were
intraperitoneally injected up to 3 times (once every 4 weeks) with chitosan-TPP nanoparticles complexed
with pSGS5 (empty plasmid, control), pSG5-FAT-1, pSG5-FAT-2 and pSGS5-FAT-1 + pSG5-FAT-2. Every
single administration consisted of 10 pg plasmid per gram BW. Fourteen days after the last injection and
24 h following the last meal, fish were sacrificed by cervical section, blood was collected and the liver,
intestine, skeletal muscle and brain were dissected out, frozen in liquid nitrogen and kept at -80 °C until
use. To prevent stress, fish were anesthetised by tricaine methanesulfonate (MS-222; 1:12,500) before
handing. Experimental procedures involving fish were performed in accordance with the guidelines of the
University of Barcelona’s Animal Welfare Committee (proceeding #10811, Generalitat de Catalunya), in
compliance with local legislation and EU Directive 2010/63/EU on the protection of animals used for

scientific purposes.

2.2. Preparation and characterisation of chitosan-TPP-DNA nanoparticles

Fish codon-optimised FAT-1 and FAT-2 cDNA sequences (GenBank accession nos. ON374024 and
ON374025, respectively) were synthesised based on C. elegans FAT-1 and FAT-2 using GeneArt Instant
Designer (Thermo Fisher Scientific, Waltham, MA, USA) and ligated into pSG5 (Agilent Technologies,
Palo Alto, CA, USA). The resulting constructs (pSG5-FAT-1 and pSG5-FAT-2) were verified by cycle
sequencing on both sides. Chitosan-TPP nanoparticles encapsulating pSGS5 (control), pSG5-FAT-1, pSG5-
FAT-2 and pSG5-FAT-1 + pSGS5-FAT-2 were prepared by ionic gelation (Gonzalez et al., 2016). For each
experimental condition, 1 mg of plasmid was mixed with 4 mL of 0.84 mg/mL TPP (Sigma-Aldrich, St.
Louis, MO, USA). Chitosan-TPP-DNA nanoparticles were formed upon dropwise addition of the TPP-
DNA solution into 10 mL of 2 mg/mL low molecular weight chitosan (Sigma-Aldrich, St. Louis, MO,

USA)-acetate buffer (pH 4.4) solution. Nanoparticles were sedimented by centrifugation at 36,000 g for 20



min at 15 °C and resuspended in 2 mL of 2 % w/v mannitol, which acted as cryoprotector during
lyophilisation. Nanoparticles were subjected to a freeze—drying process at —47 °C. Particle size and Z
potential were determined by dynamic light scattering and laser Doppler electrophoresis, respectively,
using Zetasizer Nano ZS fitted with a 633 nm laser (Malvern Instruments, Malvern, UK). Chitosan-TPP-

DNA nanoparticles were resuspended in 0.9 % NaCl before intraperitoneal administration to S. aurata.

2.3. Body composition

For moisture determination, fish were dried at 85 °C until constant weight was reached (Busacker et
al., 1990; Lucas, 1996). Moisture was calculated as (wet weight (g) — dry weight (g))*100 / wet weight (g).
Dried samples were further used for assaying nitrogen (N), lipid and ash. N content was determined with
FlashEA 1112 analyser (Thermo Fisher Scientific, Waltham, MA, USA) and was subsequently used to
estimate crude protein by multiplying N content by a factor of 6.25. Crude lipid was extracted with
petroleum ether using a Soxhlet extractor. For ash determination, samples were incinerated in a Hobersal
12PR/300 muffle furnace (Hobersal, Caldes de Montbui, Spain) at 550 °C for 12 h (Busacker et al., 1990;

Lucas, 1996). Crude protein, lipid and ash are expressed as percentage of dry weight.

2.4. Growth parameters

Specific growth rate (SGR), feed conversion ratio (FCR), hepatosomatic index (HSI), protein
retention (PR), lipid retention (LR) and protein efficiency ratio (PER) were calculated according to the
following equations:

SGR = (In W¢— In W;)*100/T; where Wy and W; are mean final and initial body fresh weight (g) and T
is time (days)

FCR =dry feed intake (g) / wet weight gain (g)

HSI = liver fresh weight (g)*100 / fish body weight (g)

PR = body protein gain (g)*100 / protein intake (g)

LR = body lipid gain (g)*100 / lipid intake (g)

PER = weight gain (g) / feed protein provided (g)

2.5. Enzyme activity assays and metabolites



Enzyme activity assays and metabolites were spectrophotometrically determined at 30 °C in a
Varioskan LUX multimode microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). Liver crude
extracts were obtained by homogenisation of powdered frozen tissue (1:5, w/v) 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, 30 sec at 4 °C using PTA-7 Polytron (Kinematica GmbH, Littau-Luzern, Switzerland). Following
centrifugation at 10,000 g for 30 min at 4 °C, the supernatant was collected for enzyme activity assays.
Reaction mixtures for 6-phosphofructo-1-kinase (PFKL), fructose-1,6-bisphosphatase (FBP1) and total
protein were as previously described (Meton et al., 1999b). Enzyme activities were expressed as specific
activity (U/g protein). One unit of PFKL activity was considered the amount of enzyme needed to oxidise
2 pumol of NADH per min. One unit of FBP1 activity of was defined as the amount of enzyme necessary
for transforming 1 pumol of substrate per min. Serum glucose, triglycerides and cholesterol were measured

with commercial kits (Linear Chemicals, Montgat, Spain).

2.6. Reverse transcription coupled to quantitative real-time PCR (RT-qPCR)

Total RNA from §. aurata tissues was isolated using HigherPurity Tissue Total RNA Purification Kit
(Canvax, Cordoba, Spain) and reverse-transcribed with Moloney murine leukaemia virus reverse
transcriptase (Life Technologies, Carlsbad, CA, USA) according to manufacturer's instructions. The
mRNA expression levels of genes listed in Table 1 were determined using QuantStudio 3 Real-Time PCR
System (Thermo Fisher Scientific, Waltham, MA, USA). The reaction mixture contained 0.4 pM of each
primer (Table 1), 5 pL of SYBR Green (Thermo Fisher Scientific, Foster City, CA, USA), 0.8 puL of
diluted cDNA and sterilized milli-Q water to final volume of 10 uL.. The amplification cycle was 95 °C for
10 min, followed by 40 cycles at 95 °C for 15 s and 62 °C for 1 min. For each gene, standard curves for
determining efficiency of the amplification reaction were generated with serial dilutions of control cDNA.
Amplification of single products was confirmed by checking dissociation curves after each experiment.
Amplicon size was checked by agarose gel electrophoresis. S. aurata ribosomal subunit 18S (/8s), B-actin
(actb) and elongation factor 1 alpha (eefla) were used as endogenous controls to normalise the mRNA
levels for genes of interest in liver samples. For tissue distribution, normalisation was performed against S.
aurata 18s expression. The standard AACt method was used to calculate variations in gene expression

(Pfaffl, 2001).



Table 1

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

Gene Forward Sequences (5’ to 3”) Reverse Sequences (5’ to 37) GenBank
Accession
acaca CCCAACTTCTTCTACCACAG GAACTGGAACTCTACTACAC JX073712
acacb TGACATGAGTCCTGTGCTGG GCCTCAGTTCGTATGATGGT JX073714
actb CTGGCATCACACCTTCTACAACGAG GCGGGGGTGTTGAAGGTCTC X89920
cptla GAAGGGCAGATAAAGAGGGGC GCATCGATCGCTGCATTCAGC JQ308822
eefla CCCGCCTCTGTTGCCTTCG CAGCAGTGTGGTTCCGTTAGC AF184170
elovl4a AAGAACAGAGAGCCCTTCCAG TGCCACCCTGACTTCATTG MK610320
elovl4b TCTACACAGGCTGCCCATTC CGAAGAGGATGATGAAGGTGAC MK610321
elovls GGGATGGCTACTGCTCGACA CAGGAGAGTGAGGCCCAGAT AY 660879
fads2 CACTATGCTGGAGAGGATGCC TATTTCGGTCCTGGCTGGGC AY 055749
fasn GTAGAGGACACGCCCATCGAT TGCGTATGACCTCTTGGTGTGCT JQ277708
fat-1 TTCAACCCCATTCCTTTCAGCG TAGGCGCACACGCAGCAGCA ON374024
fat-2 AAGAGGACTACAACAACAGAACCGCCA  CGAACAGTCTGCTCCAAGGCCAA ON374025
fopl CAGATGGTGAGCCGTGTGAGAAGGATG  GCCGTACAGAGCGTAACCAGCTGCC  AF427867
gck TGTGTCAGCTCTCAACTCGACC AGGATCTGCTCTACCATGTGGAT AF169368
gbpcl GCGTATTGGTGGCTGAGGTCG AAGGAGAGGGTGGTGTGGAAG AF151718
gbpd TGATGATCCAACAGTTCCTA GCTCGTTCCTGACACACTGA JX073711
hmgcr ACTGATGGCTGCTCTGGCTG GGGACTGAGGGATGACGCAC MNO047456
hnf4a GTGGACAAAGACAAGCGAAATC GCATTGATGGATGGTAAACTGC FJ360721
nrlh3 GCATCTGGACGAGGCTGAATAC ACTTAGTGTGCGAAGGCTCACC FJ502320
pekl CAGCGATGGAGGAGTGTGGTGGGA GCCCATCCCAATTCCCGCTTCTGTGC  AF427868
TCCGGCTGGTCAGTGT
pfkfbl TGCTGATGGTGGGACTGCCG CTCGGCGTTGTCGGCTCTGAAG Ug4724
pfkl TGCTGGGGACAAAACGAACTCTTCC AAACCCTCCGACTACAAGCAGAGCT  KF857580
pkir CAAAGTGGAAAGCCGGCAAGGG GTCGCCCCTGGCAACCATAAC KF857579




ppara GTGAGTCTTGTGAGTGAGGGGTTG AGTGGGGATGGTGGGCTG AY590299
srebfl CAGCAGCCCGAACACCTACA TTGTGGTCAGCCCTTGGAGTTG JQ277709
scdla TCCCTTCCGCATCTCCTTTG TTGTGGTGAACCCTGTGGTCTC JQ277703
18s TTACGCCCATGTTGTCCTGAG AGGATTCTGCATGATGGTCACC AM490061

2.7. Fatty acid methyl ester (FAME) analysis

Fatty acid profiles of liver and muscle were analysed by gas chromatography with flame ionisation
detection as previously described (Silva-Marrero et al., 2019), using GC-2025 (Shimadzu, Kyoto, Japan)
with capillary column BPX70, 30 m x 0.25 mm x 0.25 pm (Trajan Scientific and Medical, Ringwood,
Australia). Oven temperature started at 60 °C for 1 min and then it was raised to 260 °C (rate: 6 °C/min).
Injector (AOC-20i, Shimadzu, Japan) and detector temperatures were 260 °C and 280 °C, respectively.
Sample (1 puL) was injected with helium as carrier gas and split ratio 1:20. Supelco 37 Component FAME

Mix (Sigma-Aldrich, St. Louis, MO, USA) was used as reference for identifying fatty acids.

2.8. Statistics
To identify significant differences between treatments, the SPSS Version 25 software (IBM, Armonk,
NY, USA) was used to submit experimental data to one-way analysis of variance followed by the Duncan

post-hoc test (>2 groups). Statistical significance was considered when P < (0.05.

3. Results

3.1. Delivery of chitosan-TPP complexed with pSG5-FAT-1 and pSG5- FAT-2 increases fish
codon-optimised FAT-1 and FAT-2 mRNA levels in S. aurata

To assess the metabolic effects resulting from expression of C. elegans FAT-1 and FAT-
2 in the liver of S. aurata, we designed fish codon-optimised C. elegans FAT-1 and FAT-2
cDNA sequences for further ligation into pSGS and prepared chitosan-TPP nanoparticles
complexed with empty pSG5 (control), pSG5-FAT-1, pSG5-FAT-2 and pSGS5-FAT-1 +
pSG5-FAT-2 by ionic gelation. Particle size and Z potential of naked chitosan-TPP,

expressed as mean = SEM (n = 3), was 214.6 nm + 20.2 and 37.5 mV =+ 0.6, respectively.



Incorporation of plasmid DNA to chitosan-TPP did not significantly modify particle size,
which was 262.7 nm + 74.0 (mean = SEM, n = 3), but decreased Z potential to 12.0 mV £ 0.8
(mean = SEM, n = 3).

For long-term sustained expression of fish codon-optimised FAT-1 and FAT-2 in the
liver of S. aurata, each experimental group of fish received every 4 weeks up to 3
intraperitoneal injections of chitosan-TPP complexed with 10 ng/g BW of the corresponding
plasmid (pSGS, pSG5-FAT-1, pSG5-FAT-2 or pSG5-FAT-1 + pSG5-FAT-2). The dosing
schedule was based on preliminary studies showing that 28 days post-administration of
chitosan-TPP-pSGS5-FAT-1 and chitosan-TPP-pSG5-FAT-2 (10 pg/g BW of plasmid) to S.
aurata increased the hepatic mRNA levels of fish codon-optimised FAT-1 and FAT-2 to
levels even higher than those found at 72 h post-treatment. Expressed as mean £ SEM (n = 3),
fold increase over control values at 72 h and 28 days post-treatment were 31.6 £ 4.1 and 74.8
+ 29.0, respectively, for FAT-1 mRNA levels, while for FAT-2 mRNA levels fold increase
was 20.3 £ 2.8 and 70.2 = 7.0, respectively. Seventy days after the beginning of the
experiment (14 days following the last injection), the mRNA levels of fish codon-optimised
FAT-1 and FAT-2 were determined by RT-qPCR in several tissues of treated fish, including

the liver, intestine, skeletal muscle and brain (Fig. 1).
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Fig. 1. Effect of long-term treatment with chitosan-TPP nanoparticles complexed with pSGS5
(control), pSGS5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the mRNA levels of fish-
codon optimised C. elegans FAT-1 and FAT-2 in S. aurata tissues (brain, skeletal muscle, liver and
intestine). Fifteen days after the last injection and 24 h following the last meal, exogenous FAT-1 and
FAT-2 expression was assayed by RT-qPCR, normalised to the S. aurata 18s mRNA levels and
represented as mean = SEM (n = 4). For each tissue, homogeneous subsets for the treatment are

shown with different letters (P < 0.05).

When compared with control fish, chitosan-TPP nanoparticles complexed with pSGS5-
FAT-1 and pSGS5-FAT-2 significantly increased the mRNA levels of FAT-1 and FAT-2,
respectively, in the liver and intestine of S. aurata. Specifically, FAT-1 mRNA abundance in
the liver of fish administered with pSG5-FAT-1 was 201.8-fold higher than in control fish,
while treatment with pSG5-FAT-2 upregulated FAT-2 297.4-fold. For the intestine, pSGS5-
FAT-1 and pSG5-FAT-2 upregulated 10.6-fold FAT-1 and 24.7-fold FAT-2, respectively.
Nanoparticle administration did not exert effects on the skeletal muscle and brain.

3.2. Effect of fish codon-optimised FAT-1 and FAT-2 expression on whole-body composition,

growth performance and serum metabolites in S. aurata

11



Sustained expression of fish codon-optimised FAT-1 + FAT-2 in the liver of S. aurata
caused a moderate but significant 7.6 % decrease of whole-body crude protein values
observed in control fish. No effect was observed in moisture, ash and crude lipid body
composition (Table 2). Analysis of growth performance parameters showed significantly
increased weight gain values in fish expressing FAT-1 (18 % of increase) and FAT-1 + FAT-
2 (26 % of increase) compared to control fish. No significant difference was found between
controls and treatment with FAT-2. Similarly, the highest SGR was found in fish treated with
FAT-1 + FAT-2, followed by fish treated with FAT-1, controls and fish treated with FAT-2.
Fish expressing FAT-2 also presented the lowest PER. HSI significantly decreased in fish
treated with FAT-1 and FAT-1 + FAT-2 to 72 % of control values. No significant differences

were observed in PR and LR.

Table 2
Growth performance, nutrient retention and body composition of S. aurata after intraperitoneal
injection of chitosan-TPP complexed with empty vector (pSGS5, control), pSG5-FAT-1, pSG5-FAT-2

and pSG5-FAT-1 + pSGS5-FAT-2.

Control FAT-1 FAT-2 FAT-1 + FAT-2
Initial body weight (g) 9.97+0.69 11.42+0.90 9.74+0.44 11.04+0.55
Final body weight (g) 34.64+1.03°  40.51£1.63°  31.46+1.57°  42.15+1.25b
Weight gain (g) 24.67+0.51°  29.09+1.06°  21.73+1.23*  31.11%0.73"
SGR (%) 1.7940.05% 1.85+0.08% 1.590.04° 2.0120.03
FCR 1.40+£0.03% 1.36+£0.04% 1.53+0.08 1.29+0.03°
HSI (%) 1.55+0.12 1.120.08° 1.49+0.18% 1.120.15°

PR (%) 24.98+3.24 21.96+0.85 18.90+2.45 21.81£1.56
LR (%) 28.00+7.50 31.47+1.12 25.1742.03 26.24+2.02
PER 1.40+0.03% 1.45+0.05% 1.310.07° 1.520.04°

12



Moisture (%) 71.34+1.22 70.68+0.29 72.03+0.98 71.10£1.28

Ash (%) 13.72+1.47 13.9340.12 13.07+0.73 12.94+0.45
Protein (%) 62.2043.88°  58.81+1.80"  57.98+1.04®  57.50+1.24°
Lipid (%) 27.28+1.44 29.28+0.55 26.09+1.85 25.0242.3

SGR, specific growth rate; FCR, feed conversion ratio; HSI, hepatosomatic index; PR, protein
retention; LR, lipid retention; PER, protein efficiency ratio. Data are expressed as mean + SEM (n =

3). Different superscript letters indicate significant differences between groups (P < 0.05).

Serum glucose, triglycerides and cholesterol were also determined in 70-day treated S.
aurata. Any of the treatments assayed affected blood glucose levels. However, co-expression
of FAT-1 + FAT-2 significantly decreased 1.8-fold triglycerides and 1.5-fold cholesterol

compared to control levels (Fig. 2).
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Fig. 2. Effect of long-term treatment with chitosan-TPP nanoparticles complexed with pSGS5
(control), pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on serum glucose, triglycerides
and cholesterol in S. aurata. Fifteen days after the last injection and 24 h following the last meal, fish
were sacrificed and the blood was collected. Values are represented as mean = SEM (n = 6-7).

Homogeneous subsets for the treatment are shown with different letters (P < 0.05).

3.3. Effect of fish codon-optimised FAT-1 and FAT-2 on the fatty acid profile in the liver and
skeletal muscle

The effect of long-term expression of FAT-1 and FAT-2 was analysed on the fatty acid
profile of the liver and skeletal muscle of S. aurata. Table 3 shows the fatty acid composition
in the liver of S. aurata long-term treated with chitosan-TPP nanoparticles complexed with
pSGS5 (control), pSG5-FAT-1, pSG5-FAT-2, and pSG5-FAT-1 + pSG5-FAT-2. Among 30
different fatty acids identified in this study, treatment with FAT-1 and FAT-1 + FAT-2
significantly increased EPA (1.5-fold and 1.6-fold, respectively), DHA (2.4-fold and 2.3-fold,
respectively) and total n-3 fatty acids (1.7-fold in both cases). The n-6/n-3 ratio significantly
decreased in fish expressing FAT-1 (to 60.3 % of control values), FAT-2 (66.9 %) and FAT-
1 + FAT-2 (63.7 %). A moderate 1.2-fold increase of cis-10-heptadecenoic acid (17:1n-7)
was also observed in FAT-1 + FAT-2 treated fish, while expression of FAT-1 decreased

palmitoleic acid (16:1n-7) to 58.4 % of control levels.
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Table 3

Effect of chitosan-TPP complexed with empty vector (pSGS, control), pSG5-FAT-1, pSG5-FAT-2 and

pSGS5-FAT-1 + pSG5-FAT-2 on the fatty acid profile of S. aurata liver.

Fatty acid Control FAT-1 FAT-2 FAT-1 + FAT-2
14:0 9.38£0.46 7.31+£1.45 7.43 £0.60 7.40 £ 1.45
15:0 0.10£0.10 0.32+0.12 0.37+0.13 0.32+0.11
16:0 27.49 +0.66 27.09 +3.37 26.33 £1.42 25.29+2.50
17:0 0.21 £0.03 0.11 +£0.04 0.22+0.11 0.11+0.04
18:0 3.73+£0.39 3.88+0.30 420+0.38 4.03+0.33
20:0 0.02 £0.02 0.20+0.13 0.08 £0.03 0.08 +£0.04
21:0 0.06 £+ 0.06 0.16 +£0.06 0.12+0.07 0.11 +£0.04
22:0 0.00 +0.00 0.06 +0.04 0.11 +£0.04 0.05+0.05
23:0 0.02 £0.02 0.01 £0.01 0.00 +0.00 0.01 £0.01
24:0 0.01 £0.01 0.03 £0.02 0.06 +£0.02 0.04 +£0.02
14:1n-5 0.06 +0.05 0.00 +0.00 0.14+0.09 0.13+0.04
15:1n-5 0.06 +0.02 0.02+0.01 0.05+0.03 0.05+0.02
16:1n-7 6.93°+0.27 4,05+ 1.23 5.58%+0.48 5.38%+0.42
17:1n-7 0.20 £0.02 0.22 +0.00 0.26 £0.02 0.23+0.01
18:1n-9¢ 21.24+£1.24 22.04 £1.60 2245+ 1.15 21.84 +1.89
18:1n-9t 0.06 =0.03 0.04 £0.01 0.08 £0.02 0.04 +£0.01
20:1n-9 0.58 +£0.08 0.83 £0.02 0.71+£0.13 0.72+0.14
22:1n-9 0.17 +0.03 0.30 +0.08 0.25+0.05 0.31+£0.08
24:1n-9 0.00 £ 0.00 0.07 £0.05 0.07 £0.03 0.05+0.03
18:2n-6¢ 23.23+0.52 23.55+14 22.42 +1.36 24.19+1.29
18:2n-6t 0.26 £0.22 0.09 +0.03 0.09 +£0.04 0.13+0.05
20:2n-6 0.17+0.05 0.25+0.03 0.21 £0.05 0.19+0.07
22:2n-6 0.01 £0.01 0.02+0.01 0.02+0.01 0.02+0.01
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18:3n-3 1.29£0.10 1.26 £0.25 1.76 £ 0.45 1.16 £ 0.20
18:3n-6 0.76 £0.17 0.65+0.14 0.81+0.06 0.72+0.14
20:3n-3 0.00 £ 0.00 0.06 £ 0.06 0.00 +0.00 0.07 +£0.07
20:3n-6 0.23 +0.04 0.29 +0.06 0.21 £0.06 0.25+£0.02
20:4n-6 0.22 +0.02 0.29+£0.10 0.40+0.14 0.30+0.11
20:5n-3 1.79* £ 0.09 2.76"+0.29 2.43%+£0.26 2.89*+0.33
22:6n-3 1.70*+0.15 4.02°+0.65 3.15% +0.74 3.87°+0.66
Saturated 41.02 +£0.58 39.18+4.49 38.92+ 1.64 37.45+3.54
Monounsaturated 29.3 £1.10 27.57+2.60 29.59+1.30 28.75+1.79
PUFA 29.67 = 0.60 33.25+£2.51 31.49+1.39 33.80+1.94
n-3 4.78*+0.28 8.11°+0.99 7.34% £ 0.99 8.00°+0.93
n-6 24.89 +0.47 25.14 +£1.63 24.15+1.48 25.8+1.54
n-9 22.05+1.18 23.28+1.74 23.56 £ 1.07 22.96 +2.06
n-6/n-3 5.26°+0.28 3.17*+£0.26 3.522+0.65 3.352+0.42

Data are expressed as percentage of total fatty acids and represented as mean = SEM (n = 4).

Different superscript letters indicate significant differences between groups (P < 0.05).

The effect of long-term hepatic expression of FAT-1, FAT-2 and FAT-1 + FAT-2 on the
fatty acids profile in the skeletal muscle is shown in Table 4. Twenty-one out of 29 fatty
acids identified in the skeletal muscle were significantly affected by co-expression of FAT-1
and FAT-2. Total saturated fatty acids significantly decreased to 57.1 % of control levels,
mostly resulting from the low content in myristic acid (14:0; 34.4 % of controls), palmitic
acid (16:0; 56.3 % of controls) and margaric acid (17:0; 50.0 % of controls). In addition,
treatment with FAT-1 and FAT-2 also decreased margaric acid to 50.0 % of control values.
In contrast, longer saturated fatty acids (with more than 17 carbons) presented increased
values than in controls. Thus, stearic acid (18:0) increased 1.2-fold, while arachidic acid

(20:0), behenic acid (22:0), tricosylic acid (23:0) and lignoceric acid (24:0) rised from non-
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detectable levels in control fish to low but detectable levels in fish treated with FAT-1 +
FAT-2.

Monounsaturated, PUFA and total n-3, n-6 and n-9 fatty acids increased 1.3-fold, 1.3-
fold, 2.2-fold, 1.1-fold and 1.5-fold, respectively, in the skeletal muscle of fish expressing
FAT-1 + FAT-2. As a result of greater effect on n-3 series than in n-6 fatty acids, the n-6/n-3
ratio significantly decreased to 52.0 % of control levels. Considering unsaturated fatty acids
with a content greater than 1 % for any assayed treatment, expression of FAT-1 + FAT-2
significantly increased EPA (1.7-fold) and DHA (3.0-fold) from the #-3 series, LA (18:2n-6¢;
1.1-fold) and OA (18:1n-9c; 1.5-fold), while decreased palmitoleic acid to 61.5 % of control
levels. For less abundant unsaturated fatty acids (content between 0.1 % and 1 %), treatment
with FAT-1 + FAT-2 also resulted in significant increases of cis-10-heptadecenoic acid (1.5-
fold), gondoic acid (20:1n-9; 3.2-fold), erucic acid (22:1n-9; 5.2-fold), eicosadienoic acid

(20:2n-6; 5.5-fold) and ARA (20:4n-6; 1.4-fold).

Table 4
Effect of chitosan-TPP complexed with empty vector (pSGS, control), pSG5-FAT-1, pSG5-FAT-2 and

pSGS5-FAT-1 + pSG5-FAT-2 on the fatty acid profile of S. aurata skeletal muscle.

Fatty acid Control FAT-1 FAT-2 FAT-1 + FAT-2
14:0 8.83°+£0.37 7.86°+ 1.39 7.44°+£1.22  3.04°+0.10
16:0 29.58°+1.31 27.00°+3.05  26.93°+2.85 16.64*+0.34
17:0 0.18°+0.01 0.09°+0.00 0.09°+0.00  0.09*+0.00
18:0 2.77* + 0.04 2.78*+0.15 296°+0.11  3.29°+0.08
20:0 0.00* £+ 0.00 0.11+0.07 0.09°+0.07  0.28°+0.03
22:0 0.00° +0.00 0.00* +0.00 0.00°+0.00  0.10°+0.01
23:0 0.00* £+ 0.00 0.00° +0.00 0.00°+0.00  0.09*+0.03
24:0 0.00° +0.00 0.01*+0.01 0.02°+0.02  0.08°+0.00
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14:1n-5

15:1n-5

16:1n-7

17:1n-7

18:1n-9¢

18:1n-9t

20:1n-9

22:1n-9

24:1n-9

18:2n-6¢

18:2n-6t

20:2n-6

22:2n-6

18:3n-3

18:3n-6

20:3n-3

20:3n-6

20:4n-6

20:5n-3

22:6n-3

Saturated

Monounsaturated

PUFA

n-3

n-6

n-9

n-6/n-3

0.01 £0.01
0.02 +0.02
6.63°+£0.16
0.16°+0.01
19.6° £ 0.53
0.11°+0.04
0.26°+0.16
0.12*+£0.01
0.00* £ 0.00
2449 £+ 0.62
0.40+£0.23
0.06° £ 0.02
0.00* £ 0.00
0.86 +£0.26
0.97£0.13
0.00 £ 0.00
0.13+£0.01
0.23*+£0.01
2.36°+£0.13
2.25*+0.31
41.36°+1.46
26.9* +0.80
31.75* £ 0.67
547*+0.19
26.27*+0.82
20.09* £+ 0.65

4.83°+0.30

0.01 £0.01
0.04 +0.02
6.42° £ 0.68
0.20% £ 0.03
21.98*+£2.33
0.06® + 0.03
0.48% £ 0.12
0.20* £ 0.09
0.01*+0.01
24.57*+0.64
0.16 +£0.16
0.12*+0.05
0.01*+£0.01
0.89+0.17
0.99 + 0.06
0.04 +0.04
0.13+0.03
0.24*+ 0.03
2.62° +0.44
2.97*+£0.99
37.86° £ 4.21
29.39*+1.95
32.752+2.26
6.52a+1.59
26.23*+£0.74
22.73*+2.53

4.52°+0.69

0.01 £0.01
0.06 +0.02
6.14* £ 0.56
0.20% £ 0.01
21.65*+£2.01
0.11°+0.04
0.54% +0.10
0.21*+£0.09
0.00* £ 0.00
25.29*+£0.67
0.17+0.17
0.13*+0.04
0.02* £ 0.02
0.83+0.16
0.90 +0.07
0.04 +0.04
0.13+0.02
0.28% +0.03
2.79*+0.45
2.98*+0.98
37.53*+3.86
28.92* + 1.68
33.552+2.19
6.64* £ 1.62
26.91*£0.76
22.51*£2.16

4.59*+0.76

0.02 £0.00
0.05 +£0.00
4.08*+0.05
0.24° +0.00
28.45° £ 0.30
0.00* £ 0.00
0.84° +0.01
0.62°£0.05
0.08°+0.01
27.98°+0.26
0.00 £ 0.00
0.33°+0.02
0.10°£0.01
1.11+£0.13
1.12 £0.04
0.09 £0.01
0.20 +0.02
0.32°+£0.01
4.07°+0.03
6.69° £ 0.21
23.62*+0.38
34.38"+ (.34
42.00°+0.38
11.96* +0.16
30.04°+£0.26
29.99° + (.32

2.51*+£0.03
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Data are expressed as percentage of total fatty acids and represented as mean = SEM (n = 4).

Different superscript letters indicate significant differences between groups (P < 0.05).

3.4. Effect of fish codon-optimised FAT-1 and FAT-2 on the expression of key genes in de
novo lipogenesis and fatty acid oxidation in the liver

The effect of chitosan-TPP-DNA nanoparticles expressing FAT-1 and FAT-2 was also
assessed on the hepatic expression of genes involved in de novo lipogenesis and fatty acid
oxidation. As shown in Fig. 3, treatment with FAT-1 significantly decreased the mRNA
levels of elongation of very long chain fatty acids protein 4a (elovi4a; to 43.3 % of control
values), elongation of very long chain fatty acids protein 4b (elovi4b; to 45.4 %), elongation
of very long chain fatty acids protein 5 (elovi5; to 62.3 %), sterol regulatory element-binding
protein 1 (srebf1; to 41.3 %) and peroxisome proliferator-activated receptor alpha (ppara; to
46.0 %), while treatment with FAT-2 decreased elovl5 (to 43.6 %) and ppara (to 56.3 %)
mRNA levels (Figs. 3f-h, k and 1). Co-expression of FAT-1 and FAT-2 also significantly
downregulated acetyl-CoA carboxylase 1 (acaca; to 31.4 % of control values), acetyl-CoA
carboxylase 2 (acacbh; to 65.0 %), acyl-CoA 6-desaturase (fads2; to 69.4 %), elovi4b (to
59.1 %), elovl5 (to 41.8 %), 3-hydroxy-3-methylglutaryl-coenzyme A reductase (hmgcr; to
64.2 %) and srebfI (to 41.9 %) (Figs. 3a, b, e, g, h, j and k). No significant differences were
found for fatty acid synthase (fasn), stearoyl-CoA desaturase-la (scdla) and carnitine O-

palmitoyltransferase 1, liver isoform (cptla) (Figs. 3¢, d and 1).
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Fig. 3. Effect of long-term treatment with chitosan-TPP nanoparticles complexed with pSGS5 (control),
pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the expression of key genes in de
novo lipogenesis and fatty acid oxidation in the liver of S. aurata. Fifteen days after the last injection
and 24 h following the last meal, fish were sacrificed and the liver were collected. Data are means +
SEM (n = 6). Expression data were normalised by the geometric mean of S. aurata 18s, actb and
eefla mRNA levels. Homogeneous subsets for the treatment are shown with different letters (P <

0.05).
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3.5. Effect of fish codon-optimised FAT-1 and FAT-2 on glycolysis-gluconeogenesis, the
pentose phosphate pathway, hnf4a and nrih3 in the liver

Fig. 4a-h shows the effect of long-term expression of fish codon-optimised FAT-1 and
FAT-2 on the hepatic expression of rate-limiting enzymes in glycolysis-gluconeogenesis.
Due to the pivotal role of the enzymes that control the flux through the fructose-6-
phosphate/fructose-1,6-bisphosphate cycle in the regulation of glycolysis-gluconeogenesis,
we measured both the mRNA levels and the enzyme activity of PFKL and FBP1. Gene
expression of pfkl and fbpl was not significantly affected by the treatments (Figs. 4d and e).
However, when considering the PFKL/FBP1 activity ratio, fish treated with FAT-1 + FAT-2
exhibited a significant increased glycolytic flux (29.9 %) compared to control fish (Fig. 4f).
Similarly, treatment with FAT-2 showed a trend to increase the PFKL/FBP1 activity ratio
(22.7 %).

In regard of other glycolytic-gluconeogenic enzymes, expression of FAT-2 and FAT-1 +
FAT-2 significantly upregulated 1.5-fold and 1.8-fold, respectively, the mRNA levels of liver
pyruvate kinase (pklr) and 1.4-fold those of 6-phosphofructo-2-kinase/fructose-2,6-
bisphosphatase (pfkfbl) (Fig. 4c). Compared to controls, the expression levels for
glucokinase (gck), glucose-6-phosphatase catalytic subunit (g6pcl) and phosphoenolpyruvate
carboxykinase (pckl) were not affected (Figs. 4a, b and h).

In addition, expression of FAT-2 also significantly increased the hepatic mRNA levels
(2.0-fold) of glucose-6-phosphate dehydrogenase (g6pd), the rate-limiting enzyme in the
oxidative phase of the pentose phosphate pathway (Fig. 41), while treatment with FAT-2 and
FAT-1 + FAT-2 upregulated hepatocyte nuclear factor 4-alpha (hnf4a; 1.5-fold) and

oxysterols receptor LXR-alpha (nr143; 1.6-fold) mRNA levels, respectively (Figs. 4j-k).
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Fig. 4. Effect of long-term treatment with chitosan-TPP nanoparticles complexed with pSGS5 (control),
pSG5-FAT-1, pSG5-FAT-2 and pSG5-FAT-1 + pSG5-FAT-2 on the expression of key genes in
glycolysis-gluconeogenesis and the pentose phosphate pathway, Anf4a and nrih3 in the liver of S.
aurata. Fifteen days after the last injection and 24 h following the last meal, fish were sacrificed and
the liver were collected. Hepatic mRNA levels and enzyme activity of PFKL and FBP1 are presented

as mean £ SEM (n = 6). Expression data were normalised by the geometric mean of S. aurata 18s,

22



actb and eefla mRNA levels. Homogeneous subsets for the treatment are shown with different letters

(P <0.05).

4. Discussion

With the aim to induce sustained production of n-3 LC PUFA in S. aurata, the ionotropic
gelation technique was used to obtain chitosan-TPP nanoparticles complexed with plasmids
expressing fish codon-optimised C. elegans FAT-1 and FAT-2. Monthly intraperitoneal
administration of 3 doses of the resulting nanoparticles allowed long-standing high
expressional levels of the exogenous proteins in the liver, mild expression in the intestine and
barely detectable levels in the skeletal muscle and brain. Biodistribution of fish codon-
optimised FAT-1 and FAT-2 expression shows that the particle size of chitosan-TPP-DNA
complexes used in the present study favoured liver retention in S. aurata, which confirms
previous reports where we analysed the acute effect of expressing exogenous SREBP1a and
silencing of endogenous cytosolic alanine aminotransferase and glutamate dehydrogenase
(Gaspar et al., 2018; Gonzilez et al., 2016; Silva-Marrero et al., 2019). Possibly,
discontinuous endothelia of the intestine enables chitosan-TPP-DNA nanoparticle absorption
and transportation to the liver through portal circulation (Hagens et al., 2007), while the tight
morphology of capillary endothelium in the muscle and brain may limit the transfer of
nanoparticles and result in the scarce levels of transcript (Kooij et al., 2005).

Transgenesis of FAT-1, a gene that facilitates the conversion of n-6 to n-3 fatty acids,
scarcely affected body growth in zebrafish, common carp, mice, pig and lamb (Bhattacharya
et al., 2006; Ji et al., 2009; Liu et al., 2016; Sun et al., 2020; Zhang et al., 2018, 2019).
However, in the present study long-term hepatic expression of FAT-1 and FAT-1 + FAT-2
significantly increased weight gain but not lipid content in S. aurata. A trend to increase SGR

values was also observed in fish co-expressing FAT-1 and FAT-2. Our findings suggest that
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increased levels of n-3 LC-PUFA and decreased n-6/n-3 fatty acid ratio resulting from
expression of fish codon-optimised FAT-1 and FAT-2 may contribute to increased growth
performance in S. aurata. In support of this hypothesis, substitution of fish oil (rich in »n-3
LC-PUFA) by vegetable oil enhances the n-6/n-3 ratio and lowers n-3 LC-PUFA and weight
gain in S. aurata (Houston et al., 2017), as well as in other marine fish such as cobia
(Trushenski et al., 2012) and the anadromous Atlantic salmon (Qian et al., 2020). However,
dietary fish oil does not significantly affect growth in freshwater fish such as zebrafish
(Meguro and Hasumura, 2018), common carp (Ljubojevi¢ et al., 2015), red hybrid tilapia
(Al-Souti et al., 2012) and rainbow trout (Richard et al., 2006). Greater capacity of freshwater
fish than marine fish for converting n-3 and n-6 Cig PUFA into highly unsaturated long-chain
fatty acids (Castro et al., 2016), may explain different adaptative responses to dietary n-3 LC-
PUFA. Better growth performance of S. aurata submitted to sustained expression of fish
codon-optimised FAT-1 and FAT-1 + FAT-2 may also result from improved health condition
due to increased n-3 LC-PUFA and decreased n-6/n-3 ratio. Consistently, FAT-1 transgenesis
prevents liver steatosis and lipid deposition in the abdominal cavity of zebrafish by a
mechanism involving hepatic downregulation of lipogenic-related genes and upregulation of
steatolysis-related genes (Sun et al., 2020). Moreover, FAT-1 transgenesis prevents glucose
intolerance, insulin resistance, non-alcoholic fatty liver disease and allergic airway responses
in mice (Bilal et al., 2011; Boyle et al., 2020; Kim et al., 2012; Romanatto et al., 2014), and
exerts protective vascular effects on pigs and cattle by reducing inflammatory factors and
improving the immune system (Liu et al., 2016, 2017). Accordingly, S. aurata treated with
FAT-1 and FAT1 + FAT-2 showed decreased HSI levels, which therefore may essentially
result from lower lipid deposition in the liver of fish expressing FAT-1.

Body fatty acid composition is affected by multiple factors, including de novo fatty acid

synthesis, physiological requirements and dietary fatty acid profile. Single-gene expression of

24



either FAT-1 or FAT-2 enhanced fatty acid desaturation and, consequently, n-3 LC-PUFA
synthesis in transgenic mice (Pai et al., 2014), pig (Tang et al., 2019), zebrafish (Pang et al.,
2014), and common carp (Zhang et al., 2019). Similarly, S. aurata long-term treated with
chitosan-TPP-DNA nanoparticles expressing either FAT-1 or FAT-2 showed a general trend
to increase liver and muscle EPA, DHA, and total n-3 fatty acids and PUFA, while decreased
the n-6/n-3 ratio and saturated fatty acids, conceivably by conversion into unsaturated fatty
acids. Most of these effects were potentiated by hepatic co-expression of FAT-1 and FAT-2.
Combined activities of FAT-1 and FAT-2 decreased saturated fatty acids such as 14:0, 16:0
and 17:0, while increased unsaturated fatty acids, particularly »n-3, and to a lesser extend n-9
and n-6. Thus, co-expression of FAT-1 and FAT-2 promoted a synergistic effect that
favoured liver production of #n-3 LC-PUFA and its accumulation in the muscle, particularly
EPA and DHA. Given that FAT-1 and FAT-2 mRNA levels were scarcely detected in the
skeletal muscle of S. aurata, changes in the muscle fatty acid profile between treatments may
ascribe to hepatic fat exportation forming part of very low density lipoproteins (VLDL).
Among biochemical parameters improved by FAT-1 transgenesis, reduced circulating
levels for triglycerides and cholesterol were reported in mice (Romanatto et al., 2014), pigs
(Liu et al., 2016), and cattle (Liu et al., 2017), while decreased hepatic triglycerides and
cholesterol ester were found in zebrafish (Sun et al., 2020). Similarly, hepatic co-expression
of FAT-1 and FAT-2 reduced serum triglycerides and cholesterol in S. aurata. In this regard,
the present study showed that long-term co-expression of FAT-1 and FAT-2 promoted a
general decrease of the expression of key enzymes for de novo lipogenesis in the liver of S.
aurata. In addition, decreased serum triglycerides may also be attributed in part to the
increase of n-3 LC-PUFA in the liver, where n-3 fatty acids are generally thought to reduce

the production of VLDL and induce fatty acid B-oxidation (Shearer et al., 2012).
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Treatment with FAT-1 + FAT-2 significantly downregulated #mgcr, which encodes the
rate-limiting enzyme in cholesterol synthesis, and key genes in fatty acid synthesis, such as
acaca and acacb, which catalyse conversion of acetyl-CoA into malonyl-CoA in the cytosol
and mitochondrion, respectively, fatty acid elongases (elovi4b and elovl5) and fads?2
desaturase. Although no significant, the expression of scd/a, which catalyses the insertion of
a cis double bond at the A9 position into saturated Cis and Cis fatty acyl-CoA (Wang et al.,
2005), also showed a trend to decrease in fish treated with nanoparticles expressing FAT-1 +
FAT-2. Furthermore, the expression of the three fatty acid elongases herein analysed (elovi4a,
elovl4b and elovl5) strongly decreased by sustained expression of FAT-1. In transgenic
animals, the effect of FAT-1 seems to depend on a variety of factors including the species,
environmental conditions and dietary lipid content. Similarly as in S. aurata, a high-fat diet
(13.4 % of crude lipid versus 18.0 % used in the present study) downregulated the hepatic
expression of acaca, fasn and scdl in FAT-1 transgenic zebrafish. However, a low-fat diet
(3.1 % of crude lipid) caused the opposite effects, upregulating the expression of the three
genes (Sun et al., 2020). In line with our findings, FAT-1 transgenesis in mice decreased the
levels of phosphorylated ACACA and FASN (Romanatto et al., 2014). However, FAT-1
transgenic common carp showed upregulation of fads2, elovl5 and elovi2 in the liver, and
transgenic pigs co-expressing FAT-1 and FAT-2 also presented increased expression levels
of elovl5 and elovi2 in the muscle, skin and fat (Tang et al., 2019; Zhang et al., 2019).

Downregulation of acacb in S. aurata treated with FAT-1 + FAT-2 suggests a limited
synthesis rate of mitochondrial malonyl-CoA. Any of the treatments affected the mRNA
abundance of cpt/a, which is essential for the mitochondrial uptake of long-chain fatty acids
and their subsequent -oxidation in the mitochondrion. However, given that malonyl-CoA is
a potent allosteric inhibitor of CPT1A (Saggerson, 2008), our data suggest that in addition to

decrease de novo lipogenesis, sustained co-expression of FAT-1 and FAT-2 may increase
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fatty acid oxidation in the liver of S. aurata fed medium- or high-fat diets. Hence,
transgenesis of FAT-1 and double transgenesis of FAT-1 and FAT-2 increased expression of
cptla in zebrafish (Pang et al., 2014; Sun et al., 2020).

In mammals, alternate promoters in the srebfl gene generate SREBP1a and SREBPIc,
which constitute transcription factors with a major role in de novo lipogenesis activation.
SREBPIc primarily transactivates genes required for fatty acid and triglyceride synthesis
while SREBPla is a potent activator of all SREBP-responsive genes, including genes
associated with cholesterol synthesis. Consistent with the role of srebfI in the transcription of
lipogenic genes both in fish and mammals (Carmona-Antonanzas et al., 2014; Silva-Marrero
et al., 2019), downregulation of srebfl in the liver of S. aurata submitted to long-term
expression of fish codon-optimised FAT-1 and FAT-1 + FAT-2 led to a trend to decrease the
expression of genes involved in cholesterol synthesis (hmgcr) and fatty acid synthesis (acaca,
acacb and fasn), desaturation (scdla and fads2) and elongation (elovi4a, elovi4b and elovl5).
In agreement with our findings, transgenic zebrafish expressing FAT-1, FAT-2 and FAT-1 +
FAT-2 and double transgenic pigs for FAT-1 and FAT-2 also showed downregulated
expression levels of srebf]l. Since DHA suppresses srebf] expression and enhances its protein
degradation (Jump, 2008), increased levels of DHA seem the main responsible for decreased
expression of srebfl and de novo lipogenic genes in the liver of S. aurata expressing FAT-1
and FAT-1 + FAT-2. Consistently, substitution of fish oil, rich in DHA, by vegetable oil
leads to upregulation of srebfl and fatty acid synthesis-related genes in S. aurata (Ofori-
Mensah et al., 2020).

In the present study, FAT-1 and FAT-2 downregulated ppara in the liver of S. aurata.
PPARA is a nuclear receptor activated by a wide range of ligands including fatty acids and
fatty acid metabolites, such as eicosanoids. In the mammalian liver, PPARA controls the

expression of genes involved in fatty acid uptake, intracellular transport, acyl-CoA formation
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and fatty acid mitochondrial and peroxisomal oxidation, ketogenesis and lipoprotein
metabolism (Bougarne et al., 2018). Supplementation of fish oil to rodents enhances ppara
expression in the liver (Hein et al., 2010; Kamisako et al., 2012), possibly as a result of
increased availability of n-3 LC-PUFA, particularly EPA. However, the effect of dietary fish
oil on ppara expression in fish depends on the species. Similarly as in S. aurata expressing
FAT-1 and FAT-2, fish oil was shown to decrease the hepatic mRNA levels of ppara in S.
aurata and juvenile turbot (Ofori-Mensah et al., 2020; Peng et al., 2014), while the opposite
effect was reported in large yellow croaker and lean, but not fat, Atlantic salmon (Du et al.,
2017; Morais et al., 2011). As pointed out by Peng et al. (Peng et al., 2014), fatty acid-
derived factors other than EPA-mediated activation may contribute to species-specific
regulation of ppara expression in fishes.

The effect of C. elegans FAT-1 and FAT-2 on glucose metabolism remains largely
unknown. In the present study, we found that long-term expression of fish codon-optimised C.
elegans FAT-2 and FAT-1 + FAT-2 stimulated glycolysis and the expression levels of hnf4a
and nrlh3 in the liver of S. aurata. By controlling the flux through the fructose-6-
phosphate/fructose-1,6-bisphosphate substrate cycle, pfkl and fbpl exert critical roles in
hepatic glycolysis-gluconeogenesis. Although the mRNA levels of pfkl and fbpl were not
significantly affected by any of the treatments, expression of FAT-2 and FAT-1 + FAT-2
promoted higher levels of PFKL/FBP1 activity ratio, possibly as a result of pfkfbl
upregulation. The bifunctional enzyme pfkfbl catalyses the synthesis and degradation of
fructose-2,6-bisphosphate, which is a major regulator of glycolysis—gluconeogenesis through
allosteric activation of PFKL and inhibition of FBP1 (Okar et al., 2004). We previously
showed that refeeding and high carbohydrate diets upregulate pfkfb/ and the kinase activity
of the bifunctional enzyme in the liver of S. aurata, leading to a concomitant increase in

fructose-2,6-bisphosphate levels (Metén et al., 2000, 1999a). As in mammals, fructose-2,6-
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bisphosphate is an allosteric activator of S. aurata PFKL (Mediavilla et al., 2008). Therefore,
our results suggest that pfkfbl upregulation in the liver of fish expressing FAT-2 and FAT-1
+ FAT-2 may be a key step favouring the glycolytic flux through the fructose-6-
phosphate/fructose-1,6-bisphosphate substrate cycle, which in turn will increase the hepatic
content of fructose-1,6-bisphosphate, an allosteric activator of PKLR.

The nuclear receptor HNF4A is a master regulator of liver metabolism through
transcriptional regulation of target genes involved in glucose metabolism, lipid metabolism
and hepatocyte differentiation (Meng et al., 2016). In mammals, HNF4A transactivates both
glycolytic and gluconeogenic genes. Thus, HNF4A-binding to the gene promoter is required
for insulin-stimulated upregulation of gck and pkir in the fed state, while a synergistic action
of HNF4A and FOXOI1 enhances the transcription of gépcl and pckl during fasting (Ganjam
et al., 2009; Hirota et al., 2008). Furthermore, HNF4A was previously shown to induce the
expression of nr/h3 (Theofilatos et al., 2016), which encodes LXR-alpha, a nuclear receptor
stimulated by insulin that is also involved in glucose and lipid metabolism (Zhao et al., 2012).
Indeed, LXR-alpha was shown to upregulate pk/r mRNA levels in mice (Cha and Repa,
2007), and behave as a key regulator of pfkfb expression in humans by binding and
transactivating the gene promoter of the bifunctional enzyme (Zhao et al., 2012). Therefore,
increased inf4a and nrih3 mRNA abundance in S. aurata expressing FAT-2 and FAT-1 +
FAT-2 may enhance hepatic upregulation of pfkfbl and pkir expression, and thus increase the
glycolytic flux in the liver. Consistent with HNF4A-dependent enhancement of glycolysis in
S. aurata, hnf4a expression was previously shown to increase in S. aurata under glycolytic
conditions versus gluconeogenic conditions such as fasting and treatment with streptozotocin
(Salgado et al., 2012). Increased levels of n-3 LC-PUFA may be a key factor leading to hnf4a
and nrlh3 upregulation in the S. aurata liver. In agreement, FAT-1 transgenic mice presented

increased hepatic mRNA levels of Anf4a and to a lesser extend nrlh3 (Kim et al., 2012).

29



Similarly, dietary supplementation with dried marine algae, rich in »n-3 LC-PUFA
(particularly DHA), induced hnf4a expression in the pig liver (Meadus et al.,, 2011).
Furthermore, fish oil upregulated nri/h3 in S. aurata adipocytes (Cruz-Garcia et al., 2011),
and in the liver of juvenile turbot, Nile tilapia and mice (Ayisi et al., 2018; Kamisako et al.,
2012; Peng et al., 2014).

To our knowledge, the effect of FAT-1 and FAT-2 transgenesis on the pentose phosphate
pathway was not previously addressed. In the present study, long-term expression of fish
codon-optimised FAT-2 and FAT-1 + FAT-2 promoted higher expression levels of g6pd,
which encodes the rate-limiting enzyme for the production of NADPH in the oxidative phase
of the pentose phosphate pathway. Previous reports indicated that dietary carbohydrates are a
key factor that enhances G6PD activity in the liver of S. aurata (Meton et al., 1999b).
Nevertheless, our findings support that fatty acid composition, particularly the n-3/n-6 ratio,
also seems to regulate the hepatic expression of gépd. In agreement with g6pd upregulation
by n-3 LC-PUFA, fish oil stimulated G6PD activity in the rat liver (Yilmaz et al., 2004), and
dietary supplementation with n-3 PUFA increased g6pd mRNA levels in the pig muscle
(Vitali et al., 2018). Furthermore, n-6 PUFA, particularly LA, decreased g6pd mRNA levels
in rat hepatocytes (Kohan et al., 2011). Species-specific regulation of gépd expression by
fatty acid composition may occur in other fishes. In this regard, total replacement of fish oil
by vegetable oil did not affect G6PD activity but increased the mRNA levels in the liver of
Nile tilapia (Ayisi et al., 2018), while enhanced G6PD activity in the liver of Atlantic salmon
(Menoyo et al., 2005). Bearing in mind a general trend to downregulate de novo hepatic
lipogenesis in S. aurata co-expressing FAT-1 and FAT-2, NADPH resulting from g6pd

upregulation by n-3 LC-PUFA may reinforce cellular protection from oxidative stress.

5. Conclusions
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The present study shows that long-term treatment with chitosan-TPP nanoparticles
complexed with plasmids expressing fish codon-optimised C. elegans FAT-1 and FAT-2
allowed efficient expression of exogenous FAT-1 and FAT-2 desaturases in the liver of S.
aurata, which in turn elevated the n-3 LC-PUFA content, particularly EPA and DHA, and
decreased the n-6/n-3 ratio both in the liver and the skeletal muscle. Co-expression of fish
codon-optimised FAT-1 and FAT-2 promoted the highest weight gain, n-3 LC-PUFA
accumulation in the muscle and metabolic effect on lipid and glucose metabolism. Expression
of fish codon-optimised FAT-1 and FAT-1 + FAT-2 downregulated the hepatic expression of
srebfl and as a consequence, the mRNA levels of key genes in de novo lipogenesis, while
FAT-2 and FAT-1 + FAT-2 upregulated hnf4a, nrih3 and glucose oxidation through
glycolysis and the pentose phosphate pathway. Our findings support that chitosan-TPP-DNA
nanoparticles co-expressing fish codon-optimised FAT-1 and FAT-2 can alleviate the effect
of fish oil replacement with vegetable oil currently occurring in aquafeeds and enable

production of functional fish rich in EPA and DHA for human consumption.
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