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Figure 1.1 Aquaculture developments: current status, trends and future prospects 

 

  

 

 

 

 

 

 

 

 

 

 

 

A: World capture fisheries and aquaculture production (FAO, 2014); B: World fish utilization and supply (FAO, 
2014); C: Global fish production: data and projections, 1984–2030 (The World Bank, 2013); D: Volume and 
share of capture and aquaculture production in global garvest (The World Bank, 2013). 

Figure 1.2 Relative contribution of aquaculture and capture fisheries to food fish consumption 

 

 

 

 

 

 

Figure 1. 1 Aquaculture developments: current status, trends and future prospects 

Figure 1. 2 Relative contribution of aquaculture and capture ¬fisheries to food fish consumption 



3 
 

1.1 Aquaculture development: current status, trends and future prospects 

1.1.1 Aquaculture’s role in the global good system, trends and prospects 

Fish is an important food commodity and currently accounts for 17% of animal-derived and 6.5% of 

total human protein consumption globally (FAO, 2014). Fish products comprise one of the most widely 

traded segments of the world food economy, valued at US$129 billion in 2012 (Troell et al., 2014). 

World per capita apparent fish consumption has increased dramatically during the past 50 years, from 

an average of 9.9 kg in the 1960s to 19.2 kg in 2012 (FAO, 2014). Fish provided more than 2.9 billion 

people with almost 20 percent of their intake of animal protein and 4.3 billion people with about 15 

percent of such protein (FAO, 2014). Fish is not only an excellent source of protein, but also a good 

source of highly unsaturated long-chain omega-3 fatty acids eicosapentaenoic acid (EPA) and 

docosahexaenoic acid (DHA), which are important for optimal brain and neural system development in 

children, micronutrients (vitamins and minerals) and some less well-known nutrients such as taurine 

and choline. All these nutrient compositions make fish a truly important and unique food for human 

(FAO, 2014; Tacon and Metian, 2013). 

Global fish production has grown steadily in the last five decades (Figure 1.1 A and B), with food fish 

supply increasing at an average annual rate of 3.2 percent, outpacing world population growth at 1.6 

percent (FAO, 2014). Although capture fisheries provided most of the supply during the 1960s–1970s, 

aquaculture has contributed virtually all of the growth in per capita availabilities since the turn of the 

century (Troell et al., 2014). Aquaculture currently provides roughly half of the fish consumed 

worldwide (Figure 1.2), and its share is expected to increase in the future as wild fisheries reach or 

exceed their sustainable limits and meanwhile aquaculture technology and management continue to 

improve (Troell et al., 2014). Capture fisheries landings as a whole have plateaued at around 85–95 Mt 

(million metric tons, or megatonnes) per year. Moreover, there has been a gradual shift in wild fish 

capture from large and valuable carnivorous species to smaller, less valuable species that feed at lower 

trophic levels. Although catch rates for some species have not declined during the 1990s, most ocean 

fisheries stocks are now recognized as over or fully exploited (Naylor et al., 2009). Aquaculture 

production, meanwhile, has surged, particularly during the past 20–30 years (Naylor et al., 2000). In 

2012, aquaculture industry set an all-time record, providing 67 million tons fish products, which 

accounts for about 49 percent of the fishery output for human consumption (FAO, 2014). In fact, 

aquaculture is the fastest growing food sector and continues to expand alongside terrestrial crop and 

livestock production (Figure 1.3) (Troell et al., 2014). In addition to rapid growth in volume and value, 

the sector is characterized by substantial investment in many regions of the world and rapid innovation 

in the breeding of cultured species, feed practices, and rearing systems (Naylor et al., 2000). 
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Figure 1. 3 Comparison of growth of aquaculture and main food commodities/groups 

 

 

 

 

 

 

 

 

Comparison of growth of aquaculture and main food commodities/groups (Troell et al., 2014): Growth expressed 
as annual percentage for the period 1990–2009 and production for 2009. Data on meat from animals obtained from 
Tacon and Metian (Tacon and Metian, 2013) and FAO/FAOSTAT (FAO, 2013b). Similar sources (FAO, 2013a; FAO, 
2013b) for data on production of cereals, fruits, and vegetables. The cultivation of fish and shellfish ȋǲfishǳȌ in 
terrestrial freshwater and marine systems grew at an annual rate of 7.8% worldwide between 1990 and 2010; a 
rate that substantially exceeded that of poultry (4.6%), pork (2.2%), dairy (1.4%), beef (1.0%), and grains (1.4%) 
over the same period.  

Based on the prediction of ǲFish to 2030ǳ (The World Bank, 2013), the projected capture production 

remains fairly stable over the 2010–2030 period (Figure 1.1 C). In contrast, the global aquaculture 

projection maintains its steady rise from historical levels, reaching the point where it equals global 

capture production by 2030 (Figure 1.1C and D). Global fish supply is projected to rise to 187 million 

tons by 2030 (OECD-FAO, 2012; The World Bank, 2013). As shown in Figure 1.1 D, while the share of 

capture fisheries is nearly 60 percent of global production in 2011, it is expected to fall to exactly half by 

2030, after growing only by 2.8 million tons. Aquaculture is expected to grow by 30 million tons over 

this same period. In terms of food fish production, it predicts that aquaculture will contribute 62 percent 

of the global supply by 2030. 

1.1.2 Towards sustainable aquaculture 

Historically and nutritionally fish meal (FM) and fish oil (FO) are dominant ingredients in compound 

feeds for carnivorous finfish and marine shrimp (Naylor et al., 2000). These two ingredients respectively 

supply essential amino acids (such as lysine and methionine) that are deficient in plant proteins and 

highly unsaturated fatty acids (EPA and DHA) not found in vegetable oils (De Silva and Anderson, 1994). 
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However, FM and FO production relies on wild forage fish stocks, which are now under a sustainable 

management to preserve this resource on the long term, and to ensure a constant availability of marine 

raw materials each year (FAO, 2012). Globally, 20 to 30 million metric tons (mmt) of reduction fish (1/4 

to 1/3 of the global fish catch) are currently used for FM and FO production (Naylor et al., 2009), and the 

proportion is expected to remain unchanged as the capture production is projected to maintain nearly 

zero growth from 2010 to 2030 (The World Bank, 2013). With the production of farmed fish eclipsing 

that of wild fish, one major transition is already underway: aquaculture's share of global FM and FO 

consumption more than doubled over the past decade to 73% (Figure 1.4) and 88%, respectively 

(Naylor et al., 2009). As world aquaculture will keep growing in the coming decades (Figure 1.5), the 

demands for aquafeeds will certainly keep increasing as well, thus it is clear that the stagnant 

availability of wild-caught fish cannot go on feeding the growing aquaculture industry in the future, and 

the feed manufacturers must decrease their reliance on finite marine raw materials if they want to 

maintain their growth and profits. From the nutritional aspect, reducing aquaculture's dependence on 

marine resources highly depends on improving feed efficiencies and substituting away forage fisheries 

with suitable and sustainable nonfish-based alternatives, despite impressive gains have been already 

achieved in the past few decades (FEAP, 2011; Naylor et al., 2009). 

Figure 1. 4 Global fishmeal utilization 

 

 

 

 

 

 

 

 

The utilization of global fishmeal has evolved 
over the past half century. The importance of 
aquaculture as user of fishmeal has grown 
substantially as a result of the industryǯs 
rapid growth since the 1980s. From this 
observation, it is likely that fishmeal-
intensive segments of the aquaculture 
industry (for example, salmon and shrimp) 
increasingly affect the dynamics of fishmeal 
and fish oil markets. In this context, modeling 
of demand for fishmeal and for fish oil as a 
function of aquaculture production seems 
essential (FAO, 2014). 
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Figure 1. 5 Average annual growth rates of capture and aquaculture production, 1960–2029 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
These trends are consistent with the overview given in the introductory chapter and reinforce the importance of 
aquaculture in augmenting global fish supply. However, the growth of aquaculture is expected to further decelerate. 
The projected annual growth rates for the projection periods of 2010–19 and 2020–29 are shown above. For these 
two periods, the projected growth rate of aquaculture production is below the level in the 1960s. Nearly zero 
growth is projected for capture production (The World Bank, 2013). 
 

1.1.3 The importance of protein/amino acids research for aquaculture  

Dietary intake of proteins is essential for animal growth and development (Tremblay et al., 2007). The 

ingested proteins are digested or hydrolyzed to release tri- or di-peptides and free amino acids (AAs), 

which are absorbed from the intestinal tract and distributed by the blood to the organs and tissues. 

These AAs are primarily used by the various tissues to synthesize new protein and polypeptides. 

Furthermore, AAs serve as precursors of non-protein nitrogenous high molecular weight compounds 

(such as nucleic acid, porphyrine and creatine), and substrates for energy. Additionally, AAs are key 

precursors for syntheses of hormones and low-molecular weight nitrogenous substances with each 

having enormous biological importance and also regulate key metabolic processes and pathways. 

Moreover, there is growing recognition that AAs also act as cell signaling molecules and regulators of 

gene expression and protein phosphorylation cascades (Wu, 2009; Wu et al., 2014).  

Fish is a unique model for studying protein/AAs metabolism  

Despite the well-studied roles of protein/AAs in modulating metabolic pathways and associated 

regulatory processes in mammals, relatively little is known about fish (Kaushik and Seiliez, 2010). 

Nevertheless, fish is an important and unique research model for studying protein/AAs metabolism as 

plenty of physiological and metabolic differences in protein/AAs metabolism have been identified 

between fish and terrestrial animals. For instance, the great majority of fish excrete 80% of their 

nitrogen from nitrogenous catabolism in the form of ammonia, a minimal cost for discharging 
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nitrogenous waste, while mammals and birds excrete urea and uric acid, respectively, after energy-

expensive syntheses (Guillaume et al., 2001). Due to this unique manner of nitrogen excretion and the 

lack of urea cycle, arginine becomes one of the essential AAs (EAAs) for fish, while in uricotelic animals 

it can at least partly be provided by the urea cycle. Furthermore, fish possess relatively high dietary 

protein/AAs requirement, with AAs, rather than glucose, are preferentially used as energy substrates 

(Guillaume et al., 2001; Halver and Halver, 2002). Moreover, cysteine and tyrosine are also identified as 

two semi-EAAs since they can be only synthesized from the ǲcouplingǳ of serine-methionine and 

phenylalanine respectively, and proline and glutamine are termed ǲsemi-indispensableǳ due to their 

slow synthesis (Guillaume et al., 2001). Recent studies also revealed the essentiality of dietary taurine 

for many commercially relevant species, especially marine teleosts as they have low or negligible ability 

of taurine synthesis due to the absence or low cysteinsulphinate decarboxylase activity (Pinto et al., 

2013), similar with domestic cat, a mammalian carnivore (Macdonald et al., 1984). 

The importance for studying AA metabolism in fish  

Based on traditional approaches (e.g., digestibility trials, nitrogen balance, assessments of growth, feed 

utilization and reproductive performance, isotope tracer techniques, as well as northern and western 

blots), significant developments have been already made for studying gross protein requirements, 

qualitative AA requirements,  AA utilization and deposition, substitution of fish meal with alternative 

protein sources in the last half century (Guillaume et al., 2001; Halver and Halver, 2002; Kaushik and 

Seiliez, 2010; Wilson and Halver, 1986). However, due to the complexities and handicaps in studying 

fish nutrition, i.e. difficulties in study linked to the environment and the nutritional characteristics of fish, 

the large number of fish species and currently poorly applied advanced techniques in fish nutrition 

studies, our knowledge regarding the roles of AAs in regulating gene expression, cellular signaling 

pathways and intermediary metabolism remains limited (Kaushik and Seiliez, 2010). Therefore, it would 

be desirable to go on exploring the physiological and metabolic importance of protein/AAs at molecular 

and mechanism levels so as to expand our basic knowledge of AA biochemistry and nutrition in fish. 

Furthermore, the emergence of advanced bio-molecular method applied to fish (e.g., high-throughput 

functional genomics, microarray, metabolomics and proteomics) offers us new opportunities to do so. 

From the practical aspect, how to effectively improve the utilization of protein/AAs, especially the 

protein from non-fishmeal sources in fish is the key to go on improving feed efficiency, reducing the 

inclusion rates of FM in aquafeeds and cutting the rising costs for the feed enterprises. Thus, 

understanding the mechanisms underlying the regulation of intermediary metabolism, gene expression 

and cellular signaling pathways by protein/AAs may have both scientific and practical significance. 
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1.2 Cellular signaling 

In this section, we briefly introduce two cellular signaling cascades, insulin signaling pathway and amino 

acid signaling pathway, including mechanistic target of rapamycin (mTOR) and amino acid response 

(AAR) pathways. The efforts mainly focus on the regulation of some crucial nodes, i.e. insulin receptor 

substrates (IRS), Akt, the mechanistic target of rapamycin complex 1 and 2 (mTORC1 and mTORC2), and 

the mechanisms by which they regulate intermediate metabolism (mainly in liver). 

1.2.1 Insulin signaling in mammals 

Insulin is a hormone released by pancreatic beta cells in response to elevated levels of nutrients in the 

blood, which serves as the primary regulator of blood glucose concentration. Insulin is the most potent 

anabolic hormone responsible for the control of cellular uptake, utilization and storage of glucose, amino 

acids and fatty acids by stimulating lipogenesis, glycogen and protein synthesis, respectively, while 

inhibiting the breakdown of glycogen, protein and fat (Figure 1.6). Insulin resistance or deficiency 

results in profound dysregulation of these processes, and produces elevations in fasting and 

postprandial glucose and lipid levels (Saltiel and Kahn, 2001; Wallis et al., 1985).  

Figure 1. 6 The regulation of metabolism by insulin 

 

 

 

 

 

 

 

Insulin is the most potent anabolic hormone known, and promotes the synthesis and storage of carbohydrates, 
lipids and proteins, while inhibiting their degradation and release into the circulation. Insulin stimulates the uptake 
of glucose, amino acids and fatty acids into cells, and increases the expression or activity of enzymes that catalyze 
glycogen, lipid and protein synthesis, while inhibiting the activity or expression of those that catalyze degradation 
(Saltiel and Kahn, 2001). 

1.2.1.1 Overview of insulin signaling pathway and some critical nodes 

Growth factors such as insulin activate the insulin receptor (IR) tyrosine kinase, which phosphorylates 

and recruits different substrate adaptors such as the IRS family of proteins (Siddle, 2011). Tyrosine 
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phosphorylated insulin receptor substrates (IRS) then displays binding sites for numerous signaling 

partners (Taniguchi et al., 2006). Among them, phosphoinositide 3-kinase (PI3K) has a major role in 

insulin function, mainly via the activation of the Akt cascades (Manning and Cantley, 2007). Activated 

Akt induces glycogen synthesis through inhibition of glycogen synthase kinase 3 (GSK-3), protein 

synthesis via the activation of the mechanistic target of rapamycin (mTOR) pathway, and cell survival 

through inhibition of several pro-apoptotic agents (Forkhead box protein O (FoxO), mammalian sterile 

20–like kinase-1(MST1) and GSK-3) (Siddle, 2011). Akt phosphorylates FoxO and directly inhibits 

transcription factors, which regulates metabolism and autophagy (Figure 1.7). Insulin stimulates glucose 

uptake in muscle and adipocytes via translocation of glucose transporter 4 (GLUT4) vesicles to the 

plasma membrane (Rowland et al., 2011). In addition, insulin signaling inhibits gluconeogenesis in the 

liver, through disruption of CREB/CBP/mTORC2 binding (Manning and Cantley, 2007). Insulin signaling 

induces fatty acid and cholesterol synthesis via the regulation of SREBP transcription factor (Wong and 

Sul, 2010). Insulin signaling also promotes fatty acid synthesis through activation of upstream 

transcription factor 1 (USF1) and liver X receptor (LXR) (Shao and Espenshade, 2012).  

Figure 1. 7 Simplified insulin signaling pathway 

 

 

 

 

 

 

 

 

 

 

 

Binding of insulin to the insulin receptor initiates a signaling cascade that involves multiple phosphorylation events 
(green circles) and regulates glucose and lipid metabolism. In skeletal muscle, insulin promotes the translocation of the 
glucose transporter GLUT4 to the plasma membrane to increase glucose uptake and also stimulates glycogen synthesis. In 
liver, the major hepatic actions of insulin are the promotion of glycogen and lipid synthesis and the suppression of 
gluconeogenesis. In adipose tissue, insulin stimulates GLUT4-mediated glucose uptake and lipid synthesis, and 
additionally represses lipolysis, leading to net lipid accumulation. IRS, insulin receptor substrate; SHC, Src Homology 2 
domain; GRB2, growth factor receptor-bound protein 2; ERK, extracellular-signal-regulated kinases or classical MAP 
kinases; PI3K Phosphoinositide 3-kinase; PDK1, phosphoinositide dependent protein kinase 1; mTORC mammalian target 
of rapamycin complex; FoxO1 Forkhead box protein O1; SREBP1c sterol regulatory element binding protein 1c; GSK-3, 
glycogen synthase kinase 3; AS160, 160 kDa Akt substrate. Picture from (Turner, 2013). 
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Insulin receptor substrates  

At least 11 intracellular substrates of the insulin/ insulin-growth factor-1 (IGF1) receptor kinases have 

been identified. Six of these belong to the family of IRS proteins, and have been termed IRS1–6. Other 

substrates of the IR/IGF1R include Grb2-associated binder-1 (Gab1), Cas-Br-M (murine) ecotropic 

retroviral transforming sequence homologue (Cbl) and the various isoforms of Src-homology-2-

containing protein (Shc). IRS1 and IRS2 are widely distributed, whereas IRS3 is largely limited to the 

adipocytes and brain, and IRS4 is expressed primarily in embryonic tissues or cell lines. IRS5 and IRS6 

seem to have limited tissue expression and function in signaling (Taniguchi et al., 2006). 

The IRS proteins contain up to 20 potential tyrosine-phosphorylation sites that, after phosphorylation 

by the IR, bind to intracellular molecules that contain Src-homology-2 domains (SH2 domains), such as 

the regulatory subunit of PI3K, Nck, Fyn, Grb-2, and SHP2 (Taniguchi et al., 2006). The ability of the IRS 

proteins to mediate intracellular signaling is mainly regulated by the action of tyrosine phosphatases 

(Taniguchi et al., 2006). However, IRS proteins also undergo serine phosphorylation in response to 

insulin and other stimuli, including cytokines and free fatty acids (Figure 1.8) (Gual et al., 2005). There 

are over 70 potential serine phosphorylation sites in IRS1, and in general, hyper-Ser phosphorylation 

serves as a negative feedback to down-regulate IRS1 function and can eventually promote IRS1 

degradation and insulin resistance (Boura-Halfon and Zick, 2009; Taniguchi et al., 2006). Ser 

phosphorylation of IRS1 at critical sites can block Tyr phosphorylation and prevent IRS1 binding to the 

IR (Liu et al., 2004).  

Figure 1. 8 Structure and interacting partners of the insulin receptor substrate 1 

 

 

 

 

 

Insulin-receptor substrate 1 (IRS1) has a pleckstrin-homology (PH) domain (magenta), a phosphotyrosine-binding (PTB) 
domain (dark green) and several sites of phosphorylation on tyrosine and serine residues. The positions of the tyrosine 
residues (Y) that are phosphorylated by the IR and the downstream-signalling proteins that bind to these sites are shown. 
The positions of the serine residues (S) and the kinases responsible for their phosphorylation are also shown. Blue circles 
represent sites of positive regulation, whereas red circles represent sites of negative regulation. A combination of both 
colours shows sites in which the regulation has been reported to be either positive or negative under various conditions. 
White circles represent sites in which the effect of phosphorylation is currently unknown. Several proteins bind to or 
phosphorylate IRS, including phosphatidylinositol 3-kinase (PI3K), growth-factor-receptor-bound protein-2 (Grb2), Src-
homology-2 (SH2) domain-containing tyrosine phosphatase-2 (SHP2), AKT/protein kinase B (PKB), IkappaB kinase (IKK), 
c-Jun-N-terminal kinase (JNK), protein kinase Ctheta (PKCtheta), p70 ribosomal protein S6 kinase (p70S6K), glycogen 
synthase kinase-3 beta (GSK3Ⱦ), extracellular signal-regulated kinase (ERK), Rho kinase (ROK), target of rapamycin 
(TOR), AMP-activated protein kinase (AMPK), salt-inducible serine/threonine kinase 2 (SIK2)(Taniguchi et al., 2006). 
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Akt is a critical node  

Akt, also known as protein kinase B (PKB), is a crucial signaling node in insulin signaling pathway, which 

is a direct downstream target of PI3K protein (Manning and Cantley, 2007).  Once recruited to the 

plasma membrane, Akt is phosphorylated at two sites, one within the T-loop of the catalytic domain 

(Thr308) by the phosphoinositide-dependent kinase 1 (PDK1) and within the carboxyl terminal 

hydrophobic domain (Ser473) by the mechanistic target of rapamycin complex 2 (mTORC2) (Alessi et al., 

1997; Shimobayashi and Hall, 2014). Current data in aggregate suggest that mTORC2-dependent 

phosphorylation of Akt is required for the full range of PI3K-dependent signaling to mTORC1, namely 

Akt S473 phosphorylation is required to fully activate Akt activity (Dibble and Cantley, 2015). However, 

loss of phosphorylation at Ser473 site affects only some Akt substrates, such as FoxO transcription 

factors, but not tuberous sclerosis complex-2 (TSC2), in response to growth factor signaling (Chiarini et 

al., 2015). Akt kinases control an array of diverse functions including cell proliferation and survival, cell 

size and response to nutrient availability, cell growth and metabolism, tissue invasion and angiogenesis 

(Altomare and Testa, 2005; Manning and Cantley, 2007; Testa and Tsichlis, 2005).  

The Akt kinase family is comprised of three highly homologous isoforms: Aktͳ ȋPKBȽȌ, Aktʹ ȋPKBȾȌ and Akt͵ ȋPKBγȌ (Gonzalez and McGraw, 2009). The specificity of action of different Akt isoforms results 

from differences in their tissue distribution, subcellular localization and downstream-signaling targets. 

The relative ratios of expression of the three isoforms vary considerably among tissues. Akt3 is 

predominantly expressed in the nervous system and testis, whereas Akt1 and Akt2 are widely 

distributed, with Akt2 particularly enriched in insulin-sensitive tissues, such as liver and fat (Taniguchi 

et al., 2006). Demonstrations using knockout mice and siRNA indicate that the isoforms are involved in 

the regulation of different biological processes. Deletion of Akt1 results in growth retardation and 

reduced lifespan, but no metabolic abnormalities. By contrast, Akt2 knockout mice develop a type 2 

diabetes-like phenotype, and cells derived from those mice show impaired glucose utilization, 

suggesting a central role for Akt2 in the maintenance of glucose homeostasis (Gonzalez and McGraw, 

2009). Akt3 does not seem to have a role in glucose homeostasis, but has significant effects on neural 

development as Akt3 knockout mice display impaired brain development (Taniguchi et al., 2006).  

1.2.1.2 Insulin regulates glucose metabolism )nsulin, secreted by the Ⱦ-cells of the pancreas, is directly infused via the portal vein to the liver, where it 

exerts profound metabolic effects. One of the most important physiological functions of Akt is to 

modulate glucose metabolism, including stimulation of glucose uptake and glycolysis, promotion of 

glycogen synthesis and inhibition of gluconeogenesis (Figure 1.7) (Saltiel and Kahn, 2001). 

http://www.sciencedirect.com/science/article/pii/S0165614714001953#200004135
http://www.sciencedirect.com/science/article/pii/S0165614714001953#200004135
http://www.sciencedirect.com/science/article/pii/S0165614714001953#200014039
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Insulin stimulates glucose uptake  

Among all the 13 glucose transporter proteins (GLUT1-GLUT12, and HMIT), glucose transporter 4 

(GLUT4) displays the unique characteristic of a mostly intracellular disposition in the unstimulated state 

that is acutely redistributed to the plasma membrane in response to insulin and other stimuli. Thus, it 

represents a key determinant of glucose homeostasis (Huang and Czech, 2007). Insulin increases 

glucose uptake in cells by stimulating the translocation of the glucose transporter GLUT4 from 

intracellular sites to the cell surface, where it facilitates the reduction of plasma glucose levels (Bryant et 

al., 2002). Once activated by insulin, Akt stimulates Glut4 translocation through phosphorylation and 

inhibition of the Rab-GTPase-activating protein, AS160 (Akt substrate of 160 kDa), which triggers the 

activation of Rab small GTPases that are involved in the cytoskeletal re-organization that is required for 

the translocation of the GLUT4 to the plasma membrane (Taniguchi et al., 2006). Akt also 

phosphorylates and inhibits tuberin (also known as TSC2), which in turn stimulates glucose uptake 

through an mTOR dependent manner (the detailed mechanisms are explained in the TOR signaling 

pathway section) (Harris and Lawrence, 2003). Although insulin does not stimulate glucose uptake in 

liver (GLUT2), it blocks glycogenolysis and gluconeogenesis, and stimulates glycogen synthesis, thus 

regulating fasting glucose levels (Saltiel and Kahn, 2001).  

Insulin stimulates glycogen synthesis  

Insulin stimulates glycogen accumulation through a coordinated increase in glucose transport and 

glycogen synthesis. The hormone activates glycogen synthase by promoting its dephosphorylation, 

through the inhibition of kinases such as glycogen synthase kinase-3 (GSK3). Upon its activation 

downstream of PI3K, Akt phosphorylates and inactivates GSK3, decreasing the rate of phosphorylation 

of glycogen synthase, thus increasing its activity towards glycogen synthase. GSK3 can also 

phosphorylate several other substrates and is involved in many processes besides the regulation of 

glycogen synthesis (Saltiel and Kahn, 2001). 

Insulin inhibits hepatic gluconeogenesis  

Hepatic gluconeogenesis is essential for maintenance of normal blood glucose concentrations and 

insulin is the most important hormone to inhibit gluconeogenesis (Barthel and Schmoll, 2003; Saltiel 

and Kahn, 2001). Insulin suppresses gluconeogenesis at the transcriptional level by the transcription 

factors Forkhead box O1 (FoxO1) (Accili and Arden, 2004), peroxisome proliferator-activated receptor γ coactivator ͳȽ (PGC)-ͳȽ (Li et al., 2007; Zhou et al., 2004), cyclic adenosine monophosphate (cAMP) 

response element-binding protein (CREB) and CREB regulated transcription coactivators (CRTCs) (Han 

et al., 2015). The phosphorylation of FoxO1 and PGC-1Ƚ by Akt reduces its entry into the nucleus, the 
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expression of key gluconeogenic genes, such as phosphoenolpyruvate carboxykinase (PEPCK), and the 

net glucose output from the liver (Calnan and Brunet, 2008). Furthermore, insulin directly regulates 

many cAMP signaling pathways at the transcriptional level by controlling the recruitment of ((cAMP response element−binding) CREB-binding protein) CBP and p300, and subsequently suppresses 

gluconeogenesis (Zhou et al., 2004). Notably, stimulation of the insulin receptor also results in the 

activation of the mitogen-activated protein (MAP) kinase cascade (Barthel and Schmoll, 2003). It is 

reported that insulin is able to stimulate the Raf/MEK/ERK1/2 pathway, which is sufficient to mediate 

the suppression of PEPCK and glucose 6-phosphatase (G6Pase) gene transcription (Hall et al., 2000; 

Schmoll et al., 2001). In line with these observations, recent work also shown that hepatic p͵ͺȽ 
regulates gluconeogenesis by suppressing AMP-activated protein kinase (AMPK) (Jing et al., 2015). 

However, the physiological significance of MAPK pathway in the context of hepatic glucose production is 

largely unclear. 

1.2.1.3 Insulin stimulates lipid synthesis but inhibits lipid degradation  

Insulin signaling also plays an important role in the regulation of fatty acids (FAs) metabolism, 

underscoring the close relation between lipid and glucose metabolism (Bechmann et al., 2012). Insulin 

stimulates fatty acids and triglyceride synthesis mainly by increasing the mRNA and the processed 

nuclear form of sterol regulatory element-binding protein-1c (SREBP-1c) (Jeon and Osborne, 2012; Shao 

and Espenshade, 2012), a transcription factor that activates all the genes needed to produce fatty acids 

and triglycerides in liver (Horton et al., 2002). Furthermore, insulin positively regulates Akt-mediated 

production of very low-density lipoproteins (VLDLs) (Savage and Semple, 2010). Moreover, insulin, 

along with other mediators (e.g., calpain-1), represses autophagy and thus the associated lipophagy 

within the hepatocyte, and thus induces lipogenesis and represses lipid degradation in the fed state as 

well (Rautou et al., 2010). 

In adipocytes, glucose is stored primarily as lipid, owing to increased uptake of glucose and activation of 

lipid synthetic enzymes, including pyruvate dehydrogenase, fatty acid synthase and acetyl-CoA 

carboxylase (Saltiel and Kahn, 2001). Insulin also profoundly inhibits lipolysis in adipocytes, primarily 

through inhibition of the enzyme hormone-sensitive lipase (Anthonsen et al., 1998). This enzyme is 

acutely regulated by control of its phosphorylation state, which is activated by protein kinase A (PKA)-

dependent phosphorylation, and inhibited as a result of a combination of kinase inhibition and 

phosphatase activation. Insulin inhibits the activity of the lipase primarily through reductions in cAMP 

levels, owing to the activation of a cAMP-specific phosphodiesterase in fat cells (Kitamura et al., 1999). 
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Insulin stimulates SREBP-1c at multiple levels 

SREBPs comprise a subclass of basic helix-loop-helix–leucine zipper (bHLH-LZ) transcription factors 

that play a central role in cell metabolism by controlling synthesis of fatty acids, triglycerides, and 

cholesterol (Goldstein et al., 2006). In mammals, there are three mammalian SREBP isoforms (SREBP-1a, 

SREBP-1c, and SREBP-2), which are encoded by two genes, SREBF1 and SREBF2, and have distinct but 

overlapping functions (Shao and Espenshade, 2012). SREBP-1a activates fatty acid and cholesterol 

synthesis, SREBP-1c fatty acid synthesis, and SREBP-2 is the main regulator of cholesterol metabolism 

(Jeon and Osborne, 2012). Among the three SREBP-1 isoforms, SREBP-1c is the one whose expression is 

highest in liver and is the only one primarily controlled by insulin (Owen et al., 2012). 

SREBP-1c, like the other two SREBP isoforms, is synthesized as a membrane-bound protein embedded 

in endoplasmic reticulum (ER) membranes. Immediately after synthesis, SREBP forms a complex with 

SREBP cleavage-activating protein (SCAP), a polytopic membrane protein that facilitates incorporation 

of the SREBP into COPII-coated vesicles that bud from the ER and fuse with the Golgi apparatus. There 

SREBP is processed by two proteases to liberate a soluble fragment that travels to the nucleus and 

activates transcription. Movement of the SCAP/SREBP complex is inhibited by Insig proteins, intrinsic 

ER proteins that bind the SCAP/SREBP complex and prevent its movement to the Golgi. The liver 

produces two Insig isoforms, Insig-1 and Insig-2, both of which retard the movement of SCAP/SREBP 

complexes (Owen et al., 2012). 

SREBPs can be regulated at both transcriptional and posttranslational levels, and by different signaling 

pathways, which has been comprehensively and profoundly reviewed (Jeon and Osborne, 2012; Owen et 

al., 2012; Shao and Espenshade, 2012; Xiao and Song, 2013). Generally, insulin regulates SREBPs at 

multiple levels, including transcription of SREBPs mRNA, proteolytic processing of SREBPs, and stability 

and abundance of SREBPs (Figure 1.9) (Xiao and Song, 2013). Yecies et al. demonstrated that Akt 

activates sterol regulatory element binding protein 1-like (SREBP1c) via inhibition of expression of 

Insig2, an anchor protein that retains SREBP1c on the ER membrane (Yecies et al., 2011). Another 

proven mechanism by which Akt activates SREBP1c is via Akt-mediated phosphorylation and inhibition 

of GSK3. GSK3 phosphorylates mature SREBP1 and thereby promotes its degradation by the ubiquitin-

proteasome pathway (Bengoechea-Alonso and Ericsson, 2009; Krycer et al., 2010). Furthermore, SREBP 

processing and activation can be regulated by mTORC1 through Ribosomal S6 kinase (S6K) and lipin 1 

leading to the transcriptional induction of the SREBF1 and SREBF2 genes, encoding SREBP1 and SREBP2, 

respectively (Ricoult and Manning, 2013). Insulin-dependent SREBP-1c transcriptional regulation also 

requires liver X receptor (LXR) activation (Baranowski et al., 2014; Shao and Espenshade, 2012). Recent 

work also shown that activated mTOR also promotes SREBP1 maturation through the transcription 
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factor CREB regulated transcription coactivator 2 (CRTC2), which involves in regulating COPII-

dependent SREBP1 transport from ER to Golgi (Han et al., 2015). 

Figure 1. 9 The effects of insulin on SREBP pathway 

 
 

 

 

 

 

 

 

 

From (Xiao and Song, 2013). 

1.2.1.4 Insulin signaling regulates mitochondrial metabolism 

Mitochondria are the major functional components of cellular fuel oxidation and ATP production (Cheng 

et al., 2010). Under normal conditions, mitochondria generate moderately reactive oxygen species (ROS) 

and enhance insulin sensitivity upon redox regulation of protein tyrosine phosphatase and insulin 

receptor, while chronic exposure to high ROS levels could alter mitochondrial function and thereby 

cause insulin resistance (Bonnard et al., 2008; Yu et al., 2006). Studies also suggest that insulin signaling 

underpins mitochondrial electron transport chain integrity and activity by suppressing FoxO1/HMOX1 and maintaining the NAD+/NAD( ratio, the mediator of the S)RTͳ/PGCͳȽ pathway for mitochondrial 

biogenesis and function (Cheng et al., 2010; Daitoku et al., 2003).  

Other downstream metabolic pathways  

In addition to the anabolic pathways described above, insulin also controls some other cellular 

pathways, such as protein and nucleotide synthesis, mitochondrial metabolism and biogenesis, and 

autophagy, which have been comprehensively and profoundly reviewed previously (Cheng et al., 2010; 

Laplante and Sabatini, 2012; Manning and Cantley, 2007).    
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1.2.1.5 Impaired insulin action and insulin resistance 

Defective insulin secretion or impaired insulin action may lead to multiple metabolic abnormalities 

(Muoio and Newgard, 2008). Insulin resistance, which is defined as the inability of insulin to promote 

efficient glucose uptake by peripheral tissues, is a metabolic condition associated with obesity, type 2 

diabetes (T2D), dyslipidemia, and cardiovascular diseases (Laplante and Sabatini, 2010). Under insulin-

resistant status, impaired insulin signaling leads to hyperglycaemia due to impaired insulin-stimulated 

glucose uptake in the skeletal muscle, uncontrolled hepatic glucose production in the liver and 

hypertriglyceridaemia due to misdelivered glucose, enhanced lipogenesis in the liver, and increased 

lipolysis in the adipose tissue (Figure 1.10) (Muoio and Newgard, 2008; Samuel and Shulman, 2012). 

Chronically, these increases in circulating glucose and lipid levels can further impair insulin secretion 

and action, and cause other forms of tissue damage, thereby inducing or worsening obesity, T2D and 

nonalcoholic fatty liver disease (NAFLD) (Lynch and Adams, 2014; Newgard, 2012; Zoncu et al., 2011). 

Figure 1. 10 Normal and impaired insulin action 

 
 

 

 

 

 

 

 

 

 

 

 

(Left) Under normal fed state, dietary carbohydrate (CHO) increases plasma glucose and promotes insulin secretion from the pancreatic Ⱦ cells. )nsulin has numerous actions to promote storage of dietary calories, but only 
some are illustrated here. In the skeletal muscle, insulin increases glucose transport, permitting glucose entry and 
glycogen synthesis. In the liver, insulin promotes glycogen synthesis and de novo lipogenesis while also inhibiting 
gluconeogenesis. In the adipose tissue, insulin suppresses lipolysis and promotes lipogenesis.  
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(Right) In type 2 diabetes, insulin signaling is impaired ȋas depicted by the red ǲxǳȌ. With accumulation of 
intramyocellular lipid, insulin-mediated skeletal muscle glucose uptake is impaired. As a result, glucose is diverted 
to the liver. In the liver, increased liver lipid also impairs the ability of insulin to regulate gluconeogenesis and 
activate glycogen synthesis. In contrast, lipogenesis remains unaffected and, together with the increased delivery of 
dietary glucose, leads to increased lipogenesis and worsening nonalcoholic fatty liver disease (NAFLD). Impaired 
insulin action in the adipose tissue allows for increased lipolysis, which will promote re-esterification of lipids in other tissues ȋsuch as liverȌ and further exacerbates insulin resistance. Coupled with a decline in pancreatic Ⱦ cells 
(depicted by the smaller lines emanating from the pancreas), hyperglycemia develops. FA, fatty acids; TAG, 
triacylglycerol (Samuel and Shulman, 2012). 
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1.2.2 AA signaling pathways: mTOR & AAR pathway in mammals 

Amino acids are versatile molecules used as substrates for synthesis of various components, and one of 

the most abundant macromolecules in cells. The accurate sensing of amino acid levels is the key for the 

efficient regulation of protein and amino acid synthesis and catabolism, as well as for the control of food 

intake. Cells sense extracellular and intracellular amino acids mainly through two distinct nutrient 

sensing cascades: mechanistic target of rapamycin (mTOR) and amino acid response (AAR) pathways, 

both of which involve in the regulation of cellular growth and metabolism (Efeyan et al., 2015). 

1.2.2.1 Overview of mTOR signaling pathway in mammals 

mTOR signaling pathway senses and integrates a variety of intracellular and extracellular cues to 

regulate organismal growth and homeostasis (Figure 1.11) (Laplante and Sabatini, 2012; Wullschleger 

et al., 2006). This pathway regulates many major cellular processes and is implicated in an increasing 

number of pathological conditions, including cancer, obesity, type 2 diabetes, neurodegeneration, and 

aging (Laplante and Sabatini, 2012). mTOR is an atypical serine/threonine kinase that is present in two 

structurally and functionally distinct complexes termed mTORC1 and mTORC2 (Figure 1.11). mTORC1, 

the first complex, is composed of mTOR, Raptor, GȾL, and DEPTOR and is pharmacologically inhibited by 

rapamycin. It is a master growth regulator that senses and integrates diverse nutritional and 

environmental cues, including growth factors, energy levels, cellular stress, and amino acids. It couples 

these signals to the promotion of cellular growth by phosphorylating substrates that potentiate anabolic 

processes such as mRNA translation and lipid synthesis, or limit catabolic processes such as autophagy. 

The small GTPase Rheb (Ras homolog enriched in brain), in its GTP-bound state, is a necessary and 

potent stimulator of mTORC1 kinase activity, which is negatively regulated by its GAP (GTPase-

activating protein), the tuberous sclerosis heterodimer TSC1/2. Most upstream inputs are funneled 

through Akt and TSC1/2 to regulate the nucleotide-loading state of Rheb. In contrast, amino acids signal 

to mTORC1 independently of the PI3K/Akt axis to promote the translocation of mTORC1 to the 

lysosomal surface where it can become activated upon contact with Rheb. This process is mediated by 

the coordinated actions of multiple complexes, notably the v-ATPase, Ragulator, the Rag GTPases, and 

GATOR1/2. The second complex, mTORC2, is composed of mTOR, Rictor, GȾL, Sinͳ, PRR5/Protor-1, and 

DEPTOR. mTORC2 promotes cellular survival by activating Akt, regulates cytoskeletal dynamics by activating PKCȽ, and controls ion transport and growth via SGK1 phosphorylation. Aberrant mTOR 

signaling is involved in many disease states including cancer, cardiovascular disease, and diabetes (Cell Signaling Technology , 2014; Laplante and Sabatini, 2009; Zoncu et al., 2011).  
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Figure 1. 11 Overview of mTOR signaling pathway 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From Cell Signaling Technology (Cell Signaling Technology , 2014). 
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1.2.2.2 mTORC1 signaling pathway in mammals 

Overview of mTORC1 signaling  

Of the two mTOR complexes, mTORC1 is by far the best characterized one (Laplante and Sabatini, 2013). 

mTORC1 integrates inputs from at least five major intracellular and extracellular cues—growth factors, 

stress, energy status, oxygen, and amino acids—to control many major processes, including protein and 

lipid synthesis and autophagy (Wullschleger et al., 2006). Ribosomal S6 kinase (S6K) and eukaryotic 

translation initiation factor 4E (eIF4E) binding protein (4EBP) are the two best-characterized 

downstream proteins of mTORC1, which promote protein synthesis (Jewell and Guan, 2013). mTORC1 

triggers anabolic cell growth and proliferation by stimulating mRNA translation, glycolysis, lipid 

synthesis, the pentose phosphate pathway and de novo pyrimidine synthesis and by reducing autophagy 

(Dibble and Manning, 2013). Deregulation of the mTOR signaling pathway has now been frequently 

linked to aging and several human diseases, such as type 2 diabetes, cancer, cardiovascular disease, 

obesity and neurodegeneration, which also highlights its importance in the maintenance of cellular 

homeostasis (Laplante and Sabatini, 2012). 

Upsteam of mTORC1 signaling network 

mTORC1 is activated by the small GTPase RAS homologue enriched in brain (Rheb) which resides at the 

lysosomal surface where it functions as a potent stimulator of the mTORC1 kinase activity (Bar-Peled 

and Sabatini, 2014; Dibble and Manning, 2013). Rheb in turn is negatively controlled by the trimeric 

tuberous sclerosis complex (TSC) whose TSC2 component harbors GTPase-activating protein (GAP) 

activity towards Rheb–converting it from the active GTP-bound state to the inactive GDP-bound state. 

The TSC complex, whose loss underlies a hamartomatous syndrome of the same name, serves as a 

central hub for numerous extracellular and intracellular inputs including mitogen and growth factor 

signaling, energy levels, oxygen availability, and genotoxic stress (Figure 1.12), which collectively exert 

their effects on the mTORC1 pathway by modulating the activity of the TSC complex (Bar-Peled and 

Sabatini, 2014; Laplante and Sabatini, 2009). 

Growth factors Growth factors, hormones and cytokines (collectively referred to as growth factors here) 

stimulate mTORC1 through two major signaling cascades: the PI3K-Akt axis and Ras–Erk pathway 

(Dibble and Manning, 2013). Through binding to receptor tyrosine kinases (RTKs) and scaffolding 

adaptor proteins, a variety of secreted growth factors (insulin, IGF1, platelet-derived growth factor 

(PDGF), vascular endothelial growth factor (VEGF) and epidermal growth factor (EGF)) stimulate the 

recruitment and activation of PI3K. PI3K activity generates phosphatidylinositol-3,4,5-trisphosphate 

(PIP3), which recruits PDK1 to the plasma membrane and phosphorylates Akt on Thr308 
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Figure 1. 12 Upstream regulators of mTORC1 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 a | Growth factors such as insulin stimulate PI3K to generate phosphatidylinositol-3,4,5-triphosphate 
(PtdIns(3,4,5)P3), which promotes the phosphorylation (P) of AKT at Thr308 by phosphoinositide-dependent 
kinase 1 (PDK1). AKT phosphorylates tuberous sclerosis complex 2 (TSC2) on multiple sites to inhibit its GTPase-
activating protein (GAP) activity for the small GTPase RAS homologue enriched in brain (RHEB). GTP-loaded RHEB 
then activates mammalian TOR complex 1 (mTORC1). Growth factors also stimulate mTORC2 by promoting its 
association with ribosomes in a PI3K-dependent manner. b | Amino acids stimulate mTORC1 by promoting the 
conversion of RAS-related GTP-binding protein (RAG) heterodimers to the active conformation, in which RAGA or 
RAGB is loaded with GTP and RAGC or RAGD is loaded with GDP. The active RAG heterodimer recruits mTORC1 to 
the surface of the lysosome where mTORC1 binds RHEB (Box 1). c | In response to low energy (high AMP/ATP 
ratio), AMP-activated protein kinase (AMPK) phosphorylates regulatory-associated protein of mTOR (RAPTOR) at 
Ser792 and TSC2 at Ser1387, leading to the inhibition of mTORC1. d | During the inhibition of the Hippo pathway 
component large tumour suppressor homologue (LATS) kinase, hypophosphorylated Yes-associated protein (YAP) 
translocates to the nucleus and promotes the expression of the microRNA miR-29. miR-29 targets PTEN mRNA and 
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inhibits PTEN translation, which leads to increased levels of PtdIns(3,4,5)P3 and the activation of both mTORC1 
and mTORC2. Dashed arrows represent translocation of the molecule. e | Glycogen synthase kinase ͵Ⱦ ȋGSK͵ȾȌ 
activates the TSC complex by phosphorylating TSC2 at Ser1379 and Ser1383. Phosphorylation of these two 
residues requires priming by AMPK-dependent phosphorylation of Ser1387. WNT signalling inhibits GSK͵Ⱦ and the 
TSC complex, and thus activates mTORC1. mTORC2 is activated by WNT in a manner dependent on the small 
GTPase RAC1. Proteins shown in green promote mTOR activity or their activity is promoted by mTOR. Proteins 
shown in red inhibit mTOR activity or their activity is inhibited by mTOR. Phosphorylation depicted in yellow is an 
activation signal and phosphorylation depicted in orange is an inhibitory signal. 4E-BP, eIF4E-binding protein; APC, 
adenomatous polyposis coli; GPCR, G protein-coupled receptor; GRB10, growth factor receptor-bound protein 10; 
IGF, insulin-like growth factor 1;IRS1, insulin receptor substrate 1; LRP, low-density lipoprotein receptor-related 
protein; mLST8, mammalian lethal with SEC thirteen 8; RICTOR, rapamycin-insensitive companion of mTOR; S6K, 
ribosomal S6 kinase; SIN1, SAPK-interacting 1; TBC1D7, TBC1 (TRE2–BUB2–CDC16) domain family member 7; 
ULK1, UNC-51-like kinase 1. From Shimobayashi and Hall (Shimobayashi and Hall, 2014). 

(Wullschleger et al., 2006). In turn, Akt stimulates mTORC1 activity through at least two distinct 

mechanisms, the phosphorylation of TSC-2 that blocks the inhibitory function of the TSC1–TSC2 

complex and allows the activation of TORC1 by the Rheb GTPase (Porstmann et al., 2009; Sarbassov et 

al., 2005a) and the phosphorylation of proline-rich Akt substrate of 40 kDa (PRAS40), which results in 

dissociation of this inhibitory component from mTORC1 (Laplante and Sabatini, 2012; Sarbassov et al., 

2005a). Ras is also activated downstream of RTKs and stimulates a kinase cascade leading to the 

activation of extracellular signal regulated kinase (Erk) and p90 ribosomal S6 kinase (Rsk). In response 

to growth factors, the Erk and Rsk protein kinases also phosphorylate specific residues on TSC2 within 

the TSC complex, thereby negatively regulating the ability of this complex to act as a GAP for Rheb. 

Consequently, GTP-bound Rheb accumulates and activates mTORC1. Thus, PI3K-Akt and Ras–Erk 

pathways represent two parallel inputs into mTORC1, with Akt phosphorylating PRAS40 and Erk and 

Rsk both phosphorylating residues on Raptor (Dibble and Manning, 2013).  

Amino acids Amino acids are essential signals for mTORC1 activation (Kim and Guan, 2011). Amino 

acids signal to mTORC1 through the RAS-related GTP-binding protein (RAG) family of small GTPases 

(Kim et al., 2008; Sancak et al., 2008). The RAGs form heterodimers of either RAGA or RAGB with either 

RAGC or RAGD (Kim et al., 2008). Amino acids first enter the lysosome and triggers a conformational 

change within the v-ATPase, which in turn stimulates the conversion of RAG heterodimers from the 

inactive conformation  (RagA/BGTP–RagC/DGDP) to the active conformation (RagA/BGDP–RagC/DGTP) 

(Figure 1.13) (Shimobayashi and Hall, 2014). The active RAG heterodimer recruits mTORC1 to the 

surface of the lysosome where Rheb is localized, thereby allowing the activation of mTORC1 by Rheb 

(Bar-Peled and Sabatini, 2014; Kim and Guan, 2011; Laplante and Sabatini, 2012; Yang et al., 2012a). 

mTORC1 is not equally sensitive to all amino acids, for example, leucine, arginine and glutamine is 

particularly important for its activation (Dibble and Manning, 2013; Jewell and Guan, 2013). However, it 

is unclear whether mTORC1 truly senses individual amino acids, the total amino acid pool, or an amino 

acid byproduct (Bar-Peled and Sabatini, 2014; Dibble and Manning, 2013). In spite of the fact that 
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Figure 1. 13 The mTORC1 amino acid sensing pathway 

 

 

 
 

 

 

 

 

 

 

The mechanistic target of rapamycin complex I (mTORC1) amino acid sensing pathway. (A) Under low amino acid 
conditions Ragulator is found in an inhibitory state with the v-ATPase, and GATOR1 [GAP activity towards Rags 
(Ras-related GTPases)] exerts its GTPase-activating protein (GAP) activity towards RagA, keeping this GTPase in 
the inactive GDP-bound state that is not sufficient to recruit mTORC1. Insulin signaling inhibits tuberous sclerosis 
complex (TSC) translocation to the lysosomal surface where it functions as a GAP for Rheb (Ras homolog enriched 
in brain), inactivating this G protein. (B) Upon amino acid stimulation, GATOR1 may be inhibited by GATOR2, and 
Ragulator and v-ATPase undergo a conformational change, unleashing the guanine nucleotide exchange factor (GEF) 
activity of Ragulator towards RagA, while the folliculin complex promotes RagC GTP hydrolysis. The now active 
heterodimer, consisting of GTP-bound RagA and GDP-loaded RagC, recruits mTORC1 to the lysosomal surface 
where it interacts with and is activated by Rheb. From Bar-Peled and Sabatini (Bar-Peled and Sabatini, 2014). 

 

mTORC1 activity is highly responsive to changes in amino acid levels, it is not an amino acid sensor 

(Efeyan et al., 2015). Current research efforts are focusing on identifying membrane protein that links 

luminal amino acids to the mTORC1–activating machinery on the lysosomal membrane, such as the 

solute carrier (SLC) family of proteins (SLC38A9) as candidate amino acid sensor (Abraham, 2015; 

Jewell et al., 2015; Wang et al., 2015). Furthermore, it appears that the main purpose of the amino acid 

signal is to colocalize mTORC1 with its activator, Rheb (Bar-Peled and Sabatini, 2014). When cells are 

deprived of amino acids, mTORC1 is diffuse throughout the cytoplasm. However, upon addition of amino 

acids, mTORC1 rapidly translocates to the lysosomal surface where it is presumed to interact with the 

small GTPase Rheb (Sancak et al., 2008). Because mTORC1 kinase activation by Rheb occurs at the outer 

lysosomal surface, it is only possible following Rag GTPase-dependent recruitment of mTORC1. Hence, 

amino acid abundance and the consequent recruitment of mTORC1 is a prerequisite for the activation of 

mTORC1 by growth factors (Efeyan et al., 2015; Laplante and Sabatini, 2013).  
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Energy status The energy status of the cell is signaled to mTORC1 through AMP-activated protein 

kinase (AMPK), a master sensor of intracellular energy status (Jewell and Guan, 2013). In response to 

energy depletion (low ATP/ADP ratio), AMPK is activated and phosphorylates TSC2 at Ser1387, which 

increases the GAP activity of TSC2 towards Rheb and reduces mTORC1 activation (Laplante and Sabatini, 

2013). Additionally, AMPK blocks mTORC1 activation in response to nutrient starvation conditions by 

directly phosphorylating Raptor at Ser792 (Shimobayashi and Hall, 2014). 

Oxygen levels Under conditions of mild hypoxia, the reduction in ATP levels activates AMPK, which 

promotes TSC1/2 activation and inhibits mTORC1 signaling (Jewell and Guan, 2013). Hypoxia can also 

activate TSC1/2 through transcriptional regulation of DNA damage response 1 (REDD1), which blocks 

mTORC1 signaling by releasing TSC2 from its growth factor induced association with 14-3-3 proteins 

(DeYoung et al., 2008). Furthermore, promyelocytic leukemia (PML) tumor suppressor and 

BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3) reduce mTORC1 signaling during 

hypoxia by disrupting the interaction between mTOR and its positive regulator Rheb (Laplante and 

Sabatini, 2009).  

WNT pathway WNT signaling inhibits glycogen synthase kinase ͵Ⱦ ȋGSK͵ȾȌ and the TSC complex, and 

thus activates mTORC1 (Inoki et al., 2006). GSK͵Ⱦ activates the TSC complex by phosphorylating TSC2 

at Ser1379 and Ser1383. Phosphorylation of these two residues requires priming by AMPK-dependent 

phosphorylation of Ser1387 (Zoncu et al., 2011).  

Hippo pathway During the inhibition of the Hippo pathway component large tumour suppressor 

homologue (LATS) kinase, hypophosphorylated Yes-associated protein (YAP) translocates to the 

nucleus and promotes the expression of the microRNA miR-29. miR-29 targets PTEN mRNA and inhibits 

PTEN translation, which leads to increased levels of PtdIns(3,4,5)P3 and the activation of both mTORC1 

and mTORC2 (Shimobayashi and Hall, 2014). 

Other cellular conditions and signals  

In addition to the key signals described above, other cellular conditions and signals, such as 

inflammation, p53, p38MAPK (mitogen-activated protein kinase p38) and Ras/Raf/MEK/ERK pathways, 

have all been shown to regulate mTORC1 signaling, which has been well reviewed previously (Dibble 

and Manning, 2013; Jewell and Guan, 2013; Laplante and Sabatini, 2009; Laplante and Sabatini, 2012). 
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Promotion of anabolic metabolism downstream of mTORC1 

 When active, mTORC1 stimulates cell growth and proliferation by promoting many anabolic processes, 

including biosynthesis of proteins, lipids and organelles, and by limiting catabolic processes such as 

autophagy (Figure 1.14) (Laplante and Sabatini, 2009).  

Figure 1. 14 mTORC1 controls metabolism 

 

 

 

 

 

 

 

 

 

 

 

 

Mammalian TOR complex 1 (mTORC1) promotes anabolic processes, such as the biosynthesis of proteins, nucleotides and 
lipids, and inhibits catabolic processes such as autophagy. A | mTORC1 phosphorylates (P) the hydrophobic motif 
(Thr389) in ribosomal S6 kinase (S6K), thereby activating it to subsequently phosphorylate ribosomal protein S6 at the 
sites indicated to promote ribosome biogenesis. mTORC1 also phosphorylates eIF4E-binding protein (4E-BP) at multiple 
sites to inhibit it. Inhibition of 4E-BP stimulates translation initiation, especially of 5ǯ oligopyrimidine tract (termed a 5ǯ 
TOP) and pyrimidine-rich translational element (PRTE) containing mRNAs. B | mTORC1 stimulates nucleotide and lipid 
synthesis. mTORC1 promotes the gene expression of key enzymes in the pentose phosphate pathway (PPP), at least in 
part by activating sterol regulatory element-binding proteins (SREBPs). mTORC1 also stimulates CAD (Gln-dependent 
carbamoyl-phosphate synthase, Asp carbamoyltransferase, dihydroorotase) by S6K-mediated phosphorylation at 
Ser1859, which leads to CAD activation and the stimulation of de novo pyrimidine synthesis. Furthermore, mTORC1 
promotes lipogenic gene expression by activating S6K or by inhibiting the nuclear translocation of LIPIN1, both of which 
activate the transcription factor SREBP. C | mTORC1 inhibits autophagy by phosphorylating UNC-51-like kinase 1 (ULK1) 
at Ser758 and ATG14 at multiple sites. During mTORC1 inhibition, AMPK phosphorylates ULK1 at Ser317, and thereby 
activates ULK1, which phosphorylates Beclin 1 in the vacuolar protein sorting 34 (VPS34)–Beclin 1–ATG14 complex to 
initiate autophagy. mTORC1 also inhibits autophagy indirectly by blocking lysosome biogenesis, by phosphorylating and 
inhibiting the nuclear translocation of transcription factor EB (TFEB). The activity of proteins shown in green is promoted 
by mTOR. The activity of proteins shown in red is inhibited by mTOR. Phosphorylation depicted in yellow is an activation 
signal and phosphorylation depicted in red is an inhibitory signal. Dashed arrows represent translocation of the protein. 
mLST8, mammalian lethal with SEC thirteen 8; PDK, phosphoinositide-dependent kinase 1; RAPTOR, regulatory-
associated protein of mTOR; RICTOR, rapamycin-insensitive companion of mTOR; SIN1, SAPK-interacting 1. From 
Shimobayashi and Hall (Shimobayashi and Hall, 2014). 
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mTORC1 controls protein synthesis  

Protein synthesis is by far the best-characterized process controlled by mTORC1 (Laplante and Sabatini, 

2012; Shimobayashi and Hall, 2014). When activated, mTORC1 stimulates both an acute increase in the 

translation of specific mRNAs and a broader increase in the protein synthetic capacity of the cell (Dibble 

and Manning, 2013). mTORC1 promotes protein synthesis by phosphorylating the eukaryotic initiation 

factor 4E (eIF4E)-binding protein 1 (4E-BP1) and the p70 ribosomal S6 kinase 1 (S6K1) (Figure 1.14 A) 

(Laplante and Sabatini, 2009). The phosphorylation of 4E-BP1 prevents its binding to eIF4E, enabling 

eIF4E at the 5ǯ-cap of mRNAs and blocking assembly of the translation initiation complex to promote 

cap-dependent translation (Richter and Sonenberg, 2005). Activated S6K1 by mTORC1 increases in 

mRNA biogenesis, cap-dependent translation and elongation, and the translation of ribosomal proteins 

via regulating the activity of many proteins, such as S6K1 aly/REF-like target (SKAR), programmed cell 

death 4 (PDCD4), eukaryotic elongation factor 2 kinase (eEF2K) and ribosomal protein S6 (Ma and 

Blenis, 2009). Additionally, the activation of mTORC1 also can promote ribosome biogenesis by 

stimulating the transcription of ribosomal RNA through a process involving the protein phosphatase 2A 

(PP2A) and the transcription initiation factor IA (TIF-IA), which promotes its interaction with RNA 

Polymerase I (Pol I) and the expression of ribosomal RNA (rRNA) (Mayer et al., 2004). Therefore, the 

acute translational control over this class of mRNAs allows mTORC1 signaling to globally enhance 

cellular protein synthesis. 

mTORC1 controls lipid metabolism  

mTORC1 plays a central role in the control of lipid metabolism (Caron et al., 2015; Lamming and 

Sabatini, 2013; Ricoult and Manning, 2013). Activated mTORC1 can stimulate lipid synthesis, as well as 

promote glucose uptake, glycolysis and NADPH production to support this anabolic process (Dibble and 

Manning, 2013). mTORC1 promotes lipogenesis by activating SREBPs through multiple manners (Figure 

1.14 B and 1.15) (Caron et al., 2015; Han et al., 2015). Using a small molecule inhibitor of S6K, Owen et al. 

(Owen et al., 2012) find that the transcriptional regulation of SREBP1c by insulin is not dependent on 

S6K, whereas posttranscriptional processing of SREBP1c is S6K dependent. mTORC1 also regulates 

SREBP by controlling the nuclear entry of lipin 1, a phosphatidic acid phosphatase that down-regulates 

SREBP activity (Peterson et al., 2011). Phosphorylation of lipin1 by mTORC1 regulates its subcellular 

localization, with phosphorylated lipin1 residing in the cytoplasm and dephosphorylated lipin1 

accumulating in the nucleus. Nuclear lipin1 represses SREBP-dependent gene transcription by reducing 

the nuclear SREBP protein levels (Peterson et al., 2011). Moreover, latest study demonstrated that 

activated mTORC1 promotes the COPII-dependent SREBP1 maturation through the transcriptional 

coactivator CREB regulated transcription coactivator 2 (CRTC2) (Han et al., 2015). Han et al. (Han et al., 
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2015) demonstrated that CRTC2 competes with Sec23A, a subunit of the COPII complex, to interact with 

Sec31A, another COPII subunit, thus disrupting SREBP1 transport from ER to the Golgi (Figure 1.15 B). 

During feeding, mTOR phosphorylates CRTC2 and attenuates its inhibitory effect on COPII-dependent 

SREBP1 maturation. Therefore, CRTC2 functions as a mediator of mTOR signaling to modulate COPII-

dependent SREBP1 processing. 

Figure 1. 15 The complex steps leading to SREBP activation and input from mTORC1 signaling 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In the presence of sterols, SREBP resides in the endoplasmic reticulum bound to SCAP and the Insig proteins. When 
sterols become scarce SCAP undergoes a conformational change, which releases the SCAP–SREBP complex from the Insig, 
allowing its transport from the endoplasmic reticulum to the Golgi apparatus through COPII vesicles. Once in the Golgi, 
SREBP comes into contact with two site‐specific proteases S1P and S2P. S1P cleaves the luminal loop of SREBP and S2P 
cleaves the amino‐terminal transmembrane region of SREBP, which releases the N‐terminal region of SREBP 
containing the DNA‐binding and ‐transactivating domains. The NLS‐containing processed form of SREBP enters the 
nucleus to activate transcription of genes containing SREs in their promoters. Finally, the processed form of SREBP is 
unstable and subject to proteasome‐mediated degradation. In some settings, SREBP processing has been found to 
require S6K1 downstream from mTORC1 and is therefore sensitive to rapamycin. However, the nuclear shuttling of 
SREBP has been found to require lipin 1 downstream from mTORC1, the phosphorylation of which is largely resistant to 
rapamycin but sensitive to mTOR kinase domain inhibitors (Sidebar A). The precise molecular mechanisms by which 
either of these two mTORC1 targets regulates SREBP activation are unknown. COPII, coatamer protein II; Insig, insulin‐
induced gene; lipin 1, phosphatidate phosphatase LPIN1; mTORC1, mechanistic target of rapamycin complex 1; NLS, 
nuclear localization signal; S1/2P, site 1/2 protease; S6K1, ribosomal S6 kinase 1; SCAP, SREBP cleavage‐activating 
protein; SRE, sterol response element; SREBP1/2, sterol regulatory element binding protein 1/2 (Ricoult and Manning, 
2013). 
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Apart from lipid synthesis, mTORC1 also regulates some other aspects of lipid metabolism, including 

promotion of transport and storage, suppression of lipid oxidation and lipolysis, as well as adipocyte 

differentiation and function through controlling the master regulators like peroxisome proliferator-activated receptor γ ȋPPAR-γȌ, PPARȽ and so on (Figure 1.16) (Ricoult and Manning, 2013). mTORC1 

also positively regulates the translation of hypoxia-inducible factor ͳȽ ȋ()FͳȽȌ, which induces the 

expression of glucose transporters and glycolytic enzymes and promotes a switch from mitochondrial 

oxidative metabolism to glycolysis (Duvel et al., 2010; Laplante and Sabatini, 2013). Furthermore, 

mTORC1 signaling also stimulates the expression of key enzymes related to pentose phosphate pathway 

(PPP) and metabolic flux specific to the oxidative, NADPH-producing branch of the PPP (Duvel et al., 

2010). For example, mTORC1 regulates the expression of glucose-6-phosphate dehydrogenase (G6PD), a 

rate-limiting enzyme in the oxidative PPP, through a SREBP1-dependent manner (Dibble and Manning, 

2013). Given that lipid synthesis is one of the most NADPH-demanding metabolic pathways, its co-

regulation with the oxidative PPP by mTORC1 and SREBP is likely to help satisfy this requirement.  

Figure 1. 16 The multifaceted role of mTORC1 in the control of lipid metabolism 

 

 

 

 

 

 

 

 

 

The increase in insulin levels after a meal alters hepatic and adipose lipid metabolism, at least in part, through mTORC1 
signaling. In the liver, mTORC1 promotes lipid synthesis through SREBP1c activation. In addition, mTORC1 signaling 
blocks lipid catabolism by blocking Ⱦ oxidation and ketogenesis in the liver. Consequently, mTORC1 activation in the liver 
promotes the synthesis of TAGs and perhaps cholesterol, which are incorporated into VLDL for transport to peripheral 
tissues. Evidence suggests that mTORC1 signaling positively influences LPL activity, which promotes lipid delivery to 
peripheral tissues by hydrolyzing VLDL to IDL, which is then converted to LDL. Lipoprotein‐bound TAGs are taken up by 
tissues, including adipocytes, through the LDLR. Both the expression and stability of LDLR, at least in the liver, are 
probably promoted by mTORC1 activation. In response to insulin, mTORC1 inhibits lipolysis in adipocytes by 
downregulating ATGL and HSL. Therefore, the systemic effects of postprandial mTORC1 activation are to promote the flux 
of carbon from glucose towards TAG storage in adipose tissue. See text for details regarding the evidence underlying this 
model. Ac-COA, acetyl-CoA; ATGL, adipose triglyceride lipase; DAG, diacylglycerol; GLUT4, glucose transporter type 4; HSL, 
hormone sensitive lipase; IDL, intermediate density lipoprotein; LDL, low density lipoprotein; LDLR, LDL receptor; LPL, 
lipoprotein lipase; mTORC1, mechanistic target of rapamycin complex 1; SREBP1c, sterol regulatory element binding 
protein 1c; TAG, triacylglycerol; VLDL, very low density lipoprotein (Ricoult and Manning, 2013). 
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mTORC1 controls autophagy  

Autophagy (or macroautophagy) is a multi-stage cellular recycling and quality control process in which 

membranous structures called autophagosomes engulf cytosolic organelles and macromolecules and, 

through fusion with lysosomes, target their constituents for degradation into nutrient building blocks 

(Galluzzi et al., 2014; Rabinowitz and White, 2010). mTORC1 potently inhibits autophagy at multiple 

steps (Figure 1.14 C) (Dibble and Manning, 2013). The best-characterized mechanism is through the 

direct control of UNC-51-like kinase 1 (ULK1 or ATG1), a protein kinase that regulates the initiation of 

autophagosome formation (Rabinowitz and White, 2010). Under nutrient-rich conditions, mTORC1 

phosphorylates ULK1 at Ser758 to inhibit its interaction with AMPK and thus prevent autophagy. During 

glucose starvation, AMPK inhibits mTORC1 and hence the phosphorylation of ULK1 at Ser758, which 

enables ULK1 to interact with AMPK. AMPK in turn phosphorylates ULK1 at Ser317 to activate it. 

Activated ULK1 is recruited to the vacuolar protein sorting 34 (VPS34)–Beclin 1–ATG14 (also known as 

Barkor) complex, where it phosphorylates Beclin 1 at Ser15. This phosphorylation activates the lipid 

kinase VPS34 to produce phosphatidylinositol-3-phosphate (PtdIns3P), which is essential for 

autophagosome formation. Therefore, mTORC1 phosphorylates the pro-autophagic kinase ULK1 to 

prevent its activation by AMPK and thereby inhibits autophagosome formation and autophagy 

(Shimobayashi and Hall, 2014). Furthermore, mTORC1 also directly phosphorylates the transcription 

factor EB (TFEB), a master regulator of lysosomal and autophagy genes, thereby exerting an inhibitory 

input that is likely to attenuate autophagy (Dibble and Manning, 2013). Activated mTORC1 

phosphorylates TFEB at the lysosome surface, which promotes the binding of TFEB to 14-3-3 proteins 

and inhibits its transport into the nucleus, while inhibited mTORC1 reduces TFEB phosphorylation and 

its binding to 14-3-3 proteins, and so rapidly increase the accumulation of TFEB in the nucleus, where it 

orchestrates the expansion of lysosomal and autophagic compartments (Laplante and Sabatini, 2013). 

Moreover, mTORC1 directly phosphorylates ATG13 and ATG14 on multiple sites, which inhibits 

PtdIns3P production by the associated kinase VPS34 (Shimobayashi and Hall, 2014). Finally, loss of 

mTORC1-mediated phosphorylation of death-associated protein 1 (DAP1) at Ser3 and Ser51 during 

mTORC1 inhibition prevents excessive autophagy (Koren et al., 2010). 

Other downstream metabolic pathways  

In addition to the anabolic pathways described above, mTORC1 also controls some other cellular 

pathways, such as nucleotide synthesis and mitochondrial metabolism and biogenesis, which have been 

comprehensively and profoundly reviewed previously (Laplante and Sabatini, 2009; Laplante and 

Sabatini, 2013; Shimobayashi and Hall, 2014). 
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mTORC1/S6K1-induced negative feedback loop 

Active mTORC1 phosphorylates components of the protein synthesis machinery, including S6K1 and 4E-

BP1 (Shimobayashi and Hall, 2014). S6K1 has several substrates including IRS1. S6K1 mainly stimulates 

IRS1 phosphorylation on serine residues (i.e. Ser307, Ser302). Importantly, this phosphorylation disrupts 

its interaction with IR, leads to proteasomal degradation  and thereby hampers the ability of growth 

factors (insulin, insulin-like growth factor-1) to signal downstream of RTKs (Chiarini et al., 2015; Dann 

et al., 2007). This regulation results in inhibition of PI3K/Akt activation. As IRS1 is an upstream protein 

of mTORC1, S6K1-induced negative feedback loop indeed has an important role in the regulation of 

mTORC1 activity (Chiarini et al., 2015).  

1.2.2.3 mTORC2 signaling pathway in mammals 

Compare to mTORC1, the regulation of mTORC2 is poorly understood (Shimobayashi and Hall, 2014). 

Only growth factors stimulate mTORC2 kinase activity, by promoting its association with ribosomes in a 

PI3K-dependent manner (Zinzalla et al., 2011). Amino acids are required for the activation of mTORC1, 

but not mTORC2 (Laplante and Sabatini, 2013). Active mTORC2 allosterically activates the protein 

kinases A, G, and C (AGC) family members including Akt, serum- and glucocorticoid-induced protein 

kinase 1 (SGK1), and protein kinase C-Ƚ ȋPKC-ȽȌ (Figure 1.17) (Laplante and Sabatini, 2012). Through 

these downstream effectors, mTORC2 plays key roles in various biological processes, including cell 

survival, metabolism, proliferation and cytoskeleton organization (Laplante and Sabatini, 2009; Oh and 

Jacinto, 2011). Recruitment of Akt to the plasma membrane upon activation of PI3K results in a 

conformational change and phosphorylation of Thr308 and Ser473 (Scheid and Woodgett, 2003). 

Maximal Akt activity is dependent on the phosphorylation status of both residues (Alessi et al., 1996). 

Akt can be phosphorylated by PDK1 at Thr308, while mTORC2 directly activates Akt by phosphorylating 

its hydrophobic motif (Ser473) (Sarbassov et al., 2005b). Although the initial phosphorylation of Thr308 

does not require prior Ser473 phosphorylation and the activity of Akt phosphorylated at Thr308 alone 

may be sufficient for a subset of its physiological roles (Guertin et al., 2006; Jacinto et al., 2006), 

numerous complimentary studies support a role for Akt Ser473 phosphorylation in increasing or 

maintaining Thr308 phosphorylation, Akt activity and mTORC1 signaling. Thus, mTORC2-dependent Akt 

phosphorylation on Ser473 is required for the full range of PI3K-dependent signaling to mTORC1 

(Dibble and Cantley, 2015). However, loss of phosphorylation at Ser473 site, affects only some Akt 

substrates, such as FoxO transcription factors, but not TSC2, in response to growth factor signaling 

(Chiarini et al., 2015). Thus, it is not surprising that in some mTORC2 deficient conditions, Akt Thr308 

phosphorylation and mTORC1 signaling can be even maintained at near-normal levels (Guertin et al., 

2006; Hagiwara et al., 2012; Jacinto et al., 2006). mTORC2 also associates with actively translating 

http://www.sciencedirect.com/science/article/pii/S0165614714001953#200015150
http://www.sciencedirect.com/science/article/pii/S0165614714001953#200004135
http://www.sciencedirect.com/science/article/pii/S0165614714001953#200014039


31 
 

ribosomes to cotranslationally phosphorylate Akt (at Thr450), which prevents ubiquitinylation and 

degradation of Akt (Chiarini et al., 2015). 

Figure 1. 17 The structure and signaling of mTORC2 

 
 

 

 

 

 

 

 

 

 

 

 

Growth factor receptor-dependent activation of phosphoinositide 3-kinase (PI3K) promotes mTORC2 binding to 
ribosomes, and this activates mTORC2 in a fashion that is still incompletely understood. mTORC2 phosphorylates 
conserved motifs in AGC kinases to promote their allosteric activation. mTORC2 is a crucial node in growth factor 
receptor–PI3K signaling, phosphorylating Akt on Ser473 to promote its maximal activation. mTORC2 is negatively 
regulated by mTORC1. S6K1 downstream of mTORC1 phosphorylates Rictor on Thr1135 and mSIN1 on Thr86 and 
Thr398, inhibiting mTORC2-dependent phosphorylation of Akt. From (Masui et al., 2014). 

 

mTORC2 regulates metabolism  

Similar with mTORC1, mTORC2 also plays a crucial role for regulating lipid metabolism (Lamming and 

Sabatini, 2013; Masui et al., 2014), including regulation of hepatic lipogenesis (Hagiwara et al., 2012; Lee 

et al., 2008; Yuan et al., 2012), lipolysis (Cybulski et al., 2009) and adipogenesis (Yao et al., 2013). Using 

liver-specific rictor knockout (LiRiKO) mice, Hagiwara et al. (Hagiwara et al., 2012) observed that fed 

LiRiKO mice displayed loss of Akt Ser473 phosphorylation and reduced SREBP1c and PPARγ gene 

expression in the liver, leading to impaired hepatic glycolysis and lipogenesis. Yuan et al. (Yuan et al., 

2012) also observed that, in the absence of mTORC2, hepatic expression of many key lipid synthesis 

genes, including acetyl-CoA carboxylase and fatty acid synthase, was reduced by 50% or more.  

http://www.sciencedirect.com/science/article/pii/S0165614714001953#200012770
http://www.sciencedirect.com/science/article/pii/S0165614714001953#200024272
http://www.sciencedirect.com/science/article/pii/S0165614714001953#200004776
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mTORC2 regulates glycolytic pathway mainly through mTORC2-mediated Akt phosphorylates on Ser473, 

which in turn increases the expression of glucose transporters (GLUT), phosphorylates and activates 

hexokinase 2 (HK2) or glucokinase, and the rate-limiting enzymes of glycolysis (6-phosphofructo-1-

kinase (6PF1K) and pyruvate kinase (PK)) (Deprez et al., 1997; Gottlob et al., 2001; Hagiwara et al., 2012; 

Kohn et al., 1996). mTORC2 can also potentially suppress the transcription of gluconeogenic genes via a 

FoxO-dependent manner (Masui et al., 2014). In line with this, Lamming et al. (Lamming et al., 2012) 

observed that chronic administration of rapamycin disrupted mTORC2, which in turn attenuates insulin-

mediated suppression of hepatic gluconeogenesis, thereby impairing glucose tolerance and insulin 

sensitivity. Moreover, mTORC2 can regulate glutaminolysis by controlling glutamine uptake and 

glutaminase (GLS) levels (Masui et al., 2014). 

Hyper-activation of mTORC1 suppresses mTORC2  

Of note, mTORC2 activity can be attenuated in response to growth factor signaling (Masui et al., 2014). 

Persistent mTORC1 activity can suppress mTORC2 through different post-translational modifications 

(Figure 1.17) (Julien et al., 2010; Liu et al., 2013; Zoncu et al., 2011). For instance, activated S6K1 

phosphorylates Rictor on Thr1135, thereby inhibiting mTORC2-dependent Akt phosphorylation (Julien 

et al., 2010). S6K1 also phosphorylates mSIN1 on Thr86 and Thr398, suppressing mTORC2-dependent 

Akt phosphorylation via dissociating mSIN1 from the mTORC2 (Liu et al., 2013). Through these above 

mechanisms, hyperactive mTORC1 may result in dampened Akt activation, which translates into 

reduced glucose uptake and glycogen synthesis in liver and muscle, and increased gluconeogenesis and 

glucose release by the liver. Subsequently, these effects may lead to a worsening of the hyperglycaemia 

and hyperinsulinaemia, thereby inducing insulin resistance (Zoncu et al., 2011). 

mTOR inhibition and inhibitors  

Rapamycin is an allosteric inhibitor of mTOR (Benjamin et al., 2011). In complex with the immunophilin 

FKBP12 (12 kDa FK506-binding protein), rapamycin binds and inhibits TOR exclusively in TORC1, 

whereas FKBP12–rapamycin cannot bind TOR in TORC2, making this complex insensitive to direct 

inhibition by rapamycin at least in a short time period (Jacinto et al., 2004; Laplante and Sabatini, 2012; 

Sarbassov et al., 2004). Yet the mechanism by which FKBP12–rapamycin inhibits mTORC1 is 

incompletely understood (Yang et al., 2013). Notably, although rapamycin does not exert acute effects 

on mTORC2, in certain cell types (Lamming et al., 2012; Sarbassov et al., 2005b; Ye et al., 2012), 

prolonged rapamycin treatment also results in a decrease of mTORC2 function and insulin sensitivity, 

perhaps as a result of depletion of the mTORC2 complex (Sarbassov et al., 2006). 
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Up to now, rapamycin and rapalogs are the most well-studied mTOR inhibitors (Ballou and Lin, 2008). 

However, studies also exposed some of rapamycinǯs limitations (Benjamin et al., 2011; Chiarini et al., 

2015). First, rapamycin not only inhibits mTORC1 activation but also suppresses the mTORC1/S6K1-

induced feedback loop, which might lead to reactivation of RTK, PI3K/Akt and Ras/Raf/MEK/ERK 

signaling. These unexpected results are big concerns. Second, rapamycin and its rapalogues do not 

target all mTORC1 outputs. For example, eukaryotic initiation factor 4E (eIF4E)-binding protein 1 

(4EBP1) is rephosphorylated and is refractory to long-term rapamycin treatment, even though S6K1 

phosphorylation remains permanently inhibited under these conditions. Recent work conducted in 

Sabatini's laboratory has highlighted how the Thr37/46 residues of 4E-BP1 are good substrates for 

mTORC1 and, as such, are resistant to rapamycin. By contrast, the Ser65 residue is a poor substrate for 

mTORC1 and is dephosphorylated in response to rapamycin treatment (Chiarini et al., 2015). Finally, 

rapamycin is largely ineffective in inhibiting mTORC2 activity, which is a big difficulty for studying 

mTORC2 function with this drug. Due to these shortcomings and low specificity, scientists are 

developing a new generation of ATP-competitive inhibitors (i.e. Torin1 and PP242), which specifically 

target the catalytic site of mTOR, thus acting on both mTORC1 and mTORC2 but not on PI3K (Chiarini et 

al., 2015). The utilization of these inhibitors led to the observation that the ability of mTORC1 to 

phosphorylate 4E-BP and ULK1 is rapamycin insensitive (Benjamin et al., 2011; Shimobayashi and Hall, 

2014). Furthermore, rapamycin has a biphasic effect on insulin sensitivity (Lamming et al., 2012; Ye et 

al., 2012). Rapamycin improves insulin sensitivity in acute studies in vitro and in vivo by disrupting a 

negative feedback loop mediated by S6K1, whereas chronic rapamycin treatment induces insulin 

resistance in rodents, at least in part due to disruption of mTORC2 (Ye et al., 2012). 
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1.2.2.4 AAR pathway in mammals 

Deficiency of dietary protein or an imbalance of essential amino acids activates an amino acid response 

(AAR) signal transduction pathway, consisting of detection of uncharged tRNA by the general control 

non-derepressible 2 (GCN2) kinase (Kilberg et al., 2009). GCN2 is a sensor of amino acid deprivation 

that triggers a repression of global protein synthesis while simultaneously inducing translation of 

specific proteins (Kilberg et al., 2012). Uncharged tRNAs stimulate GCN2 which subsequently 

phosphorylates its substrate, the translation initiation factor ʹȽ (e)FʹȽ), leading to reduced global 

protein synthesis and simultaneously to increased translation of specific mRNAs, e.g. those coding for 

GCN4 in yeast and activating transcription factor 4 (ATF4) in mammals (Castilho et al., 2014). ATF4 is a 

transcription factor that regulates the expression of genes involved in amino acid metabolism, redox 

homeostasis and ER stress responses (Ye et al., 2010) and triggers increased transcription by binding to 

CCAAT-enhancer binding protein-activating transcription factor (C/EBP-ATF) response elements 

(CARE). These CARE-containing genes, including the system A sodium-dependent neutral amino acid 

transporter 2 (SNAT2), eukaryotic initiation factor 4E binding protein 1 (4E-BP1), asparagine 

synthetase (ASNS), ATF3, cationic amino acid transporter 1 (Cat-1), C/EBP homology protein (CHOP), 

homocysteine-induced ER protein (HERP), Tribbles 3 (TRB3), in turn modulate a wide spectrum of 

cellular events designed to adapt to dietary stress (Kilberg et al., 2009). In addition to regulating amino 

acid metabolism, recent work from Guo and Cavener (Guo and Cavener, 2007) also shown a broader role 

for GCN2 in controlling lipid homeostasis in response to amino acid deprivation (Figure 1.18). They 

demonstrated that GCN2 regulated expression of lipogenic genes through controlling SREBP-1c gene 

expression during leucine deprivation. Furthermore, Bǯchir et al. (B'chir et al., 2013) demonstrated that 

the e)FʹȽ/ATFͶ pathway is also essential for stress-induced autophagy gene expression. 

Figure 1. 18 Schematic depicting the GCN2 pathway and its influence on lipogenesis 

 

 

 

 

 

 

Model of GCN2-dependent regulation of lipid metabolism 

in liver. Leucine deprivation results in activation of GCN2 and phosphorylation of e)FʹȽ. This is followed by 

repression of SREBP-1c and its downstream lipogenic genes and, in parallel, activation of ATFͶ and C/EBPȾ, as 
well as their downstream amino acid regulatory genes. 

Lines ending in arrows indicate processes that are 

activated; lines ending in bars indicate processes that are 

repressed. The dotted line indicates a process for which 

the molecular mechanism is unknown. From Guo and 

Cavener (Guo and Cavener, 2007). 
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1.2.3 AAs & insulin secretion, insulin action and insulin resistance in mammals 

 Dietary proteins and AAs have a biphasic effect on the regulation of insulin signaling pathway (Lynch 

and Adams, 2014; Newsholme et al., 2005; Tremblay et al., 2007).  

Physiological level of AAs promote insulin signaling and insulin action  

At physiological levels, AAs stimulate insulin signaling and insulin action through two major manners. 

First, under appropriate conditions, amino acids pool or specific amino acids acutely and chronically 

stimulate insulin secretion from pancreatic Ⱦ-cells in vivo and in vitro (Newsholme et al., 2005), which in 

turn activates IRS-PI3K-Akt cascades and subsequently promotes the GTP charge of Rheb 

(Shimobayashi and Hall, 2014). Four amino acids are particularly important for stimulating insulin 

secretion, which are leucine, isoleucine, alanine, and arginine (Newsholme et al., 2005). Second, AAs 

abundance can be sensed by mTORC1 (Bar-Peled and Sabatini, 2014), which in turn promotes de novo 

lipogenesis and glycolysis, through mTORC1-mediated activation of SREBP-1c and HIF1a, respectively 

(Laplante and Sabatini, 2013; Shimobayashi and Hall, 2014). AAs (particular leucine, arginine and 

glutamine) trigger the recruitment of mTORC1 to the outer lysosomal surface which is a prerequisite for 

the activation of mTORC1 by growth factors (Efeyan et al., 2015; Laplante and Sabatini, 2013). Through 

these manners, AAs can effectively contribute to the activation of insulin and mTORC1 signaling 

pathways, which in turn phosphorylate or activate their downstream effectors, thereby promoting 

insulin action (Figure 1.19 A). 

Excessive AAs induce attenuated insulin action or insulin resistance  

AAs are known to attenuate insulin sensitivity and action through at least two separated mechanisms. 

First, hyper-activation of mTORC1 by excessive AAs attenuates insulin action via triggering an 

mTORC1/S6K1- induced feedback loop, which enhances the phosphorylation of IRS1 on serine residues, 

dampening the function of IRS1 and preventing the IRS1 mediated recruitment of key downstream 

effectors to IR, thereby leading to insulin desensitization (Dann et al., 2007; Efeyan and Sabatini, 2010; 

Tremblay et al., 2007; Um et al., 2006). This results in dampened PI3K/Akt pathway as well as 

diminished mTORC2 activation (Masui et al., 2014; Shimobayashi and Hall, 2014; Zoncu et al., 2011), 

which in turn leads to reduced glucose uptake and glycogen synthesis in liver and muscle, and increased 

gluconeogenesis and glucose release by the liver (Figure 1.19 B) (Zoncu et al., 2011), yet overactivated 

mTORC1 retained its ability to promote lipogenesis (Laplante and Sabatini, 2010). Insulin resistance is a 

condition in which normal concentrations of insulin produce a subnormal biological response. It is 

common in many physiological and pathological states, including obesity, T2D, metabolic syndrome, 

polycystic ovarian disease, pregnancy and puberty (Feng et al., 2014; Samuel and Shulman, 2012).
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Figure 1. 19 mTORC1 activation and insulin action 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Persistent activation of mTORC1 may contribute to insulin resistance through (i) mediating excess fat 

deposition in WAT, liver and muscle; in turn, ectopic fat deposition has a role in the insurgence of insulin 

resistance (Zoncu et al., 2011); (ii) inducing hyper-activation of mTORC1/S6K1-induced negative 

feedback loop, which attenuates insulin action and leads to a worsening of the hyperglycaemia, 

hypertriglyceridaemia and hyperinsulinaemia. Chronically, these effects may lead to obesity or T2D 

(Lynch and Adams, 2014; Newgard, 2012; Zoncu et al., 2011). 

Second, excessive AAs also attenuate insulin action by stimulating hexosamine biosynthetic pathway 

(HBP)/O-linked Ⱦ-N-acetylglucosamine (O-GlcNAc) modification (Issad et al., 2010; Ruan et al., 2013; 

A | Mammalian target of rapamycin (mTOR) links 
nutrient abundance with growth and the 
accumulation of energy stores in anticipation of future 
nutrient shortage. Feeding raises nutrient (amino 
acids and glucose) and insulin levels in the 
bloodstream. These converge to activate mTOR 
complex 1 (mTORC1) and mTORC2. mTORC1 
activates translation, cell mass increase (especially in 
skeletal muscle) and lipogenesis (which leads to lipid 
accumulation) in white adipose tissue, while 
inhibiting autophagy. mTORC2 promotes glucose 
import in most tissues and promotes glycogen 
synthesis, but inhibits gluconeogenesis, in the liver.  

 

B | An overabundance of nutrients leads to chronic 
mTORC1 activation, which disrupts energetic 
homeostasis in different tissues. During chronic 
hyperinsulinaemia, as occurs in overfeeding states, 
mTORC1 activity towards S6K1 inhibits insulin 
receptor signalling at the cellular membrane, in 
particular in liver and muscle, contributing to the 
onset of the diabetic state. In an insulin-resistance 
state, phosphoinositide 3-kinase (PI3K) and Akt are 
not activated, leading to decreased cellular glucose 
uptake and to increased hepatic gluconeogenesis, 
which worsens the hyperglycaemic condition. Despite 
decreased insulin signalling and an absence of Akt 
activation, mTORC1 remains active, maintaining the 
negative feedback loop at work. The hyperactive 
amino acid input to mTORC1 may explain sustained 
mTORC1 activity in the context of insulin resistance 
and may drive the ectopic accumulation of lipids that 
occurs in muscle and liver. Inactivated pathways are 
faded out in the figure. From Zoncu et al. (Zoncu et al., 
2011). 
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Slawson et al., 2010). O-GlcNAcylation is a posttranslational modification by O-linked Ⱦ-N-

acetylglucosamine (O-GlcNAc) moiety at serine or threonine residues of proteins (Singh et al., 2015; 

Slawson et al., 2010). Similar to other posttranslational modifications such as phosphorylation and 

acetylation, O-GlcNAc can modify a wide spectrum of intracellular proteins, including signaling proteins, 

transcription factors, metabolic enzymes, and histones, through which it regulates crucial cellular 

processes, such as signal transduction, transcription, translation, and protein degradation (Issad et al., 

2010; Slawson et al., 2010). Cytoplasmic and nuclear proteins can be dynamically modified by O-GlcNAc 

by the enzyme O-GlcNAc transferase (OGT) using UDP-GlcNAc as substrate, which is synthesized from 

glucose, glutamine, and UTP via the HBP (Figure 1.20 A) (Slawson et al., 2010). Excessive AAs (particular 

glutamine) can induce overexpression of OGT in muscle, fat, or liver, which in turn dampens insulin 

signaling via O-GlcNAc regulation of insulin signaling proteins, including IR, IRS1 and IRS2, PI3K, PDK1, 

Akt, GSK3 Ⱦ and transcription factors, such as Foxo1, PGC-ͳȽ, liver X receptor (LXR), cAMP response 

element-binding protein (CREB) regulated transcription coactivator 2 (CRTC2) and carbohydrate 

responsive element-binding protein (ChREBP) (Figure 1.20 B) (Filhoulaud et al., 2013; Ruan et al., 2013; 

Slawson et al., 2010), as well as affecting Ⱦ cell function (Hanover et al., 1999; Liu et al., 2000; Ruan et al., 

2013). There is also evidence that high levels of nutrient flux bring about insulin resistance, a hallmark 

of T2D, via the HBP (Teo et al., 2010). 
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Figure 1. 20 O-GlcNAc regulation of insulin signaling 

 

 

  

 

 

 

 

 

 

A| Hexosamine biosynthetic pathway targets protein O-GlcNAc modification. Glucose (Glc) uptaken by cells is 
mainly used in glycogen synthesis and glycolysis pathways. 2–5% of glucose fluxes into hexosamine pathway 
through the conversion of fructose-6-phosphate (Fru-6P) to glucosamine-6-phosphate (GlcN-6P) by a rate-limiting 
enzyme glutamine:fructose-6-phosphate amidotransferase (GFAT). Subsequent acetylation and uridylation of GlcN-
6P produce UDP-GlcNAc as a substrate for protein glycosylation. O-GlcNAc transferase (OGT) and O-GlcNAcase 
(OGA) catalyze the addition and removal of O-GlcNAc on proteins, respectively. B| On binding to insulin, the auto-
phosphorylated IR catalyzes tyrosine phosphorylation of IRS proteins, which results in the docking and activation 
of phosphatidylinositol-3-OH kinase (PI3K). PI3K produces phosphatidylinositol 3,4,5-triphosphate (PIP3), which 
recruits PDK1 and AKT to the plasma membrane. AKT activated by PDK1 phosphorylates numerous substrates to 
mediate physiological functions. Subsequently, PIP3-binding OGT attenuates insulin signaling by O-GlcNAcylating 
IR, IRS, PDK1, and AKT. AKT phosphorylates AS160, a Rab GAP, to mediate the translocation of the glucose transporter GLUTͶ to the membrane. )nsulin also activates PKCζ/ɉ to stimulate the trafficking of GLUTͶ vesicles by 
actin remodeling. O-GlcNAcylation suppresses GLUT4 trafficking by inhibiting Munc18c and possibly regulating PKCζ/ɉ and actin. O-GlcNAcylation antagonizes insulin suppression of gluconeogenesis by activating transcription 
factor and cofactors such as FOXO1, PGC-ͳȽ, and CRTCʹ. SREBP-1c and ChREBP are two key transcription factors 
that induce expression of lipogenic genes. O-GlcNAcylation regulates lipogenesis by directly stabilizing ChREBP and 
promoting Srebp-1c transcription through LXR activation. O-GlcNAcylation of GS suppresses glycogen synthesis. 
The possible role of O-GlcNAcylated GSK͵Ⱦ in glycogen storage has not been explored. )n pancreatic Ⱦ cells, O-
GlcNAcylated Pdx-1 and NeuroD1 promote transcription of the insulin gene. Red and black hexagons containing the 
letter G indicate positive and negative regulation of the proteins by O-GlcNAcylation, respectively. Grey hexagons 
indicate that the role of O-GlcNAcylation is not known. From Singh et al. (Singh et al., 2015) and Ruan et al. (Ruan et 
al., 2013). 
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1.2.4 AAs and insulin/mTOR signaling pathways in fish 

Despite the well-studied nature of insulin/mTOR signaling pathway in human, mammals or rodents, 

relatively less is known in fish, particularly for their roles in the regulation of metabolism. 

Piscine insulin and its secretion  

Piscine insulins are structurally close to other vertebrate insulins, with alpha and beta chains, linked 

through critical disulfide bridges (Mommsen and Plisetskaya, 1991; Navarro et al., 2002). The main 

insulin secretagogues recognized in fish are generally the same as in mammals (Navarro et al., 2002). 

Although glucose-stimulated insulin release has been reported in vivo and in vitro in many fish species, 

amino acids (especially arginine, lysine and leucine) play more potent role in stimulating insulin 

secretion in most fish species, especially in carnivorous ones (Mommsen and Plisetskaya, 1991). Plasma 

insulin levels are in the range of 0.2–5 nM, which tends to be surprisingly higher than those found in 

mammals (Mommsen and Plisetskaya, 1991). However, as noted by Plisetskaya (Plisetskaya, 1998), 

these values may also include pro-insulin due to the method used for measuring piscine plasma insulin 

(homologous radioimmunoassay, RIA) and it is unclear whether this precursor peptide has any specific 

physiological role in fish (Moon, 2001). Thus, until the time that pro-insulin can be precisely measured 

or more specific measure methods are adapted to fish, our knowledge about piscine insulin secretion 

will remain obscure. 

Insulin signaling pathway in fish  

Irrespective of the constraints in measuring piscine insulin, the existence of insulin sensitivity and intact 

functional mechanisms in fish has been demonstrated by the administration of exogenous insulin (like 

bovine insulin) in several in vivo and in vitro studies (Jin et al., 2014b; Navarro et al., 2006; Plagnes-Juan 

et al., 2008; Polakof et al., 2012a). As in mammals, insulin treatment effectively activates Akt 

phosphorylation (Jin et al., 2014b; Lansard et al., 2010; Plagnes-Juan et al., 2008). Probably through 

activating insulin/Akt signaling pathway, insulin was also found to reduce plasma glucose levels, 

stimulate glucose uptake in the peripheral tissues, up-regulate the gene expression and enzyme activity 

of glycolytic pathway, enhance glycogenesis and lipogenesis, and suppress gluconeogenesis and fatty 

acid oxidation potential (Jin et al., 2014b; Kamalam, 2013; Polakof et al., 2010b). However, controversial 

results exist, especially in the studies performed with insulin administration in vivo (Navarro et al., 2006; 

Polakof et al., 2012a) where insulin only displayed minor effects in stimulating the expression of genes 

related to glycolysis, lipogenesis and glycogen synthesis in liver and muscle, or in inhibiting the 

expression of gluconeogenesis and β-Oxidation in rainbow trout. Beyond this, several other hormones 

such as insulin-like growth factor (IGF) and growth hormone (GH) are also shown to effectively activate 
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insulin/mTOR signaling pathway (Castillo et al., 2006; Pozios et al., 2001; Velez et al., 2014), promote 

muscle growth, inhibit protein degradation and atrophy via PI3K-Akt-Foxo signaling pathway (Breves et 

al., 2014; Fuentes et al., 2013a; Reinecke et al., 2005) and regulate glucose and lipid metabolism (Hemre 

et al., 2002; Lu et al., 2015). Despite these identified roles of insulin in regulating intermediary 

metabolism, the underlying mechanisms still need to be defined in fish. Furthermore, it is worth to 

mention that some studies investigated the effects of insulin in vivo with the method of intraperitoneal 

(IP) administration of insulin or chronic insulin infusion (Jin et al., 2014b; Polakof et al., 2010a; Polakof 

et al., 2009b) but the results are not completely convincing, especially for the studies performed with 

physiological doses of exogenous insulin, as endogenous growth factor (i.e. insulin, IGF), hormone (i.e. 

GH, glucagon, leptin) and cytokine levels were undetermined. Studies in human reported that infusion of 

IGF-I first suppressed endogenous GH concentrations, while a rebound increase in GH concentrations 

occurred a few hours after the end of infusion (Chapman et al., 1998; Hartman et al., 1993). Presumably, 

exogenous insulin might have inevitably decreased the endogenous secretion of insulin, IGF and GH, and 

enhanced the release of glucagon and leptin, as in mammals (Sandhu et al., 2002), which may partially or 

totally counteract the exogenous bovine insulin effect at their measured time. Thus, some of the 

observed effects in these studies might not only attribute to exogenous insulin administration as 

expected or as previously concluded. 

mTOR signaling pathway in fish  

Seiliez et al. (Seiliez et al., 2008) first revealed both in vivo and in vitro the existence of several major 

kinases involved in mTOR signaling pathway (mTOR, S6K1 and 4EBP1) in fish species, and their 

responses to nutritional status (feeding). Following this effort, the existence of this pathway has been 

newly identified in many other fish species, including zebrafish (Seiliez et al., 2012), fine flounder 

(Fuentes et al., 2013a), Atlantic halibut (Fuentes et al., 2013a), gilthead sea bream (Velez et al., 2014), 

grass carp (Lu et al., 2015) and Jian carp (Feng et al., 2013; Hu et al., 2015). Progresses have also been 

made for identifying the physiological and metabolic roles of mTOR pathway in the regulation of growth 

and pathogenesis in fish. Similar with the other vertebrates, mTOR signaling pathway is significantly 

activated by refeeding (Fuentes et al., 2015; Fuentes et al., 2013a; Seiliez et al., 2008), association of 

insulin or IGF-1 (or GH)  with amino acids (Fuentes et al., 2013b; Lansard et al., 2011; Lansard et al., 

2010), while amino acids alone (without insulin or insulin homologs) fail to stimulate mTOR activation 

in primary cell culture of trout hepatocytes (Lansard et al., 2010). Moreover, acute administration of 

rapamycin effectively inhibits the activation of mTOR by AAs and insulin in primary trout hepatocytes 

(Lansard et al., 2010; Seiliez et al., 2008). Dietary compositions are also observed to mediate mTOR 

activation with a high protein low carbohydrate diet (HPLC) stimulated the activation of mTOR signaling 

while a low protein high carbohydrate diet (LPHC) failed to activate mTOR (Seiliez et al., 2011a). 
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Regarding the effect of individual amino acid, L-Leucine (Lansard et al., 2011; Xu et al., 2013a) and 

glutamine (Hu et al., 2015) partially activated mTOR activation, while L-Methionine and L-Lysine shown 

no or only minor effects in stimulating mTOR activation (Belghit et al., 2014; Lansard et al., 2011). 

Activated mTOR was observed to promote skeletal muscle growth (Fuentes et al., 2015; Fuentes et al., 

2013b; Yogev et al., 2013), up-regulate the expression of genes related to glucose uptake (Glut4) (Seiliez 

et al., 2011a), glycolysis (glucokinase (GK), 6-phosphofructo-1-kinase (6PF1K) and pyruvate kinase (PK)) 

(Lansard et al., 2011; Lansard et al., 2010), lipogenesis (fatty acid synthase (FAS), ATP citrate lyase 

(ACLY) and SREBP1) (Lansard et al., 2010; Seiliez et al., 2011a) and AA catabolism (serine dehydratase 

(SD) and branched-chain Ƚ-ketoacid dehydrogenase (BCKD E2)) in liver, muscle and trout hepatocytes 

(Lansard et al., 2011; Lansard et al., 2010; Seiliez et al., 2011a),  down-regulate the expression of genes 

related to β-Oxidation (carnitine palmitoyltransferase 1 alpha (CPT1a), carnitine palmitoyltransferase 1 

beta (CPT1b) and 3-hydroxyacyl-CoA dehydrogenase (HOAD)) (Seiliez et al., 2011a), and inhibit 

autophagy by suppressing autophagy-related gene expression in muscle (light chain 3B (LC3B), gamma-

aminobutyric acid (Gabarpl1), autophagy-related protein 12 (Atg12l), atrogin1 and Murf) and in trout 

myoblasts (Seiliez et al., 2012; Seiliez et al., 2011a), as well as regulate autophagy-related protein 

phosphorylation (LC3 and p62) (Heijnen et al., 2014). Interestingly, fructose treatment in zebrafish 

leads to hepatic lipid accumulation, mitochondrial abnormalities, and ER defects, while these effects was 

reversed by mTOR inhibition, implicating its important role in the regulation of lipid homeostasis (Sapp 

et al., 2014). Furthermore, using zebrafish models, researchers have explored the contributions of mTOR 

in the pathogenesis of many diseases, including cardiomyopathy (Ding et al., 2012a; Ding et al., 2012b), 

NAFLD (Sapp et al., 2014), Roberts Syndrome (Xu et al., 2013b) and colorectal cancer pathogenesis 

(Valvezan et al., 2014). In brief, it seems that the mTOR pathway is evolutionarily conserved in by far 

examined fish species and its responses to investigated nutritional stimuli are very similar to those 

occurring in mammals and other vertebrates. 
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1.3 The regulation of hepatic intermediary metabolism in mammals and fish 

In fish, as in mammals, the liver plays a central role in metabolic homeostasis and is a major site for 

synthesis, metabolism, storage and redistribution of carbohydrates, proteins and lipids (Bechmann et al., 

2012; Enes et al., 2009). Generally, the metabolic machinery of intermediary metabolism in fish is much 

the same as that in mammals (Dabrowski and Guderley, 2002; Walton and Cowey, 1982). The main 

functional differences between fish and mammals lie in the means by which control is exercised, in the 

sensitivity of metabolic demand to biotic and abiotic factors, and in the exact roles of tissues and organs 

(Dabrowski and Guderley, 2002). Among those abiotic factors, temperature plays a crucial role on the 

regulation of intermediary metabolism in fish as the majority of fish are poikilotherm thus in thermal 

equilibrium with their ambient temperature (Dabrowski and Guderley, 2002; Guillaume et al., 2001). It 

pervasive affects enzyme activity and reaction rates of some pathways (Somero, 1997). Being 

poikilothermic also dramatically reduces energy expenditure and energy requirement in fish whereas 

mammals and other homeotherms expend much energy to maintain their body temperature (Guillaume 

et al., 2001). As fish live in water, their nitrogenous wastes are directly excreted in the environment. 

Thus fish eliminate most of their excess nitrogen as ammonia from the gills, thereby simplifying their 

intermediary metabolism (Dabrowski and Guderley, 2002). Furthermore, in contrast to the situation in 

mammals where carbohydrates and lipids are important energy sources while protein catabolism is of 

little significance in supplying energy, in most fish species dietary carbohydrates are not the principal 

source of energy or carbon, while proteins together with lipids serve as the major energy sources (Enes 

et al., 2009; Guillaume et al., 2001). Finally, many aspects of muscle metabolism are better understood in 

fish than in mammals as fish muscles possess separated fiber types, continuous muscle recruitment 

throughout much of the life cycle and other unique metabolic features (Guderley, 2004; Johnston, 1999; 

Seiliez et al., 2012; Shewfelt, 1981). 

1.3.1 The regulation of hepatic glucose metabolism 

Under hormonal control, liver responds to either feeding or fasting conditions to maintain glucose 

homeostasis as follows (Figure 1.21 A and B): in the postprandial period, blood glucose levels are 

elevated, which in turn stimulates insulin secretion. Following the release of insulin, liver takes up part 

of glucose to promote glucose disposal (glycolysis) and replenish glycogen stores (glycogenesis). 

Besides, when glucose stores are full, the liver promotes de novo lipid synthesize (lipogenesis) for long-

term energy storage. Lipids are packaged in very low-density lipoprotein (VLDL) particles and then 

transported to the adipose tissue. Conversely during the starvation state, glycaemia falls and glucagon 

increases, the liver produces glucose to maintain circulating glucose levels by breaking down glycogen 

reserves (glycogenolysis) or by stimulating de novo glucose synthesis (gluconeogenesis) 
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Figure 1. 21 Hepatic glucose metabolic pathways and their regulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A| Major glucose metabolic pathways in the liver. Glucose 6-phosphate (G6P) is a central intermediate in the 
hepatic glucose metabolism, which is shared by several pathways. Hepatic glucokinase (GK or GCK) allows for 
rapid and efficient phosphorylation of glucose in G6P. In hepatocytes, G6P concentrations are determined by 
the balance between glucose 6-phosphatase (G6Pase) and GK activities. G6P is an allosteric activator of 
glycogen synthase (GS), but is also a key metabolite than can enter glycolysis. In addition, since the major 
function of glycolysis in liver is to provide carbons from glucose for de novo lipid synthesis (lipogenesis), G6P is 
also considered as determinant for this pathway and for the induction of fatty acid synthase (FAS) and acetyl 
CoA carboxylase (ACC). B| Rate-limiting enzymes of glucose phosphorylation, dephosphorylation (G6Pase), 
glycolysis (phosphofructokinase-1 (PFK1) and pyruvate kinase (PK)) and gluconeogenesis 
(phosphoenolpyruvate carboxykinase (PEPCK) and (Fructose 1,6-bisphosphatase) FBPase) pathway. C| 
Regulation of hepatic glucose metabolism. (a) After intestinal absorption, glucose (Glu) reaches the hepatocyte 
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via the portal vein. The insulin-independent glucose transporter 2 (GLUT2) shuttles Glu across the membrane. 
Abundance of glucose induces conformational changes of the glucokinase regulatory protein (GCKR), which 
binds to glucokinase (GCK or GK) and keeps it in the nucleus in the fasting state. GCK is then released into the 
cytosol and phosphorylates Glu to glucose-6-phosphate (G6P); depending on the nutritional state, it serves as a 
substrate for glycolysis or glycogen synthesis, respectively. GCK is transcriptionally regulated by insulin and 
nuclear receptor signaling. (b) G6P is a central intermediate in the hepatic glucose metabolism. It is degraded 
during glycolysis, which provides energy in the form of two ATP and two NADH molecules per glucose 
molecule. The product pyruvate is further decarboxylized to acetyl-CoA, which enters the intramitochondrial 
tricarboxylic acid cycle (TCA). Alternatively, G6P is degraded in the pentose-phosphate shunt, which provides 
NADPH, a co-substrate for lipogenesis. Acetyl-CoA is an important product of the TCA, linking glucose and lipid 
metabolism, as it is the substrate for lipogenesis. Gluconeogenesis and glycogenolysis provide G6P as a 
substrate for glucose synthesis in the fasting state. Glucogenolysis is catalyzed by glycogen phosphorylase, 
activated by AMP, and repressed by insulin. The key enzyme in gluconeogenesis is PEPCK, which is repressed 
by insulin signaling via Akt-mediated FoxO phosphorylation and activated by PPARȽ (Adapted from Postic et al. 
(Postic et al., 2004), Shoji et al. (Shoji et al., 2011) and Bechmann et al. (Bechmann et al., 2012)). 

(Klover and Mooney, 2004; Polakof et al., 2012a; Postic et al., 2004; Vidal-Puig and O'Rahilly, 2001). 

Both transcriptional regulation of rate-limiting enzymes and modulation of enzyme activity through 

phosphorylation and allosteric regulation are involved in these processes (Figure 1.21 C) (Klover 

and Mooney, 2004). 

1.3.1.1 Hepatocyte glucose uptake and phosphorylation  

In the postprandial state, blood glucose passes the portal vein into liver cells via the glucose 

transporter type 2 (GLUT2), a membrane-bound transporter with high capacity and low affinity for 

glucose. In contrast to GLUT4, which is highly expressed in adipose tissue and skeletal muscle, and 

finely controlled by insulin (Bryant et al., 2002; Huang and Czech, 2007), the expression and activity 

of GLUT2 is independent of insulin signaling and the rate of entry into the hepatocyte is proportional 

to the extracellular glucose concentration (Leturque et al., 2009). Once taken up by the hepatocyte, 

glucose is rapidly phosphorylated to glucose-6-phosphate (G6P) by glucokinase (GK) (Figure 1.21 B), 

the first and rate-limiting enzyme for hepatic glucose utilization (Choi et al., 2013). Its function 

constitutes a simple, direct intracellular nutrient-sensing mechanism that controls systemic glucose 

homeostasis (Efeyan et al., 2015). In contrast to other hexokinases, GK (hexokinase IV) has 

significantly low affinity for glucose and is only active when glucose levels are relatively high 

(around 120 mg dl−1, or 7 mM, or greater). Furthermore, since GK is not inhibited by G6P at 

physiological concentrations (Matschinsky, 2009), it allows for enhancing hepatic glycogen synthesis 

in hepatocyte (Choi et al., 2013). Moreover, as it is inactive under conditions of glucose limitation, it 

permits export of unphosphorylated glucose from the liver in order to supply the energetic demands 

of the brain and muscles (Efeyan et al., 2015). When hepatic glucose levels are high, GK-mediated 

conversion of glucose to the metabolic intermediate G6P allows glucose to be shunted into glycolysis 

(for energy production) or glycogen synthesis (Printz et al., 1993). 

In rodents, GK enzyme is highly regulated in the liver, at both transcriptional and post-

transcriptional levels (Iynedjian, 2009; Panserat et al., 2014; Vidal-Alabró et al., 2012). At the 

transcriptional level, hepatic GK is tightly controlled by insulin (positive) and glucagon (negative) 

(Iynedjian, 2009; Matschinsky, 2009; Postic et al., 1999). Insulin-mediated induction of GK gene 
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expression is triggered by the PI3K-Akt signaling pathway through the coordination of 

transcriptional factors, SREBP-1c, HIF1Ƚ, hepatic nuclear factor-4-alpha ȋ(NFͶȽȌ, hepatic nuclear 

factor 6 (HNF6), FoxO1 and upstream stimulatory factor 1 (USF1) (Bechmann et al., 2012; Duvel et 

al., 2010; Laplante and Sabatini, 2013; Vidal-Alabró et al., 2012). For instance, in cultured rat 

hepatocytes, the effect of insulin as inducer of GK was shown to be primarily at a transcriptional 

level, taking place in glucose free as well as glucose containing medium without any synergistic 

effect of glucose addition (Iynedjian, 1993). GK is also regulated by glucokinase regulatory protein 

(GKRP), which allosterically regulates the activity and subcellular localization of GK (Figure 1.21 Ca) 

(Choi et al., 2013). In the fasting state, GK is inactive and sequestered by GCKR within the nucleus. 

Post-prandial glucose abundance and insulin action synergistically cause rapid dissociation of GK 

from GCKR. Released GK returns to cytosol where it phosphorylates glucose to G6P  (Beck and Miller, 

2013). 

In fish, the regulation of hepatic GK gene expression and activity seems to be highly dependent on 

blood glucose level changes induced by dietary carbohydrate modifications (Enes et al., 2009; 

Kamalam et al., 2012; Panserat et al., 2001b; Panserat et al., 2000; Panserat et al., 2014; Polakof et al., 

2011b; Polakof et al., 2012a). The response of hepatic GK was repeatedly observed to increase 

proportionately with dietary starch content even in carnivorous rainbow trout, sea bass and sea 

bream (Capilla et al., 2003; Enes et al., 2008b; Kamalam et al., 2012). Recently, three independent 

studies reported that elevated GK expression and/or activity are associated with the activation of 

mTOR signaling pathway (Kamalam et al., 2012; Lansard et al., 2011; Lansard et al., 2010). Kamalam 

et al. (Kamalam et al., 2012) demonstrated that a diet rich in carbohydrate induced hyperglycemia, 

elevated hepatic GK gene expression, suppressed AMPK phosphorylation and enhanced S6 

phosphorylation (mTOR downstream effector) in both fat line and lean line of rainbow trout. Using 

trout primary hepatocytes, Lansard et al. (Lansard et al., 2011; Lansard et al., 2010) demonstrated 

that the association of insulin with amino acids up-regulated the expression of GK through an mTOR-

dependent manner. Due to the constraints in measuring piscine insulin in vivo (Plisetskaya, 1998), it 

is still unclear whether dietary carbohydrate modification- or plasma glucose level-induced GK 

responses are through insulin or relevant cellular signaling pathways (i.e. insulin or AMPK pathway). 

However, it is clear that mTOR is involved in the transcriptional regulation of GK in rainbow trout (at 

least in vitro), as demonstrated in mammals (Dibble and Manning, 2013). Recently, GKRP has been 

identified in rainbow trout, carp and goldfish, with biochemical and functional characteristics similar 

to that of mammals (Polakof et al., 2009a). Surprisingly, trout GKRP was the most potent among the 

analyzed fish species, but functionally less active than the mammalian isoform. However, it is 

unclear whether this protein has any role in ǲglucose intoleranceǳ phenotype of carnivorous fish. In 

brief, it is rather clear that unlike cat, barn owl and some other mammalian carnivorous models, 

where hepatic GK expression and activity are lacking (Koizumi et al., 2005; Schermerhorn, 2013; 

Washizu et al., 1999), carnivorous fish has inducible hepatic GK (Panserat et al., 2000; Panserat et al., 
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2014). Although some controversial results exist where IP administration of insulin fails to stimulate 

GK or HK expression in liver and muscle, respectively (Cowey et al., 1977; Jin et al., 2014b; Polakof et 

al., 2010a; Polakof et al., 2009b), it seems that the responses of GK to feeding status (Enes et al., 2009; 

Panserat et al., 2014), dietary carbohydrate inclusion (Kamalam et al., 2012; Seiliez et al., 2011a), 

insulin stimulations (in vitro) and mTOR activation (Lansard et al., 2011; Lansard et al., 2010; 

Plagnes-Juan et al., 2008) are quite decent and logical compared to what is known in mammals. 

However, whether the regulations of hepatic GK by dietary nutrients and hormone are fine, potent 

and timely enough to cope with those continuously dietary nutrient inputs in carnivorous fish 

remain unclear and need to be defined. Indeed, this is probably an issue related to insulin secretion 

and action. Given its pivotal role in glucose sensing and in the regulation of glucose homeostasis 

(Efeyan et al., 2015; Matschinsky, 2005; Postic et al., 1999), the physiological and functional role of 

this enzyme still need to be closely monitored. 

1.3.1.2 Glycolysis and glycogen synthesis  

Depending on the systemic metabolic state, G6P is either utilized for glycolysis or shunted into 

glycogen synthesis (Bechmann et al., 2012). Through ten step processes, glycolysis metabolizes 

glucose to pyruvate with a net gain of two ATP and two NADH molecules per glucose molecule (Lunt 

and Vander Heiden, 2011). Glycolysis is regulated by three key enzymes: GK, which provides G6P, 6-

phosphofructo-1-kinase (6PF1K), which is inhibited by its product fructose-1,6-bisphosphate and 

pyruvate kinase (PK), the final step of glycolysis (Figure 1.21 B) (Pilkis and Granner, 1992). PK is 

activated by its substrate and inhibited by ATP abundance. Insulin, epinephrine, and glucagon 

modulate PK via the PI3K/Akt pathway (Bechmann et al., 2012) and ChREBP induces transcription 

of PK in response to glucose (Filhoulaud et al., 2013; Postic et al., 2007). In mammals, hepatic 

glycolytic gene expression is regulated by the availability of carbohydrate in the diet (Foufelle and 

Ferre, 2002) and insulin via transcriptional factors of SREBP1c, the forkhead related protein (FKHR) 

and HIF1a (Dibble and Manning, 2013; Duvel et al., 2010; Foufelle and Ferre, 2002). Pyruvate is 

further decarboxylized to acetyl-CoA and then processed in the TCA or utilized for de novo 

lipogenesis (DNL). The pentose phosphate pathway (PPP) is an alternative way for degradation of 

G6P in hepatocytes. It provides the cell with NADPH, an important antioxidant and co-substrate for 

DNL and cholesterol synthesis (Patra and Hay, 2014). G6P also can be converted to glucose-1 

phosphate and glycogen is synthesized by the enzyme of glycogen synthase (GS). Liver glycogen 

serves as a glucose buffer, storing glucose when blood concentrations are high and releasing it when 

glucose is required in other parts of the body. Glucose is stored as glycogen in both liver and muscle. 

However, since muscle lacks the enzyme of glucose-6-phosphatase (G6Pase), an enzyme that 

converts G6P to glucose, muscle glycogen is unable to contribute to blood glucose although the 

muscle stores are large (Campbell, 2006). GS is regulated by the allosteric activator G6P and is 

inactive in the phosphorylated state. Furthermore, GS is regulated by insulin through GSK3 (Figure 

1.21 Cb), which phosphorylates GS and is a direct downstream target of Akt. Other protein kinases 
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that phosphorylate GS are AMPK and protein kinase A (PKA). Insulin activates glycogen synthesis via 

repression of PKA (Bechmann et al., 2012). 

Generally, in vivo studies in fish shown that, compared to GK, the expression and/or enzyme activity 

of 6PF1K and PK are less responsive to nutritional status, dietary composition, feeding regime or 

intraperitoneal (IP) administration of insulin (reviewed by (Enes et al., 2009)). Though starvation 

results in decreased 6PF1K and PK activity, the expression of 6PF1K or PK is barely affected by 

feeding status or dietary modifications (Enes et al., 2009; Kirchner et al., 2003; Panserat et al., 

2001d). However, Cowey and Walton (Cowey and Walton, 1989) summarized that hepatic levels of 

glycolytic enzymes (6PF1K, PK and lactate dehydrogenase) are decreased when fish are fed a high 

protein/low carbohydrate (HP/LC) diet compared to a low protein/high carbohydrate diet (LP/HC). 

Although no effect was observed for the expression/activity of hepatic 6PF1K or PK in response to IP 

injection of insulin (Cowey et al., 1977; Jin et al., 2014b; Plagnes-Juan et al., 2008), recent in vitro 

studies with trout primary hepatocytes clearly demonstrated that insulin together with amino acids 

up-regulated the expression of 6PF1K and PK through a rapamycin-sensitive manner, indicating that 

insulin stimulates hepatic glycolytic pathway via Akt/mTOR signaling pathway (Lansard et al., 2011; 

Lansard et al., 2010; Plagnes-Juan et al., 2008). This observation is consistent with the known 

mechanisms in mammals (Dibble and Manning, 2013; Duvel et al., 2010). In line with these 

observations, glucagon decreases the affinity of PK for its substrate (phosphoenolpyruvate) and 

increases its sensitivity to ATP inhibition in both rainbow trout and sea raven hepatocytes (Enes et 

al., 2009).  

As in vertebrates, hepatic glycogen content in fish serves as a universal reserve of glucose which can 

be used under conditions of food deprivation or low carbohydrate intake (Kamalam, 2013). A linear 

relationship between carbohydrate intake and hepatic glycogen content has been reported in many 

studies. For instance, glycogenesis originating from dietary starch was found to contribute up to 69% 

of the liver glycogen pools in gilthead sea bream, using 13C isotope-labelled starch (Ekmann et al., 

2013). An in vivo study in rainbow trout hepatocytes indicated that both the glycogen synthetic and 

breakdown pathways are active concurrently and any subtle changes in the glycogen phosphorylase 

(GP) to synthase ratio may determine the hepatic glycogen content (Pereira et al., 1995). Nutritional 

status, carbohydrate intake, glucagon and insulin treatment are known to influence GS and GP 

activity (Kamalam, 2013). While feed deprivation and glucagon induces GP activity, dietary intake of 

carbohydrates and insulin decreases it. Thus, the regulation of hepatic glycogen synthesis in fish 

seems similar to higher vertebrates (Kamalam, 2013). 
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1.3.1.3 Glycogenolysis and gluconeogenesis  

During periods of systemic glucose scarcity, the liver maintains glycaemia through gluconeogenesis 

and glycogen breakdown (Yoon et al., 2001). Glycogen is broken down through the action of the 

glycogen phosphorylase (GP). G6P is reformed and glucose released into the circulation via the 

action of glucose-6-phosphatase (G6Pase) (Nordlie et al., 1999). GP is regulated through allosteric 

activation by AMP and via phosphorylation by PKA, which is inhibited by insulin and stimulated by 

glucagon (Bechmann et al., 2012). 

Hepatic gluconeogenesis occurs during prolonged fasting situations and begins intramitochondrially 

by the induction of pyruvate carboxylase in abundance of acetyl-CoA (Bechmann et al., 2012). The 

major gluconeogenic precursors are lactate, pyruvate, glycerol and gluconeogenic amino acids, 

principally alanine (Barthel and Schmoll, 2003; Nordlie et al., 1999). Release of gluconeogenic 

precursors from peripheral tissues occurs in situations such as starvation (amino acids from muscle) 

and severe exercise (lactate from muscle glycogen) (Nordlie et al., 1999). The rate of hepatic 

gluconeogenesis is controlled by the substrate availability, as well as by the direct effects of 

hormones (particularly insulin, glucagon and glucorticoids), which potently controls gluconeogenic 

enzymes at the transcriptional level (Bechmann et al., 2012; Yoon et al., 2001). Gluconeogenesis is 

principally controlled by three unidirectional enzymes: phosphoenolpyruvate carboxykinase 

(PEPCK), fructose-1,6-bisphosphatase (FBPase) and G6Pase) (Figure 1.21 B) (Nordlie et al., 1999). 

The transcription of these enzymes is suppressed by insulin and stimulated by glucagon via FoxO1 

(Puigserver et al., 2003), PPARγ coactivator-ͳȽ ȋPGC-ͳȽȌ (Puigserver et al., 2003; Yoon et al., 2001), 

cAMP response element-binding protein (CREB) (He et al., 2009), CREB regulated transcription 

coactivators (CRTCs) (Barthel and Schmoll, 2003) and ER-bound transcription factor (CREBH) (Lee 

et al., 2010). In the fasted state, insulin levels drop while glucagon secretion goes up and 

catecholamines and glucocorticoids remain stable, resulting in increased glycogenolysis and 

gluconeogenesis. In the fed state, increased insulin secretion suppresses glycogenolysis and hepatic 

gluconeogenesis (Yoon et al., 2001).  

Despite the poor utilization of glucose, fish still presumably require glucose since glucose represents 

the preferred fuel for brain and nervous tissue, red blood cells and gonads (Walton and Cowey, 

1982). Furthermore, in general carnivores, glucose needs to be readily available for catching prey 

and a high rate of gluconeogenesis from amino acid catabolism is responsible for providing it 

(Robert and Backus, 2008). Hence in fish, especially in carnivorous fish, gluconeogenesis is likely to 

be important. Concerning the nutritional regulation, in omnivorous fish such as common carp, the 

responses of hepatic gluconeogenic enzymes (PEPCK, FBPase and G6Pase) are very much similar to 

higher vertebrates (Panserat et al., 2002; Shikata et al., 1994; Sugita et al., 1999; Sugita et al., 2001). 

However, in carnivorous fish species such as rainbow trout, sea bass and sea bream, these enzymes 

are barely affected by nutritional status or dietary carbohydrate inclusion (Caseras et al., 2002; 
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Fernández et al., 2007; Moreira et al., 2008; Panserat et al., 2001a; Panserat et al., 2001c) though 

minor changes at the expression level may have been observed in a few in vivo investigations 

(Kamalam et al., 2012; Panserat et al., 2001b; Seiliez et al., 2011a). Despite these poor regulation by 

dietary carbohydrate in vivo, studies performed with insulin stimulation of primary cell culture of 

hepatocyte or IP administration of insulin shown that insulin can effectively suppress the expression 

of hepatic gluconeogenic enzymes both in vivo and in vitro (Lansard et al., 2011; Lansard et al., 2010; 

Plagnes-Juan et al., 2008). Furthermore, glucagon incubation was also observed to successfully 

increased PEPCK activity in sea raven hepatocytes (Foster and Moon, 1990). In healthy human or 

mammals, refeeding or a diet rich in carbohydrate elevates blood glucose level, which stimulates 

insulin release. Elevated insulin subsequently promotes hepatic glycolysis and suppresses glucose 

production, including hepatic gluconeogenesis, thereby preventing hyperglycemia (Klover and 

Mooney, 2004). Thus, it is reasonable to presume that the impaired post-prandial down-regulation 

of hepatic gluconeogenesis in carnivorous fish is due to inadequate insulin effect, namely insulin 

secretion and/or action. Unlike human or omnivorous mammals but similar to what is observed in 

cat and other carnivorous vertebrates (Schermerhorn, 2013), carnivorous fish is more responsive to 

dietary protein modifications than dietary carbohydrate (Cowey et al., 1977; Enes et al., 2006; Enes 

et al., 2009; Hilton and Atkinson, 1982; Kamalam, 2013; Kamalam et al., 2012; Kirchner et al., 2003; 

Walton, 1986). For instance, Kirchner et al. (Kirchner et al., 2003) observed that low protein intake 

significantly reduced hepatic gluconeogenic enzyme activities and gene expression (FBPase and 

G6Pase) in rainbow trout. In line with this observation, other investigations in trout and sea bass 

also reported that higher hepatic gluconeogenic enzyme activities and/or mRNA levels were 

associated with high dietary protein diet/intake compared to low protein diet/intake (Cowey et al., 

1977; Enes et al., 2006; Hilton and Atkinson, 1982; Kamalam et al., 2012; Kirchner et al., 2003; 

Walton, 1986). Furthermore, our previous in vitro study also demonstrated that increased AAs levels 

enhanced gluconeogenic mRNA levels (G6Pase and mPEPCK) independently of the insulin/TOR 

signaling pathway (Lansard et al., 2010). 
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1.3.2 The regulation of hepatic lipid metabolism in mammals and fish 

In mammals, the liver is crucial for maintaining overall energy homeostasis and for the conversion of 

carbohydrate into fat (Postic et al., 2007). When glucose is delivered into the portal vein in large 

quantities and hepatic glycogen concentrations are restored, glucose is converted in the liver into 

lipids through de novo lipogenesis (Figure 1.22). Then lipids are exported as very-low-density 

lipoprotein (VLDL) and ultimately stored as triglycerides (TGs) in adipose tissue, which, when 

necessary, provide energy through β-oxidation (Menendez and Lupu, 2007; Postic et al., 2007). 

1.3.2.1 Hepatic lipogenesis 

De novo lipogenesis (DNL) is the metabolic pathway that synthesizes fatty acids (FA) from excess 

carbon-donors (mainly acetyl-CoA and malonyl-CoA). These fatty acids can then be converted into 

triglycerides, the major energy storage form in vertebrates (Lee et al., 2008; Strable and Ntambi, 

2010; Tocher, 2003). DNL is mainly catalyzed by ATP citrate lyase (ACLY), acetyl-CoA carboxylase 

(ACC) and fatty acid synthase (FAS) (Figure 1.22) (Towle et al., 1997). Flux through the lipogenic 

pathway depends on the availability of both lipogenic substrates and cofactors such as NADPH 

produced by the pentose phosphate pathway (Girard et al., 1997). In mammals, hepatic lipogenesis 

is very responsive to dietary modifications (Kersten, 2001). Consumption of a diet rich in 

carbohydrates stimulates the lipogenic pathway, whereas consumption of a diet rich in lipids and 

poor in carbohydrates, or rich in polyunsaturated fatty acids decreases this pathway (Kersten, 2001; 

Towle et al., 1997). High carbohydrate diet can induce hyperglycemia, thereby stimulating 

lipogenesis via several mechanisms (Kersten, 2001). First, by being glycolytically converted to 

acetyl-CoA, glucose renders substrate for fatty acid synthesis. Secondly, glucose positively stimulates 

glycolytic and lipogenic gene expression through transcription factor carbohydrate response 

element-binding protein (ChREBP) (Filhoulaud et al., 2013). Finally, glucose stimulates the release of 

insulin from the pancreas, thereby activating PI3K/Akt signaling pathway (Kersten, 2001; Saltiel and 

Kahn, 2001), which stimulates hepatic lipogenesis via the transcription factor of sterol regulatory 

element binding protein-1c (SREBP-1c) (Horton et al., 2002). Regarding dietary protein, data in 

rodents, chicken and humans revealed that the metabolic adaptation to a high protein diet included a 

down-regulation of lipogenesis at both gene expression and enzymatic levels (Abu-Elheiga et al., 

2012; Allee et al., 1971; Pichon et al., 2006; Rietman et al., 2014a; Uebanso et al., 2009). These effects 

are partly mediated by hormones, which inhibit (growth hormone, leptin) or stimulate (insulin) 

hepatic lipogenesis (Kersten, 2001; Saltiel and Kahn, 2001). At the molecular level, hepatic 

lipogenesis is regulated in a combinatorial manner by transcription factors including peroxisome 

proliferator-activated receptor gamma ȋPPARγȌ, LXR (Li et al., 2011), ChREBP  (Filhoulaud et al., 

2013), SREBP-1c (Jeon and Osborne, 2012; Shao and Espenshade, 2012), XBP1(Lee et al., 2008), 

nuclear sterol-activated receptor LXR and FXR (Calkin and Tontonoz, 2012), as well as microRNA 

(miRNAs) (Dumortier et al., 2013; Fernandez-Hernando et al., 2011). Concerning cellular signaling 
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Figure 1. 22 Metabolic pathways leading to the synthesis of triglycerides from glucose in liver 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Once inside the hepatocyte, glucose is metabolized on one hand through glycolysis to pyruvate (GK means 
glucokinase; PFK-2, 6, phosphofructo-2-kinase/fructose-2,6-bisphosphatase; L-PK, liverpyruvate kinase). On the 
other hand, glucose is oxidized through pentose phosphate pathway to obtain NADPH (G6P-DH means glucose-6-
phosphate dehydrogenase; 6-PGDH, 6-phosphogluconate dehydrogenase). Pyruvate enters the mitochondrion to 
obtain citrate (PDH means, pyruvate dehydrogenase; MDH, malate dehydrogenase and EM, malic enzyme). De novo 
synthesis of fatty acids starts with citrate (ATP-CL means ATP citrate lyase; ACC, acetyl-CoA carboxylase) and after 
suffering elongation and desaturation reactions (ELOVL6 means elongase that catalyzes the conversion of palmitate 
to stearate; SCD-1, stearoyl-coenzyme A desaturase), fatty acids are converted to triglyceride (TAG) (GPAT means 
glycerol-3-phosphate acyltransferase; DGAT, diacylglycerol acyltransferase). Triglyceride can be stored in the liver 
but are mostly packaged into VLDL (very low-density lipoprotein) and secreted to bloodstream (MTP means 
microsomal triglyceride transfer protein). Adapted from (Vidal-Alabró et al., 2012). 

pathways, hepatic lipogenesis is regulated by insulin/mTOR (Ricoult and Manning, 2013), AMPK (Li 

et al., 2011), autophagy (Yang et al., 2010), p38MAPK (Xiong et al., 2007a) and  GCN2-ATF4 (Guo and 

Cavener, 2007) pathways. 

In fish, whereas numerous long-term feeding studies have shown that carbohydrate rich diets 

elevated the expression/activities of lipogenic enzymes and/or NADPH yielding as in mammals 

(Barroso et al., 2001; Dias et al., 1998; Enes et al., 2008a; Fynnaikins et al., 1992; Kamalam et al., 

2012; Likimani and Wilson, 1982; Shiau and Chen, 1993; Shiau and Lin, 1993), studies in short-term 
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(i.e. one single meal, IP injection of glucose or feeding trial shorter than two weeks), particularly in 

carnivorous species, clearly unveiled a different landscape. Recent in vivo studies have demonstrated 

that high carbohydrate diets or glucose failed or only had very limited effects in stimulating 

lipogenic gene expression or enzyme activities (Hemre and Kahrs, 1997; Jin et al., 2014b; Seiliez et 

al., 2011a). For instance, Seiliez et al. (Seiliez et al., 2011a) reported that a diet rich in carbohydrate 

and low in protein failed to elevated the expression of gene related to lipogenesis (FAS, ACLY, 

glucose-6-phosphate dehydrogenase (G6PDH) and SREBP1). Jin et al. (Jin et al., 2014b) showed that 

intraperitoneal glucose administration only induced minor changes of the gene expression of ACLY, 

without influencing the expression of the other lipogenic genes (FAS, ACLY and SREBP1). Following 

radiolabelled 14C1-glucose course, Hemre and Kars (Hemre and Kahrs, 1997) clearly showed that 

hepatic lipogenesis converted only a very small proportion of injected glucose into lipids in Atlantic 

cod. By using metformin, a common anti-diabetic drug, Panserat et al. (Panserat et al., 2009) 

observed that metformin effectively reduced postprandial hyperglycemia in trout fed high dietary 

carbohydrates, possibly through stimulating hepatic lipogenic mRNA levels and activities, indicating 

that biotransformation of glucose to fatty acids in trout may occur under non-physiological 

situations. In contrast, enhanced lipogenic gene expression and/or enzymatic activities was 

repeatedly observed in rainbow trout and blackspot seabream fed diets rich in protein and low in 

carbohydrate (Figueiredo-Silva et al., 2009; Seiliez et al., 2011a), implying that high protein diets 

appear to play a predominant role in stimulating lipogenic pathway in carnivorous fish. It is also 

worthy to note that most of these studies investigating high carbohydrate effects were associated 

with the expense of dietary protein/lipids modifications (Dias et al., 1998; Kamalam et al., 2012; 

Likimani and Wilson, 1982; Seiliez et al., 2011a; Suarez et al., 1995; Wilson and Likimani, 1981), 

hence it is difficult to distinguish which nutrient induced those metabolic changes. Moreover, some 

studies concluded that high carbohydrate diets/D-glucose enhanced hepatic lipogenesis mainly 

based on the results of NADPH yield, namely the gene expression and/or enzyme activities of G6PDH, 

6PGD or ME (Enes et al., 2008a; Fynnaikins et al., 1992; Suarez et al., 1995), instead of de novo 

lipogenic gene expression or enzymatic activities. Therefore, the link between dietary 

carbohydrate/protein and DNL remains to be clearly defined in carnivorous fish. As many studies 

observed that dietary carbohydrate of glucose failed to stimulate hepatic lipogenesis but elevated 

the expression and/or activity related to NADPH production in fish (Hemre and Kahrs, 1997; Jin et 

al., 2014a; Seiliez et al., 2011a), it was suggested that the role of carbohydrates in DNL is more 

related to the production of cytosolic reducing equivalents (NADPH) than to the delivery of carbon 

backbones (acetyl-CoA) for DNL (Hemre et al., 2002). Regarding the regulation by dietary protein, 

previous in vivo studies tend to indicate that dietary protein play a potent role in regulating lipogenic 

and glycolytic pathways in fish (Dias et al., 1998; Figueiredo-Silva et al., 2009; Seiliez et al., 2011a). 

In line with these observations, the rate of FA synthesis from alanine was considerably greater than 

that from glucose in trout liver, implicating that AAs are the preferred carbon source in this fish 

species (Tocher et al., 2002). Furthermore, consistent with higher vertebrates, dietary lipid and n-3 
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HUFA suppress hepatic lipogenesis (Tocher et al., 2002), while insulin stimulates it both in vivo 

(Cowley and Sheridan, 1993; Polakof et al., 2011a) and in vitro (Lansard et al., 2010; Plagnes-Juan et 

al., 2008). Moreover, in rainbow trout liver, SREBP-1c expression was induced by insulin (Lansard et 

al., 2010; Polakof et al., 2010) and re-feeding (Skiba-Cassy et al., 2009), which was associated with 

elevated expression of lipogenic enzymes. 

Figure 1. 23 Pathways for DNL, monounsaturated and polyunsaturated fatty acid synthesis 

 

 

 

 

 

 

 

 

 

 

 

 

(a) De-novo lipogenesis (DNL) and monounsaturated fatty acid (MUFA) synthesis. The pathway illustrates the 
conversion of dietary glucose and palmitate to 16-carbon and 18-carbon saturated and monounsaturated fatty acids 
by acetyl CoA carboxylase (ACC), fatty acid synthase (FASN), fatty acid elongase-5 and fatty acid elongase-6 (Elovl5 
and Elovl6), and stearoyl CoA desaturase (SCD). (b) Polyunsaturated fatty acid (PUFA) synthesis. The pathway 
illustrates the conversion of dietary essential fatty acids, Cͳͺ : ʹ, ω and Cͳͺ : ͵, ω͵ to CʹͲ–22 PUFAs by fatty acid 
desaturases (FADS1, FADS2), fatty acid elongases (Elovl2, Elovl5) and peroxisomal β-oxidation. Fatty acids in bold are the predominant PUFAs found in liver, that is, ͳͺ : ʹ, ω, ʹͲ : Ͷ, ω, ʹʹ : , ω͵. *, precursors to bioactive eicosanoids and docosanoids; #, robust activator of PPARȽ; $, robust suppressor of nuclear content of SREBP-1. From 
(Jump, 2011). 

Fatty acid bioconversion The liver also modifies fatty acid structure through metabolic pathways 

that include desaturation, elongation, mono-oxidation, and peroxisomal β-oxidation (chain 

shortening) (Wang et al., 2006). Palmitate (16:0) is a product of DNL but is also derived from the diet. 

Palmitate is subsequently elongated [fatty acid elongase (Elov)l5 and Elovl6] and desaturated 

[stearoyl CoA desaturase (SCD)] to form C16-18 saturated and monounsaturated ȋω and ωͻȌ fatty acids. The essential fatty acids, linoleic acid ȋͳͺ:ʹ, ωȌ and Ƚ-linolenic acid ȋͳͺ:͵, ω͵Ȍ, are derived 
from the diet. These fatty acids are desaturated [fatty acid desaturases (FADS)1 and FADS2] and 
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elongated (Elovl2 and Elovl5) to form the major C20-22 polyunsaturated fatty acids (PUFAs) 

appearing in cells, i.e., arachidonic acid ȋARA; ʹͲ:Ͷ, ωȌ and docosahexaenoic acid ȋD(A; ʹʹ:, ω͵Ȍ. 
DHA production requires peroxisomal β-oxidation. C22 PUFAs are retroconverted to C20 PUFAs by p-ȾOx (Figure 1.23) (Jump et al., 2013). Fatty acid elongases and desaturases play an important role in 

hepatic and whole body lipid composition, and also require NADPH as a reducing reagent (Jump, 

2011). Expression of the enzymes involved in DNL (ACC1, FASN) and monounsaturated fatty acids 

(MUFA) synthesis (Stearoyl-CoA desaturase-1 (SCD1) and Elovl6) synthesis are coordinately 

controlled during fasting and refeeding, and by insulin, dietary carbohydrate and dietary fat. This 

coordinate regulation is due, at least in part, to the hormonal and nutrient control of key 

transcription factors regulating the expression of these enzymes. These transcription factors include PPARȽ, SREBP-1 and the ChREBP/MLX, LXR/RXR and PPARȽ/RXR heterodimers (Jump, 2011; Wang 

et al., 2006).  

In fish, carbohydrate intake was found to increase the expression of ∆ fatty acyl desaturase ȋDD) 

in rainbow trout (Seiliez et al., 2001). Recently, Kamalam et al. (Kamalam et al., 2013a) 

demonstrated that low n-3 LC-PUFA diet enhanced the transcription of key desaturase (D6D) and 

elongase (Elovl5 and Elovl2) enzymes involved in LC-PUFA synthesis, in both fat and lean lines of 

rainbow trout. These up-regulations were associated with the activation of PPARγ, providing evidence for the first time that piscine PPARγ plays a role similar to their mammalian counterpart. 
1.3.2.2 FA catabolism/β-Oxidation 

Fatty acid β-oxidation is a major metabolic pathway responsible for mitochondrial breakdown of 

long chain acyl-CoA to acetyl-CoA (Fillmore et al., 2011). Indeed, β-oxidation is the predominant 

pathway providing energy during the fasting state in mammals (Bechmann et al., 2012) and by far in 

many fish species (Tocher et al., 2002). Oxidation of FAs occurs within mitochondria, peroxisomes 

and the ER, and facilitates degradation of activated FAs to acetyl-CoA, which is a rapid and effective 

way of energy allocation as the oxidation of one molecule of palmitate produces up to 129 ATP 

equivalents (Bechmann et al., 2012). FAs are activated by acyl-CoA-synthetase to acyl-CoA in the 

cytosol. This process is indispensable for enabling FAs to cross membranes and enter organelles. 

While short- and medium-chain FAs pass the mitochondrial membrane without activation, activated 

long-chain fatty acids (LCFAs) are shuttled across the membrane via carnitine palmitoyltransferase-

1 (CPT1), the rate-limiting enzyme of fatty acid β-oxidation (Lu et al., 2014; Tocher, 2003). CPT1 

conversion of the long-chain acyl-CoA to long-chain acylcarnitine allows the fatty acid moiety to be 

transported across the inner mitochondrial membrane via carnitine translocase (CAT), which 

exchanges long-chain acylcarnitines for carnitine. An inner mitochondrial membrane CPT2 then 

converts the long-chain acylcarnitine back to long-chain acyl-CoA. The long-chain acyl-CoA enters 

the fatty acid β-oxidation pathway, which results in the production of one acetyl-CoA from each cycle 

of fatty acid β-oxidation. Malonyl-CoA, an early intermediate of DNL that accumulates upon insulin 
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receptor activation, is an allosteric inhibitor of CPT1 (McGarry and Brown, 1997). Thus, in the fed 

state, FA oxidation is inhibited and DNL is promoted, allowing for storage and distribution of lipids. 

In general, short-, medium- and LCFAs are oxidized within mitochondria, while toxic, very-long-

chain FAs are oxidized within peroxisomes. During the process of β-oxidation, electrons are 

indirectly donated to the electron transport chain to drive ATP synthesis (Figure 1.24). Acetyl-CoA 

can be further processed via the tricarboxylic acid cycle (TCA) or, in the case of FA abundance, be 

converted into ketone bodies. Many steps of β-oxidation are regulated at the transcriptional and 

post-transcriptional level. Transcriptional regulation are mainly mediated by transcription factors of 

PPARs, SREBP1, PGC-ͳȽ and estrogen-related receptor Ƚ ȋERRȽȌ, while the post-transcriptional level 

mainly involves allosteric control of fatty acid β–oxidation (by the ratio of NADH/NAD+ and acetyl-

CoA/CoA level), as well as ACC, Malonyl-CoA decarboxylase (MCD) and CPT1 regulation. Both 

mechanisms work in harmony to ensure a continual supply of long chain acyl-CoA for β-oxidation, 

and products of β-oxidation for mitochondrial energy production (Fillmore et al., 2011). 

Furthermore, insulin signaling is again involved in the regulation of FA oxidation and the formation 

of ketone bodies via transcriptional regulation of mitochondrial HMG-CoA synthase (Bechmann et al., 

2012), as well as suppressing the β-oxidation via mTORC1 (Ricoult and Manning, 2013). The 

processes of mitochondrial β-oxidation and ketone body formation have been established in fish. 

Also it is demonstrated that fasting and low fat diet stimulate hepatic β-oxidation in teleost fish and 

elasmobranchs (Lu et al., 2014; Tocher, 2003). 

Figure 1. 24 Fatty acid oxidation overview 

 

 

 

 

 

 

 

Fatty acids primarily enter a cell via fatty acid protein transporters on the cell surface. Once inside, fatty acyl-CoA 
synthase (FACS) adds a CoA group to the fatty acid. CPT1 then converts the long chain acyl-CoA to long chain 
acylcarnitine. The fatty acid moiety in transported by CAT across the inner mitochondrial membrane. CPT2 then 
converts the long chain acylcarnitine back to long chain acyl-CoA. The long chain acyl-CoA can then enter the fatty 
acid β-oxidation pathway, resulting in the production of one acetyl-CoA from each cycle of β-oxidation. This acetyl-
CoA then enters the TCA cycle. The NADH and FADH2 produced by both β-oxidation and the TCA cycle are used by 
the electron transport chain to produce ATP. From (Fillmore et al., 2011). 
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1.3.3 The regulation of hepatic amino acid catabolism in mammals and fish 

AA catabolism is an important energy source for mammalian organisms when other energy substrates 

are low, particularly circulating glucose and FA (Young and Marchini, 1990). During prolonged 

starvation or other energy demanding states, the protein breakdown in skeletal muscle is augmented, 

releasing to the circulation increasing amounts of AAs, which are taken up by the liver and catabolized 

by specific amino acid catabolizing enzymes (AACE) (Contreras et al., 2015). This catabolism contributes 

to the generation of metabolic energy and provides substrates for hepatic gluconeogenesis to maintain 

blood glucose concentration (Ruderman, 1975) as gluconeogenic amino acids can be converted to 

glucose via gluconeogenesis (Figure 1.25). On the other hand, a diet rich in protein induces high AA 

supply into the liver. It is well-known that when dietary protein intake does not exceed the amino acid 

requirements, AA catabolism barely occurs. However, when protein intake excesses the requirement, 

the excess of AA is catabolized by the AACE since the excess of dietary AA cannot be stored. Thus if 

excessive protein intake is not used efficiently by the body, this may impose a metabolic burden on the 

bones, kidneys and liver, and generate adverse effects, such as hypercalciuria and hyperuricosuria. 

Therefore, generally, the AACE activity increases when the supply of circulating AAs augments by fasting 

or after the consumption of an excess of dietary protein (Contreras et al., 2015). Recent studies shown 

that glucagon stimulates hepatic amino acid catabolism and decreases serum amino acid levels in mouse 

(Solloway et al., 2015). At the transcriptional level, investigators demonstrated that the expression of 

AACE is down-regulated through PPARȽ by attenuating (NFͶȽ transcriptional activity, implicating an 

important role of PPARȽ in the regulation of protein metabolic homeostasis (Contreras et al., 2015). 

Interestingly, studies in trout shown that elevated hepatic AA catabolic gene expression was associated 

with enhanced mTOR activation both in vivo and in vitro, and these elevations diminished when mTOR 

activation was inhibited by acute rapamycin administrations (Lansard et al., 2011; Lansard et al., 2010; 

Seiliez et al., 2011a), implicating that hepatic AA catabolic gene expression is controlled by mTORC1. For 

instance, Seiliez et al. (Seiliez et al., 2011a) demonstrated that a high protein low carbohydrate diet 

upregulated the expression of serine dehydratase (SD) and branched-chain Ƚ-keto acid dehydrogenase 2 

(BCKD E2) in liver and the expression of BCKD E2 in muscle. Consistently, insulin together with amino 

acids up-regulate SD gene expression in trout hepatocytes via an mTOR-dependent manner (Lansard et 

al., 2011; Lansard et al., 2010). Notably, investigations in vivo shown that AA catabolic enzyme is barely 

affected by dietary protein content similarly as in cat (Cowey and Walton, 1989; Macdonald et al., 1984). 
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Figure 1. 25 Catabolism of proteinogenic amino acids 

 

 

 

 

 

 

 

 

 

 

 

Those amino acids that can form any of the intermediates of carbohydrate metabolism can subsequently be converted to 
glucose via a metabolic pathway known as gluconeogenesis. These amino acids are called glucogenic amino acids. Amino 
acids that are converted to acetoacetyl-CoA or acetyl-CoA, which can be used for the synthesis of ketone bodies but not 
glucose, are called ketogenic amino acids. Some amino acids fall into both categories. Leucine and lysine are the only 
amino acids that are exclusively ketogenic. From Ferrier et al. (Ferrier et al., 2011). 

Table 1. 1 Protein requirement (% of diet) for adult and growing animals of several species 

Species Young Adult 

Man 8 5 
Rat 12 4.2 
Dog 12 4 
Cat 29 19 

Catb 17 10 
Mink 31 20 
Fox 24 16 

Rainbow trout 42-48 35-40 
 

aIdeal protein, i.e. meeting all the known essential amino acid requirements.  

bValues expressed as percentage of dietary energy. 

(Adapted from (Hardy, 2002; Macdonald et al., 1984). 
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1.4 Rainbow trout as a model for nutrition and nutrient metabolism studies 

The rainbow trout (Oncorhynchus mykiss Walbaum; family: Salmonidae) is a carnivorous (piscivorous) 

species that shows many particularities with respect to nutrition. The rainbow trout is characterized as 

a poor user of dietary carbohydrates illustrated by a clear glucose intolerance phenotype after 

carbohydrate intake (Hemre et al., 2002; Moon, 2001). Moreover, rainbow trout have relatively high 

dietary protein/AAs requirement (Table 1), with AAs being largely used for energy production by 

catabolism or for the production of fatty acids and glucose (Panserat et al., 2013; Walton and Cowey, 

1982). Finally, trout possesses relatively low energy requirement compared to terrestrial vertebrates, 

which is intimately related to their poikilothermic lifestyle as for most aquatic animals (Guillaume et al., 

2001). These unusual metabolic features may allow us to gain a better understanding of the nutritional 

regulation. Furthermore, it is also probably one of the most deeply studied fish species with a long 

research history performed in physiology, nutrition, ecology, genetics, pathology, carcinogenesis and 

toxicology. Additionally, its relatively large size compared with model fish such as zebrafish and medaka, 

makes rainbow trout a particularly well-suited alternative model to carry out biochemical and 

molecular studies on specific tissues or cells that are impossible to decipher in small fish models 

(Klionsky et al., 2012). 

Rainbow trout represents a well-studied carnivorous model  

Salmonids (including Atlantic salmon and rainbow trout) are predatory fish in nature and are placed at a 

highest trophic level of the food chain of the aquatic environment. These fish species are classified as 

carnivorous animals. In this context, they represent a very interesting model of animal nutrition because, 

up to now, few strict carnivorous animals have been extensively studied with the exception of cats, mink, 

raptors such as owls and the piscivorous fish species (Panserat et al., 2013). Furthermore, similar with 

domestic cat and dolphin, trout exhibits relatively high dietary protein/AAs requirement, poor 

utilization of dietary carbohydrates and glucose intolerant phenotype, thus it also represents a relevant 

carnivorous model organism for the investigation of protein and glucose metabolism (Hemre et al., 2002; 

Schermerhorn, 2013).  

Trout is a relevant diabetic model  

Glucose intolerance is a term that refers to the inability of an organism to rapidly deal with a glucose 

load. The consequences are persistent hyperglycemia and in many cases, reduced growth. Glucose 

intolerance is a clinical term used in the diagnosis of insulin-dependent diabetes mellitus and is assessed 

by the use of a glucose tolerance test (GTT). A GTT involves administering a bolus of glucose either 

orally or intravenously, and if plasma glucose values do not return to baseline within 12 h, the subject 
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(=human) is considered to have impaired glucose tolerance. The GTT has been used in many fish studies 

to test glucose tolerance and in most cases, the data consistently show that teleost fishes show 

persistent hyperglycemia after a glucose load. Thus, teleost fishes are generally considered to be glucose 

intolerant (Moon, 2001). Given that healthy carnivorous fish exhibit metabolic changes after fasting or a 

carbohydrate rich diet that are similar to those observed in humans with diabetes, trout can be used as a 

comparative natural model for the study of biological mechanisms associated with type 2 diabetes 

(Schermerhorn, 2013). As a relevant diabetic research model, carnivores have two main advantages. 

First, these features are presented in healthy fish, which do not have to be induced, representing a major 

advantage compared to other mammalian models. Second, these animals are long lived, easy to maintain 

in a controlled environment, cooperative and accessible for study, which permits long-term studies of 

individual animals. Thus, understanding how nutrients regulate intermediary metabolism in trout may 

have multi-significance. 
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1.5 Hypothesis and objectives of the thesis 

In current thesis, we set to address four major questions below: 

Question I: Does mTOR signaling pathway regulate metabolism-related gene expression in vivo? 

Previous studies from the laboratory have demonstrated that TOR signaling pathway is involved in the 

control of lipogenic and glycolytic gene expression in primary cell culture of rainbow trout hepatocytes 

(Lansard et al., 2011; Lansard et al., 2010). We hypothesize that mTOR signaling pathway is also 

involved in the regulation of intermediary metabolism-related gene expression in vivo. Therefore, we 

assessed the potential involvement of mTORC1 signaling in the regulation of postprandial hepatic lipid 

and glucose metabolism-related gene expression in rainbow trout liver. We used re-feeding to activate 

mTOR signaling pathway and employed IP administration of rapamycin, a pharmacological inhibitor of 

mTOR, to achieve an acute inhibition of this pathway. 

Question II: What are the respective role of protein and carbohydrate in the regulation of lipogenic 

gene expression, and what is the role of mTOR in these regulations? 

De novo lipogenesis (DNL) is the metabolic pathway that synthesizes fatty acids from excess carbon-

donors; these fatty acids can then be converted into triglycerides, the major energy storage form in 

vertebrates (Lee et al., 2008; Strable and Ntambi, 2010; Tocher, 2003). In mammals, hepatic lipogenesis 

is mainly stimulated by high dietary carbohydrates (Kersten, 2001; Towle et al., 1997), whereas 

suppressed by high dietary protein (Rietman et al., 2014a). However, the nutritional regulation of DNL 

in carnivorous fish seems to be relatively different, with limited effect of dietary carbohydrates or 

glucose on the stimulation of lipogenesis (Hemre and Kahrs, 1997; Jin et al., 2014b; Seiliez et al., 2011a), 

whereas a stimulatory role has been conferred to dietary protein (Figueiredo-Silva et al., 2009; Seiliez et 

al., 2011a). Therefore, we hypothesize that unlike omnivorous mammals, dietary proteins/AAs instead 

of dietary carbohydrate/glucose are the main regulators of hepatic lipogenesis in carnivorous fish. We 

thus evaluated and compared the respective role of dietary carbohydrate/glucose and protein/amino 

acids on the regulation of lipogenesis in rainbow trout via both in vivo and in vitro approaches. 

Question III: Do high levels of amino acids negatively influence insulin signaling and action in fish? 

As protein raw materials represent the highest expense, accounting for about 50 % of the total cost in 

aquafeeds (Rolland, 2014), one potential economic strategy is to maximize the inclusion of digestible 

carbohydrates (the cheapest and most abundant dietary energy source for all feed stock) and minimize 

the inclusion of protein used for energy fuel part in the diets (Kamalam, 2013; Stone, 2003; Wilson, 
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1994). However, fish, particularly carnivorous species, are well recognized for their low efficiency in 

using digestible carbohydrates and are classified as ǲglucose intolerantǳ (Falkmer, 1961; Mommsen and 

Plisetskaya, 1991; Moon, 2001), yet the underlying mechanisms for causing these characters still remain 

largely unclear (Kamalam, 2013; Polakof et al., 2012a). In mammals, excessive AAs can induce over-

activation of mTORC1 pathway, which elicits a negative feedback signal that hyperphosphorylates IRS1 

at serine residues, leading to reduced IRS1 function and impaired activation of the PI3K/Akt pathway, 

thereby diminishing insulin action (Boura-Halfon and Zick, 2009; Tremblay et al., 2007). Moreover, 

persistent activation of mTORC1 signaling pathway may lead to insulin resistance via the transcription 

factors FoxO1 and FoxO3 (Boura-Halfon and Zick, 2009; Codogno and Meijer, 2010; Lynch and Adams, 

2014). Given that diets of carnivorous fish generally possess relatively high protein/AAs levels (two to 

four times higher) compared to those of humans, rodents or other terrestrial domestic animals 

(Schermerhorn, 2013; Walton and Cowey, 1982), we hypothesize that this nutritional feature may 

account for, or at least partially account for the persistent hyperglycemia and absence of postprandial 

down-regulation of gluconeogenesis, probably through attenuating insulin signaling pathway and 

insulin action via hyper-activation of mTORC1 signaling pathway. We thus investigated this hypothesis 

using trout primary hepatocytes.  

Question IV: What mechanism governs glucose intolerance in fish? Role of mTOR signaling pathway 

It is well-known that in fish hepatic GK expression and activity strongly respond to changes of blood 

glucose levels induced by different dietary carbohydrate inclusion (Enes et al., 2009; Panserat et al., 

2014; Polakof et al., 2011b; Polakof et al., 2012a). Given that our previous study in vitro demonstrated 

that mTOR inhibition by rapamycin also repressed GK gene expression, we hypothesize that dietary 

carbodydrate regulates hepatic GK gene expression and activity via an mTOR-dependent manner. 

Furthermore, fish displays prolonged hyperglycemia after consuming a carbohydrate rich meal or after 

a glucose tolerance test (Moon, 2001), but it is unclear whether the persistent hyperglycemia in fish is 

due to poor glucose uptake (glucokinase or glycolysis), low utilization of glucose by the peripheral 

tissues and/or lack of suppression of endogeneous production (hepatic gluconeogenesis). We 

hypothesize that the poor inhibition of postprandial hepatic gluconeogenesis is the major responsible 

factor and have tried to address this question as well. 

The present thesis brings forward our understandings about the regulatory roles of protein/AAs in the 

regulation of hepatic intermediary metabolism (glucose metabolism, fatty acid biosynthesis and 

amino acid catabolism), and determines the potential involvements of insulin/Akt and mTORC1 

signaling pathways during these regulations. The most important results are recapitulated in chapter 3, 

followed by the general conclusion and future perspectives in chapter 4 and chapter 5. 
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Chapter 2  

MATERIAL AND METHODS 
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Figure 2. 1 The experimental flow through rearing system setup used for conducting feeding trials at the 
INRA experimental farm, Donzacq 

 

  

 

 

Figure 2. 2 Overview of experimental procedures of the in vivo experiments 
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2.1 Experimental trials 

2.1.1 Ethics statement 

All experiments were carried out in accordance with the clear boundaries of EU legal frameworks, 

specifically those relating to the protection of animals used for scientific purposes (i.e. Directive 

2010/63/EU), and under the French legislation governing the ethical treatment of animals (Decret 

no. 2001-464, May 29th, 2001). The investigators carrying out the experiment had ǮǮlevel ͳǯǯ or ǮǮlevel ʹǯǯ certification, bestowed by the Direction Départementale des Services Vétérinaires ȋFrench 
vetinary services) to carry out animal experiments (INRA 2002-36, April 14th, 2002). 

 

2.1.2 In vivo experimental trial 

 

2.1.2.1 Experimental and sampling procedures  

Three experimental trials were conducted in the INRA experimental fish facilities of Donzacq 

(Landes, France; Figure 2.1). Juvenile rainbow trout (Oncorhynchus mykiss, Walbaum 1792) were 

reared at a constant water temperature of 17.5±0.5°C, under natural photoperiod. They were fed a 

standard trout commercial diet (T-3P classic, Skretting, Fontaine-les-Vervins, France) during the 

acclimatization period. Prior to each trial, fish were food deprived for 72 h—the time required to 

ensure the complete emptying of the digestive tract. After a recovery period of 3 or 4 hours, trout 

were sedated with benzocaine (10mg/L) and treated with a single intraperitoneal (IP) injection of 

rapamycin (0.5 mg/kg) or vehicle (75% DMSO and 25% saline solution NaCl 0.9%) with 100 µL/100 

g body mass. Fish were then fasted or refeed (article 1), controlled-fed (article 2) or IP injected with 

D-glucose (article 4) according to the procedures described below (Figure 2.2).  

Refeeding trial (article 1): Two tanks per treatment (vehicle or rapamycin) were refed with the 

commercial diet (T-3P classic, Skretting, Fontaine-les-Vervins, France) to apparent satiation 3 h after 

the injection of rapamycin while the other two tanks remained fasted. Four fish per tank (two tanks 

per condition) were randomly sampled 2, 4 and 24 h after refeeding (N=8).  

Controlled-feeding trial (article 2): 3 h after the IP injection of rapamycin, three tanks per 

treatment (vehicle or rapamycin) were assigned to one of the three experimental diets (Table 2.1), 

which were manufactured at the INRA facility of Donzacq (France) using a twinscrew extruder 

(Clextral, France). Three diets, high protein low carbohydrate (HPLC), high protein high 

carbohydrate (HPHC) and low protein high carbohydrate (LPHC) diets were formulated to contain 

different levels of dietary protein and carbohydrate as shown in Table 2.1. A controlled-feeding 

method was employed to supply fixed amount of dietary protein or carbohydrate while maintaining 

the other nutrient intake almost equivalent. HPLC, HPHC and LPHC diets were fed following the 

feeding ratios of 0.94%, 1.23% and  
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Table 2. 1 Diets composition and nutrients intake 

Ingredients (%) 
Diets 

HPLC HPHC LPHC 

Fish meala 79.1 54.0 35.7 

Fish oilb 8.7 5.9 11.3 

Dextrinc 11.1 38.5 51.0 

Vitamin premixd 1.1 0.8 1.0 

Mineral premixe 1.1 0.8 1.0 

Proximate analysis    
Crude protein (%DM) 57.5 40.1 26.2 

Crude fat (%DM) 19.8 14.3 16.3 

NFE (%DM) 10.6 36.1 48.2 

Dry matter (%) 91.2 91.3 91.3 

 
Feeding level (BW) 0.86% 1.23% 0.94% 

Protein intake (g/10 kg BW) 45.1 45.0 22.4 

NFE intake (g/10 kg BW) 8.3 40.5 41.4 

Lipids intake (g/10 kg BW) 15.5 16.1 14.0 

 

HPLC, high protein low carbohydrate; HPHC, high protein high carbohydrate; LPHC, low protein high 

carbohydrate; DM, dry matter; NFE, nitrogen-free extract/carbohydrate; BW, body weight. 

aFish meal (Sopropeche, Boulogne-sur-Mer, France). 

bFish oil (North sea fish oil; Sopropeche, Boulogne-sur-Mer, France). 

cDextrin (Lestrem 62, Roquette, France). 

dVitamin premix: 60 IU DL-a tocopherol acetate, 5 mg kg–1 diet sodium menadione bisulphate, 15,000 IU 

retinyl acetate, 3000 IU DL-cholecalciferol, 15 mg kg–1 diet thiamin, 30 mg kg–1 diet riboflavin, 15 mg kg–1 

diet pyridoxine, 0.05 mg kg–1 diet B12, 175 mg kg–1 diet nicotinic acid, 500 mg kg–1 diet folic acid, 1000 mg 

kg–1 diet inositol, 2.5 mg kg–1 diet biotin, 50 mg kg–1 diet calcium panthotenate, 2000 mg kg–1 diet choline 

chloride (UPAE, Jouy, Inra, France). 

eMineral premix: 2.15 g calcium carbonate (40% Ca), 1.24 g magnesium oxide (60% Mg), 0.2 g ferric 

citrate, 0.4 mg kg–1 diet potassium iodide (75% I), 0.4 g zinc sulphate (36% Zn), 0.3 g copper sulphate (25% 

Cu), 0.3 g manganese sulphate (33% Mib), 5 g dibasic calcium phosphate (20% Ca, 18% P), 2 mg kg–1 diet 

cobalt sulphate, 3 mg kg–1 diet sodium selenite (30% Se), 0.9 g KCl, 0.4 g NaCl (UPAE, Jouy, INRA, France). 
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0.86% body weight, respectively. The remaining tanks remained fasted and used as controls. Eight 

fish per tank were randomly sampled 2, 8 and 24 h after refeeding (N=8). 

Glucose tolerance trial (article 4): Four hours after rapamycin or vehicle administration, six fish per 

treatment (vehicle or rapamycin, two fish per tank) were sampled. Based on previous studies in fish 

(Moon, 2001), all remaining fish were sedated and subjected to IP administration with 250 mg D-

glucose/kg body weight. Two fish per tank (three tanks per treatment) were randomly sampled 2, 4, 

6, 8 and 17 h after glucose injection (N=6). 

 

2.1.2.2 Sampling procedure 

For each treatment, trout were anaesthetised with benzocaine (30mg/L) and killed by a sharp blow 

to the head. Blood was removed from the caudal vein into heparinized syringes and centrifuged 

(3000g, 5 min); the recovered plasma was immediately frozen and kept at –20°C. The stomach 

content of each fish was checked to confirm that the fish had effectively ingested the diet. Livers 

were dissected and immediately frozen in liquid nitrogen and kept at –80°C. 

 

2.1.3 In vitro experiments 

 

2.1.3.1 Animals 

Sexually immature rainbow trout (240 to 300g) were obtained from the INRA experimental fish 

farm facilities (INRA, Donzacq, France). Fish were maintained in tanks kept in open circuits at 18°C 

with well-aerated water under natural photoperiod conditions. Trout were fed to satiety every two 

days with a commercial diet (T-3P classic, Trouw, France).  

 

2.1.3.2 Primary cell culture of rainbow trout hepatocytes 

Isolated liver cells were prepared from 3 day-fasted rainbow trout. Trout were left unfed for 3 days 

in order to empty the digestive tract and then facilitate the liver in situ perfusion. At the time of 

experiments, fish were anaesthetized by placing them in water containing 60 mg/L aminobenzoic 

acid, and hepatocytes were isolated by the in situ perfusion method described by Mommsen et al 

(Mommsen et al., 1994). Livers were excised and minced with a razor blade in modified (anksǯ 
medium (136.9 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 0.44 mM KH2PO4, 0.33 mM Na2HPO4, 5 mM 

NaHCO3 and 10 mM HEPES) (Table 2.2) supplemented with 1mM EGTA. After filtration and 

centrifugation (120 g, 2 minutes), the resulting cell pellet was resuspended three successive times in modified (anksǯ medium ȋͳ.ͷ mM CaCl2 and 1.5% defatted bovine serum albumin (BSA) (Sigma, St. Louis, MO, USAȌȌ. Cells were finally taken up in modified (anksǯ medium supplemented with ͳ.ͷ mM 
CaCl2, 1% defatted BSA, 3 mM glucose, MEM essential amino acids (1X) (Invitrogen Carlsbad, 
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Figure 2. 3 General procedures for trout primary hepatocytes harvest and stimulation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 4 Trout hepatocytes photos after 4, 24, 48 and 72 h culture 
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California, USA), MEM non-essential amino acids (1X) (Invitrogen Carlsbad, California, USA) and 

antibiotic antimycotic solution (1X) (Sigma, St. Louis, MO, USA) as the basic culture medium. 

Compositions of one fold MEM essential and non-essential amino acids are shown in Table 2.3. Cell 

viability (>98%) was assessed using the trypan blue exclusion method (0.04% in 0.15 M NaCl) and cells 

were counted using a haemocytometer. The hepatocyte cell suspension was plated in a six well Primaria 

culture dish (BD, USA) at a density of 3×106 cells/well and incubated at 18°C. The culture medium was 

changed every 24 h over the 48 h of primary cell culture as shown in Figure 2.3. Microscopic 

examination ensured that hepatocytes progressively re-associated throughout culture to form two-

dimensional aggregates (Figure 2.4), consistent with earlier reports (Ferraris et al., 2002; Segner, 1998).  

 

2.1.3.3 Stimulations and cell recovery 

Article 2: For the cell culture involving different glucose and amino acid levels, 48 h-cultured cells were 

stimulated with 4×10-9 mol l-1 of bovine insulin (Sigma, St. Louis, MO, USA) corresponding to the post-

prandial level of insulin (del sol Novoa et al., 2004; Mommsen and Plisetskaya, 1991), low or high level 

of glucose (3 mM/LGlu or 20 mM/HGlu) and low or high level of amino acids [one-fold (LAA) or four-

fold (HAA) concentrated amino acids]. In the cell culture involving different levels of insulin, 48 h-

cultured hepatocytes were stimulated with consistent glucose concentration (3 mM), low or high level of 

insulin (1×10-9 mol l-1/low insulin or 4×10-9 mol l-1/high insulin; corresponding to the two weeks fasted 

or post-prandial insulin levels, respectively (Mommsen and Plisetskaya, 1991)) and low or high level of 

amino acids (LAA or HAA). Cells were harvested 15 min after stimulation for western blot analysis or 

resuspended in TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA) 24 h after stimulation and stored at -

80°C for subsequent mRNA extraction. The time intervals were chosen based on the phosphorylation 

peaks of Akt/TOR signaling pathway or relevant metabolic gene expression peaks, respectively. 

 

Article 3: For the cell culture involving different amino acid levels, 48 h-cultured cells were stimulated 

with the mediums containing 4×10-9 mol l-1 of bovine insulin (Sigma, St. Louis, MO, USA) and one fold 

(I*1AA), two fold (I*2AA), or four fold concentrated MEM essential and non- essential amino acids 

mixture (I*4AA), respectively. Control cells were maintained the basic culture medium (1AA without 

insulin). In the second set of cell culture, 48 h-cultured hepatocytes were pre-incubated for 30 min with 

or without 100 nM rapamycin (Rapa) in order to inhibit TOR activation. The mediums were then 

replaced by a fresh one containing 4×10-9 mol l-1 insulin and four fold concentrated MEM essential and 

non-essential amino acids mixture (I*4AA). Cells were harvested 45 min after stimulation for western 

blot analysis or resuspended in TRIzol® Reagent 24 h after stimulation and stored at -80°C for 

subsequent mRNA extraction. The time intervals were chosen based on the phosphorylation peaks of 

TOR signaling pathway or relevant metabolic gene expression, respectively. 
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Table 2. 2 Composition of modified (anksǯ medium 

Composition Concentration (mM) 

NaCl 139,9 

KCl 5,4 

MgS04×7H20 0,8 

Na2HP04×7H20 0,33 

KH2P04 0,44 

NNaHCO3 5 

HEPES 5 

HEPES×Na 5 

 
Table 2. 3 Amino acid composition in the culture medium (1X) 

Composition Concentration (µM)  

MEM essential   
L-arginine 600 
L-cystine 100 
L-histidine 200 
L-isoleucine 400 
L-leucine 400 
L-lysine 400 
L-methionine 100 
L-phenylalanine 200 
L-threonine 400 
L-tryptophane 50 
L-tyrosine 200 
L-valine 400 
MEM non essential   
Glycine 100 
L-alanine 100 
L-asparagine 100 
L-acide aspartique 100 
L-acide glutamique 100 
L-proline 100 
L-serine 100 
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2.2 Analytical methods 

 

2.2.1 Plasma metabolites analysis Plasma glucose ȋGlucose RTU, bioMérieux, Marcy lǯEtoile, France), triglycerides (PAP 150, 

bioMérieux) and free fatty acid (NEFA C kit, Wako Chemicals, Neuss, Germany) levels were 

determined using commercial kits adapted to a microplate format, according to the 

recommendations of the manufacturer. Total plasma free amino acid levels were determined by the 

ninhydrin reaction (Moore, 1968), with glycine as standard. 

 

2.2.2 Western blot analysis 

Western blot analyses were performed with proteins extracted from both liver and hepatocytes. 

Frozen livers (200 mg; N=6) were homogenised on ice with an ULTRA-TURRAX® homogenizer 

(IKA®-WERKE, Germany) in 2 mL of buffer containing 150 mmol/L NaCl, 10 mmol/L Tris, 1 mmol/L 

EGTA, 1 mmol/L EDTA (pH 7.4), 100 mmol/L NaF, 4 mmol/L sodium pyrophosphate, 2 mmol/L 

sodium orthovanadate, 1% Triton X-100, 0·5% NP-40-Igepal and a protease inhibitor cocktail 

(Roche Diagnostics GmbH, Mannheim, Germany). Homogenates were centrifuged at 1500g for 15 

min at 4℃ and supernatant fractions were then centrifuged at 20,000g at 4℃ for 30 min. The 

resulting supernatant fractions were recovered and stored at -80℃.  

For cell culture samples, cells were carefully washed with two times 1ml of cold phosphate buffered 

saline (PBS) at the end of the stimulation period. Then 300µl of cell lysis buffer were added before 

being stored the culture dish at -80°C overnight. Then cells were scraped, collected and lysed on ice 

for 30 min. Lysates were centrifuged at 12.000g for 30 min at 4°C. The resulting supernatant 

fractions were recovered and stored at -80℃. 

Protein concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad Laboratories, 

Munich, Germany) with BSA as standard. Lysates were subjected to SDS-PAGE and Western blotting 

using the appropriate antibody (Table 2.4 and 2.5). Anti-FoxO1 (no. 1874-1) and anti-p38 MAPK (no. 

sc-535) was purchased from Epitomics (California, United States), and the other antibodies were 

purchased from Cell Signaling Technologies (Ozyme, Saint Quentin Yvelines, France). All of these 

antibodies (except anti-phospho-Akt (Thr308), anti-phospho-GSK 157 3Ƚ/Ⱦ (Ser21/9), anti-GSK 3Ƚ, 

anti-phospho-IRS-1 (Ser302), anti-phospho-p38 MAPK and anti-p38 MAPK) successfully cross-

reacted with  rainbow trout (Kamalam et al., 2012; Seiliez et al., 2008; Seiliez et al., 2011b). For anti-

phospho-Akt (Thr308), anti-phospho-GSK ͵Ƚ/Ⱦ ȋSer21/9), anti-GSK ͵Ƚ, anti-phospho-IRS-1 (Ser302), 

anti-phospho-p38 MAPK and anti-p38 MAPK antibody, the molecular weight and amino acid 

sequences were monitored in the SIGENAE database (SIGENAE) to check for a good conservation of 

the antigen sequence. Conditions used for the in vivo and in vitro WB analysis were displayed in 

Table 2.4 and 2.5, respectively. After washing, membranes were incubated with an  
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Table 2. 4 General conditions used in the in vivo WB experiments (migration, transferring, reference of antibody and its conditions for incubation) 

    Akt pathway TOR pathway   

  Protein Akt S473 Akt T308 FoxO GSK 3 TOR S6K1 S6 4E-BP1 β-Tubulin 

Migration 

Molecular Weight (kDa) 60 60 78-82, 95 49, 51 289 70.85 32 14-20 55 

Gel concentration (%) 10 10 10 10 7.5 10 10 15 10 

Loading quantity (µg) 10 10 10 10 20 20 10 10 10 

Migration (V) 80-100 80-100 80-100 80-100 

45V, 

overnight 80-100 80-100 80-100 80-100 

Transferring Transfering (V, h) 100V, 2h 100V, 2h 100V, 2h 100V, 2h 45V, 4h 100V, 2h 100V, 2h 100V, 2h 100V, 2h 

Phosph-Ab 

Antibody reference #9271 #9275 #9464 #9331 #2971 #9205 #4856 #9459 

  

Phosphorylation site Ser473 Thr308 T24/T32 S21/9 Ser2448 Thr389 S235/236 Thr37/46 

Ab source Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit 

Ab concentration 1/1000 1/1000 1/1000 1/1000 1/1000 1/500 1/1000 1/1000 

Time for incubation (d) Overnight Overnight 2 days Overnight 2 days 2 days Overnight Overnight 

Total-Ab 

Antibody reference #9272 #9272 #1874-1 #9338 #2972 #9202 #2217 #9452 #2146 

Ab source Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit 

Ab concentration 1/1000 1/1000 1/1000 1/1000 1/1000 1/500 1/1000 1/1000 1/1000 

Time for incubation (d) Overnight Overnight Overnight Overnight 2 days 2 days Overnight Overnight Overnight 
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Table 2. 5 General conditions used in the in vitro WB experiments (migration, transferring, reference of antibody and its conditions for incubation) 

    Akt pathway TOR pathway     

  Protein Akt S473 Akt T308 IRS 1 TOR S6K1 S6 4E-BP1 p38 MAPK β-Tubulin 

Migration 

Molecular Weight (kDa) 60 60 180 289 70.85 32 14-20 43 55 

Gel concentration (%) 10 10 7.5 7.5 10 10 15 10 10 

Loading quantity (µg) 2 2 17 7 7 2 2 7 2 

Migration (V) 80-100 80-100 

45V, 

overnight 

45V, 

overnight 80-100 80-100 80-100 80-100 80-100 

Transfering Transfering (V, time) 100V, 2h 100V, 2h 45V, 4h 45V, 4h 100V,2h 100V, 2h 100V, 2h 100V, 2h 100V, 2h 

Phosph-Ab 

Antibody reference #9271 #9275 #2384 #2971 #9205 #4856 #9459 #9211 

  

Phosphorylation site Ser473 Thr308 Ser302 Ser2448 Thr389 S235/236 Thr37/46 Thr180/Tyr182 

Ab source Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit 

Ab concentration 1/1000 1/1000 1/1000 1/1000 1/500 1/1000 1/1000 1/1000 

Time for incubation Overnight Overnight 2 days 2 days 2 days Overnight Overnight Overnight 

Total-Ab 

Antibody reference #9272 #9272 

  

#2972 #9202 #2217 #9452 SC-535 #2146 

Ab source Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit Rabbit 

Ab concentration 1/1000 1/1000 1/1000 1/500 1/1000 1/1000 1/200 1/1000 

Time for incubation Overnight Overnight 2 days 2 days Overnight Overnight Overnight Overnight 
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IRDye Infrared secondary antibody (LI-COR Biosciences, Lincoln, NE, USA). Bands were visualized by 

Infrared Fluorescence using the Odyssey Imaging System (LI-COR Biosciences) and quantified by 

Odyssey Infrared imaging system software (Version 3.0, LI-COR Biosciences). 

 

2.2.3 Gene expression analysis: real time RT-PCR 

Gene expression analyses were performed with total RNA extracted from both liver and hepatocytes. 

Total RNA was extracted from -80℃ frozen livers or hepatocytes using TRIzol® Reagent (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturerǯs recommendations. Total RNA was quantified by 

spectrophotometry (absorbance at 260 nm) and integrity was assessed using Agarose Gel 

Electrophoresis. One microgram of the resulting total RNA was reverse transcribed into cDNA using 

the SuperScriptTM III Reverse Transcriptase kit (Invitrogen, Carlsbad, CA, USA) and random primers 

(Promega, Charbonniéres, France) according to the instructions of each manufacturer. Target gene 

expression abundance was determined by quantitative real-time (q) RT-PCR, using specific primers 

(Cruz-Garcia et al., 2009; Kamalam et al., 2013b; Polakof et al., 2009b; Seiliez et al., 2011a; Skiba-

Cassy et al., 2009). New primers were designed using Primer3 software. To confirm specificity, 

amplicons were purified and sequenced (Beckman Coulter Genomics, UK). 

Quantitative RT-PCR was carried out on a LightCycler® 480 II (Roche Diagnostics, Neuilly sur Seine, 

France) using LightCycler® 480 SYBR Green I Master (Roche Diagnostics GmbH, Mannheim, 

Germany). Quantitative RT-PCR analyses were focused on several key enzymes related to glycolysis, 

gluconeogenesis, lipogenesis, NADPH production, fatty acid bioconversion and AA catabolism (Table 

2.6). When different isoforms of a gene were known in rainbow trout (as for CPT1 and G6Pase), gene 

expression analysis was performed on each isoform. Elongation factor-ͳalpha ȋEFͳȽȌ was employed 
as a non-regulated reference gene, as previously used in rainbow trout and it was stably expressed 

in our investigations.  

PCR was performed using 2 µL of the diluted cDNA (76 times diluted) mixed with 0.24 µL of each 

primer (10 µM), 3 µL LightCycler® 480 SYBR Green I Master (Roche Diagnostics GmbH, Mannheim, 

Germany) and 0.52 µL DNase/RNase/Protease-free water (5 prime GmbH, Hamburg, Germany) in a 

total volume of 6 µL. The PCR protocol was initiated at 95℃ for 10 min for initial denaturation of the 

cDNA and hot-start Taq-polymerase activation, followed by 45 cycles of a three-step amplification 

program (15 s at 95℃; 10 s at Tm (59-65℃); 4.8 s at 72℃), according to the primer set used. Melting 

curves were systematically monitored (5 s at 95℃; 1 min at 65℃; temperature slope at 0.11℃/s  

from 65 to 97℃) at the end of the last amplification cycle to confirm the specificity of the 

amplification reaction. Each PCR assay included quadruplicates for each sample (duplicates of 

reverse transcription and PCR amplification, respectively) and also negative controls (reverse 

transcriptase and RNA free samples). Relative quantification of target gene expression was 

determined using the E-Method of the LightCycler® 480 software (Version SW 1.5, Roche 
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Table 2. 6 Gene list used in RT-PCR analysis 

Metabolic pathway Abbreviations Full name Reference 

Glucose 
dephosphorylation 

G6Pase I glucose-6-phosphatase I EC 3.1.3.9 

G6Pase II glucose-6-phosphatase II EC 3.1.3.9 

Gluconeogenesis 

FBPase fructose-1,6-bisphosphatase EC 3.1.3.11 

mPEPCK 
metochonial phosphoenolpyruvate 
carboxykinase EC 4.1.1.32 

PEPCK tot phosphoenolpyruvate carboxykinase total EC 4.1.1.32 
Glucose 
phosphorylation 

GK 
glucokinase EC 2.7.1.2 

Glycolysis 
6PF1K  6-phosphofructo-1-kinase EC 2.7.1.11 

PK pyruvate kinase  EC 2.7.1.40 

Transcriptional factor HIF-ͳȽ hypoxia-inducible factor 1-alpha   

Glucose transport Glut 2 glucose transporter 2   

Lipogenesis 

FAS fatty acid synthase EC 2.3.1.85 

ACC Acetyl-CoA carboxylase EC 6.4.1.2 

ACLY ATP citrate lyase  EC 2.3.3.8 

Transcriptional factor 
SREBP1 sterol regulatory element binding protein 1-like    

LXR liver X receptor    

NADPH production 
G6PDH glucose-6-phosphate dehydrogenase EC 1.1.1.49 

ME malic enzyme  EC 1.1.1.40 

Fatty acid 
bioconversion 

Δ/DD Δ fatty acyl desaturase EC 1.14.19.3 △9/SCD1 Stearoyl-CoA desaturase-1 EC 1.14.19.1 

Elovl2 elongation of very long chain fatty acids like-2 EC 2.3.1.199 

ElovL5  elongation of very long chain fatty acids like-5  EC 2.3.1.199 

Fatty acid Ⱦ-oxidation 

CPT 1a carnitine palmitoyltransferase 1 alpha EC 2.3.1.21 

CPT 1b carnitine palmitoyltransferase 1 beta EC 2.3.1.21 

Hoad 3-hydroxyacyl-CoA dehydrogenase  EC 1.1.1.35 

Amino acid catabolism 

SD serine dehydratase EC 4.3.1.17 

ALAT alanine transaminase  EC 2.6.1.2 

ASAT aspartate transaminase  EC 2.6.1.1 

BCKD branched-chain Ƚ-ketoacid dehydrogenase EC 1.2.4.4 

BCKDK 
branched-chain Ƚ-ketoacid dehydrogenase 
kinase EC 2.7.11.4 

GCN2-ATF4 pathway 

SNAT2 System A neutral amino acid transporter 2 EC 6.3.5.4 

CAT cationic amino acid transporter 1   

CHOP C/EBP homology protein   

ASNS asparagine synthetase   

Autophagy 

Atg 4b autophagy related 4B   

Atg12 autophagy-related protein 12   

LC3B light chain 3B   

Gabarapl1 gamma-aminobutyric acid   

Reference Gene EF1 elongation factor 1 alpha 1   

 

http://enzyme.expasy.org/EC/4.3.1.17
http://www.genome.jp/dbget-bin/www_bget?enzyme+2.7.11.4
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Diagnostics). PCR efficiency, which was measured by the slope of a standard curve using serial dilutions 

of cDNA, ranged between 1.85 and 2. 

 

2.2.4 Enzyme activity analysis 

Liver samples for GK enzyme activities were homogenized in ten volumes of ice-cold buffer (80 mmol/L 

Tris, 5 mmol/L EDTA, 2 mmol/L DTT, 1 mmol/L benzamidine, 1 mmol/L 4-(2-aminoethyl) 

benzenesulfonyl fluoride (AEBSF), pH 7.6) and centrifuged at 900g at 4°C for 10 min. GK activities were 

assayed immediately in the supernatant as described by Figueiredo-Silva et al. (Figueiredo-Silva et al., 

2010). Liver samples for FAS enzyme activities were homogenized in four volumes of ice-cold buffer 

(0.02 mol/L Tris-HCl, 0.25 mol/L sucrose, 2 mmol/L EDTA, 0.1 mol/L NaF, 0.5 mmol/L PMSF, 0.01 

mol/L Ⱦ-mercaptoethanol, pH 7.4), centrifuged at 24,000g at 4°C for 20 min and the supernatant were 

assayed immediately for FAS enzyme activity in pre-established conditions (Figueiredo-Silva et al., 

2010). Livers for G6Pase enzyme activities were homogenized in eight volumes of ice-cold buffer (as 

described for GK),  then centrifuged and the supernatant were assayed following the protocol of Alegre 

et al. (Alegre et al., 1988). Samples for FBPase enzyme activities were homogenized in seven volumes of 

ice-cold buffer (as described for GK), centrifuged at 900 g at 4°C for 10 min and the supernatant were 

assayed immediately for FBPase enzyme activity in pre-established conditions (Tranulis et al., 1996). 

Enzyme activity is defined as µmoles of substrate converted to product, per minute, at 37℃ and is 

expressed per mg of liver protein. All measurements were performed in duplicate. 

 

2.2.5 Statistical analysis 

The effect of each condition and interactions were analyzed using two-way ANOVA (P<0.05), followed 

by a Tukey test when the interaction was significant. In cases where data were nonparametric or not 

homoscedastic, data transformations, such as logarithms, square roots and reciprocals, were used to 

meet ANOVA criteria. Normality was assessed using the Shaprio–Wilk test, while homoscedasticity was determined using Leveneǯs test.  
When hepatocyte primary cell cultures were repeated in different fish, results were analyzed using 

linear mixed-effects models (MIXED) procedure with fish ID as subject effect (SPSS 17.0). When 

interaction was significant, results were further analyzed using the EMMEANS subcommand. For all 

statistical analyses, the level of significance was set at P˂0.05. 
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The data generated from in vivo and in vitro experiments performed under the framework of this 

thesis, have been the subject of four peer reviewed publications. Therefore in this section, we 

present the original scientific articles in the order of the objectives of the thesis. 

 

PUBLICATIONS DURING PhD: 

 (1) Dai, W., Panserat, S., Mennigen, J. A., Terrier, F., Dias, K., Seiliez, I. and Skiba-Cassy, S. (2013). 

Post-prandial regulation of hepatic glucokinase and lipogenesis requires the activation of TORC1 

signalling in rainbow trout (Oncorhynchus mykiss). J. Exp. Biol. 216, 4483-92.  

 (2) Dai, W., Panserat, S., Kaushik, S., Terrier, F., Plagnes-Juan, E., Corraze, G., Seiliez, I. and Skiba-

Cassy, S. (2015). Hepatic lipid biosynthesis is more responsive to protein than carbohydrate in 

rainbow trout during acute stimulations. Am. J. Physiol. Regul. Integr. Comp. Physiol. (DOI: 

10.1152/ajpregu.00281.2015). 

 (3) Dai W, Panserat S, Plagnes-Juan E, Seiliez I, and Skiba-Cassy S. (2015). Amino acids attenuate 

insulin action on gluconeogenesis and promote fatty acid biosynthesis via mTORC1 signaling 

pathway in trout hepatocytes. Cell Physiol Biochem 36: 1084-1100. 

 (4) Dai, W., Panserat, S., Terrier, F., Seiliez, I. and Skiba-Cassy, S. (2014). Acute rapamycin treatment 

improved glucose tolerance through inhibition of hepatic gluconeogenesis in rainbow trout 

(Oncorhynchus mykiss). Am. J. Physiol. Regul. Integr. Comp. Physiol. 307, R1231-8.  
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PUBLICATION - 1

Does mTOR signaling pathway regulate metabolism-

related gene expression in vivo? 
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Figure 3. 1 Experimental design, procedures and parameters from the first article 

 

 

 

Figure 3. 2 Result highlights from the first article – Phosphorylation of representational proteins on 

Akt/TOR signaling pathway in trout liver 

 

 

Rapamycin significantly inhibited the phosphorylation of TOR and its downstream effectors S6K1 and 

S6, without affecting Akt on Ser473 or Thr308.
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Presentation of the article 

Objective 

Despite the well-studied roles of TOR (target of rapamycin) in the regulation of lipid metabolism and 

glucose homeostasis in mammals, its role in the metabolic response to feeding status or dietary 

modifications in fish remains to be fully explored. In rainbow trout, mTOR signaling pathway has 

been characterized and the role of amino acids in the activation of this pathway has also been 

established. Moreover, previous studies from the laboratory have suggested that TOR signaling 

pathway is involved in the control of lipogenic and glycolytic gene expression. However, all these 

demonstrations were based on in vitro experiments using primary cell culture of rainbow trout 

hepatocytes. Our aim was to assess the potential involvement of mTOR signaling pathway in the 

regulation of postprandial hepatic lipid and glucose metabolism-related gene expression in rainbow 

trout. For that purpose, an experimental trial was implemented to inhibit the activation of TOR in 

vivo and analyze the consequences on the post-prandial regulation of hepatic gene expression. 

Experiment and Analyses 

In order to abolish the potential activation of the TOR signaling pathway, fasted juvenile rainbow 

trout were subjected to a single intraperitoneal (IP) injection of rapamycin (0.5 mg/kg) or vehicle 

(75% DMSO and 25% saline solution NaCl 0.9%) with 100 µL/100 g body mass. Half of the fish were 

then refed with a commercial diet to apparent satiation 3 h after the IP injection of rapamycin while 

the other half remained fasted. Liver and blood samples were randomly collected 2, 4 and 24 h after 

refeeding (N=8). Post-prandial plasma metabolites, phosphorylation of proteins of the Akt/TOR 

signaling pathway, expression of genes related to glycolysis, gluconeogenesis, lipogenesis and fatty 

acid oxidation and activity of some selected enzymes were measured (Figure 3.1). 

Results and Conclusion 

As expected, refeeding resulted in enhanced phosphorylation of proteins of the Akt/TOR signaling 

pathway in vehicle treatment, confirming that refeeding effectively activated Akt/TOR signaling 

pathway in vivo. Furthermore, rapamycin significantly inhibited the postprandial phosphorylation of 

TOR and its downstream effectors S6K1, S6 and 4E-BP1, without affecting the phosphorylation of 

Akt, FoxO1/FoxO3 or GSK ͵Ƚ/Ⱦ, indicating that the activation of mTORC1 pathway in trout liver was 

successfully blocked by rapamycin (Figure 3.2). 

Rapamycin administration also suppressed postprandial induction of FAS and GK at both gene 

expression and enzymatic activity levels, suggesting that GK and FAS activity are mainly controlled 

at the transcriptional level through an mTORC1-dependent manner. Rapamycin administration not 

only blunted the induction of FAS gene expression and activity but also limited the expression of 

SREBP1c, a transcription factor that activates all the genes needed to produce fatty acids and 

triglycerides in liver (Figure 3.3). 
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Figure 3. 3 Result highlights from the first article – Gene expression and enzyme activities of 

markers of hepatic glucose phosphorylation and lipogenesis 

 

 

 

 

 

 

 

 

 

 

 

In conclusion, we demonstrated for the first time in fish that postprandial regulation of 

hepatic lipogenesis and glucokinase requires the activation of mTORC1 signaling in rainbow 

trout, confirming previous observations in vitro. We also identified the transcription factor 

SREBP1c as a potential mediator of the action of TOR signaling pathway on the regulation of  

lipogenic gene expression as previously demonstrated in mammals. 
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INTRODUCTION

The target of rapamycin (TOR) is a central controller of the growth

and metabolism of cells in response to nutrients, growth factors and

cellular energy status in mammals (Wullschleger et al., 2006). TOR

exists in two structurally and functionally distinct complexes, the

rapamycin- and nutrient-sensitive TORC1 and the rapamycin- and

nutrient-insensitive TORC2 (Kim and Guan, 2011). TORC1

integrates inputs from at least five major intracellular and

extracellular cues – growth factors, stress, energy status, oxygen

and amino acids – to control many major processes, including protein

and lipid synthesis and autophagy (Wullschleger et al., 2006). The

mechanism leading to TORC1 activation has already been

established in mammals and fish (Kim and Guan, 2011; Lansard et

al., 2010; Seiliez et al., 2008). In complex with the intracellular

12 kDa FK506-binding protein (FKBP12), rapamycin binds and

inhibits TOR exclusively in TORC1, whereas FKBP12–rapamycin

cannot bind TOR in TORC2, making this complex insensitive to

direct inhibition by rapamycin at least over short periods (Laplante

and Sabatini, 2012; Sarbassov et al., 2004). However, in many cell

types (Sarbassov et al., 2005) and in vivo studies (Lamming et al.,

2012), prolonged rapamycin treatment results in a decrease of

TORC2 function, perhaps as a result of depletion of the TORC2

complex (Sarbassov et al., 2006).

It is well known in mammals that TORC1 plays an important

role in the control of many aspects of cellular metabolism including

lipid metabolism and glucose homeostasis (Wullschleger et al.,

2006). TORC1 enhances de novo lipogenesis by regulating the

expression and processing of sterol regulatory element-binding

protein 1c (SREBP1c) (Wan et al., 2011; Yecies et al., 2011), a

master regulator of sterol and lipogenic gene transcription (Krycer

et al., 2010). Furthermore, TORC1 increases glycolytic flux by

activating the transcription and the translation of hypoxia inducible

factor 1a (HIF1a) (Düvel et al., 2010), a positive regulator of many

glycolytic genes (Gordan et al., 2007). 

In contrast, the role of TORC1 in the metabolic response to

feeding status or dietary composition in fish has been less well

investigated. Rainbow trout have relatively high dietary protein and

essential amino acid requirements and poor utilization of dietary

carbohydrates compared with humans, rodents and other terrestrial

domestic animals (Walton and Cowey, 1982; Wilson, 1994); thus,

it represents a suitable model to investigate the involvement of

TORC1 in the nutritional control of metabolic gene expression. Most

components of the TOR system [TOR, ribosomal protein S6 kinase

(S6K1), ribosomal protein S6 (S6) and 4E-binding protein 1 (4E-

BP1)] are evolutionarily conserved and have already been

characterized in rainbow trout liver and muscle (Lansard et al., 2010;

Seiliez et al., 2008; Seiliez et al., 2011a), and viscera and muscle

from zebrafish (Seiliez et al., 2013). In fish, activation of the TOR

pathway is controlled by re-feeding (Seiliez et al., 2008; Seiliez et

al., 2013; Skiba-Cassy et al., 2009) as well as in vivo administration

of insulin (Plagnes-Juan et al., 2008). As demonstrated using

primary culture of rainbow trout hepatocytes, the joint action of

insulin and amino acids (particularly leucine) seems to be essential

to activate the TOR pathway whereas insulin alone is sufficient to

activate protein kinase B (Akt) phosphorylation (Lansard et al., 2011;

Lansard et al., 2010).

In rainbow trout, macronutrient composition of the diet affects

the TOR signalling pathway and metabolism-related gene

SUMMARY

To assess the potential involvement of TORC1 (target of rapamycin complex 1) signalling in the regulation of post-prandial

hepatic lipid and glucose metabolism-related gene expression in trout, we employed intraperitoneal administration of rapamycin

to achieve an acute inhibition of the TOR pathway. Our results reveal that rapamycin inhibits the phosphorylation of TORC1 and

its downstream effectors (S6K1, S6 and 4E-BP1), without affecting Akt and the Akt substrates Forkhead-box Class O1 (FoxO1) and

glycogen synthase kinase 3α/β (GSK 3α/β). These results indicate that acute administration of rapamycin in trout leads to the

inhibition of TORC1 activation. No effect is observed on the expression of genes involved in gluconeogenesis, glycolysis and fatty

acid oxidation, but hepatic TORC1 inhibition results in decreased sterol regulatory element binding protein 1c (SREBP1c) gene

expression and suppressed fatty acid synthase (FAS) and glucokinase (GK) at gene expression and activity levels, indicating that

FAS and GK activity is controlled at a transcriptional level in a TORC1-dependent manner. This study demonstrates for the first

time in fish that post-prandial regulation of hepatic lipogenesis and glucokinase in rainbow trout requires the activation of TORC1

signalling.

Key words: TORC1, rapamycin, fatty acid synthesis, glycolysis, gene expression, rainbow trout.
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expression. Increasing the dietary proportion of carbohydrates at

the expense of proteins impairs activation of the TOR pathway and

modifies the expression of several genes related to metabolism

(Seiliez et al., 2011a; Skiba-Cassy et al., 2013). Furthermore, an in

vitro investigation with rainbow trout hepatocytes demonstrated that

insulin and amino acids together upregulate lipogenic and glycolytic

gene expression in a TOR-dependent manner (Lansard et al., 2010)

as observed in mammals (Porstmann et al., 2008). Thus, we put

forward the hypothesis that TOR is involved in the post-prandial

regulation of hepatic lipid and glucose metabolism-related gene

expression in rainbow trout.

To determine the potential involvement of TORC1 signalling in

the regulation of post-prandial hepatic metabolism-related gene

expression in rainbow trout, we performed intraperitoneal (i.p.)

administration of rapamycin. Our goal was to achieve an acute

inhibition of the TORC1 signalling pathway in vivo and analyse the

consequences of this TORC1 inhibition on the expression of several

genes related to glucose utilization, gluconeogenesis, lipogenesis

and fatty acid oxidation.

MATERIALS AND METHODS

Experimental and sampling procedure

Juvenile rainbow trout (Oncorhynchus mykiss, Walbaum 1792) were

reared in the INRA experimental facilities at Donzacq (Landes,

France) at a constant water temperature of 17.5±0.5°C, under natural

photoperiod. They were fed a standard trout commercial diet (T-3P

classic, Skretting, Fontaine-les-Vervins, France) during the

acclimatization period. Fish (mean ± s.e.m. body mass 140±10 g)

were distributed into four tanks per treatment (15 fish per 70 l tank).

Prior to the feeding trials, fish were food deprived for 72 h – the

time required to ensure the complete emptying of the digestive tract.

After this period, trout were sedated with benzocaine (10 mg l–1)

and treated with a single i.p. injection of rapamycin (0.5 mg kg–1)

or vehicle (75% DMSO and 25% saline solution, NaCl 0.9%) at

100 μl 100 g–1 body mass. Two tanks per treatment (vehicle or

rapamycin) were re-fed with the commercial diet (T-3P classic) to

apparent satiation 3 h after the injection while the other two tanks

remained fasted. Four fish per tank (two tanks per condition) were

randomly sampled at 2, 4 and 24 h after re-feeding (N=8). Trout

were anaesthetized with benzocaine (30 mg l–1) and killed by a sharp

blow to the head. Blood was removed from the caudal vein into

heparinized syringes and centrifuged (3000 g, 5 min); the recovered

plasma was immediately frozen and kept at –20°C. The stomach

contents of each fish were checked to confirm that the fish had

effectively ingested the diet. Livers were dissected and immediately

frozen in liquid nitrogen and kept at –80°C. The experiments were

carried out in accordance with the clear boundaries of EU legal

frameworks, specifically those relating to the protection of animals

used for scientific purposes (i.e. Directive 2010/63/EU), and under

the French legislation governing the ethical treatment of animals

(Decree no. 2001-464, 29 May 2001). The investigators carrying

out the experiment had ‘level 1’ or ‘level 2’ certification, bestowed

by the Direction Départementale des Services Vétérinaires (French

veterinary services) to carry out animal experiments (INRA 2002-

36, 14 April 2002).

Plasma metabolite analysis

Plasma glucose (Glucose RTU, bioMérieux, Marcy l’Etoile, France),

triglycerides (PAP 150, bioMérieux) and free fatty acid (NEFA C

kit, Wako Chemicals, Neuss, Germany) levels were determined

using commercial kits adapted to a microplate format, according to

the recommendations of the manufacturer. Total plasma free amino

acid levels were determined by the ninhydrin reaction (Moore, 1968),

with glycine as standard.

Western blot analysis

Frozen livers (N=6; 200 mg) from 2 h re-fed trout were

homogenized on ice with an ULTRA-TURRAX homogenizer

(IKA-WERKE, Staufen, Germany) in 2 ml of buffer containing

150 mmol l–1 NaCl, 10 mmol l–1 Tris, 1 mmol l–1 EGTA, 1 mmol l–1

EDTA (pH 7.4), 100 mmol l–1 NaF, 4 mmol l–1 sodium

pyrophosphate, 2 mmol l–1 sodium orthovanadate, 1% Triton X-

100, 0.5% NP-40-Igepal and a protease inhibitor cocktail (Roche

Diagnostics GmbH, Mannheim, Germany). Homogenates were

centrifuged at 1500 g for 15 min at 4°C and supernatant fractions

were then centrifuged at 20,000 g at 4°C for 30 min. The resulting

supernatant fractions were recovered and stored at −80°C. Protein

concentrations were determined using a Bio-Rad protein assay kit

(Bio-Rad Laboratories, Munich, Germany) with BSA as standard.

Lysates (10 μg of total protein for Akt/TOR/S6/4E-BP1 and 20 μg

for S6K1/FoxO1) were subjected to SDS-PAGE and western

blotting using the appropriate antibody. Anti-phospho-Akt

(Ser473) (no. 9271), anti-phospho-Akt (Thr308) (no. 9275), anti-

carboxyl terminal Akt (no. 9272), anti-phospho-TOR (Ser2448)

(no. 2971), anti-TOR (no. 2972), anti-phospho-S6 protein kinase

1 (Thr389) (no. 9205), anti-S6 protein kinase 1 (no. 9202), anti-

phospho-S6 (Ser235/236) (no. 4856), anti-S6 (no. 2217), anti-

phospho-4E-BP1 (Thr37/46) (no. 9459), anti-4E-BP1 (no. 9452),

anti-phospho-FoxO1 (Thr24)/FoxO3a (Thr32) (no. 9464), anti-

phospho-glycogen synthase kinase 3α/β (GSK 3α/β; Ser21/9) (no.

9331), anti-GSK 3α (no. 9338) and anti-β-tubulin (no. 2146) were

purchased from Cell Signaling Technologies (Ozyme, Saint

Quentin Yvelines, France). Anti-FoxO1 (no. 1874-1) was

purchased from Epitomics (Burlingame, CA, USA). All of these

antibodies [except anti-phospho-Akt (Thr308), anti-phospho-GSK

157 3α/β (Ser21/9) and anti-GSK 3α] successfully cross-reacted

with rainbow trout proteins (Kamalam et al., 2012; Seiliez et al.,

2008; Seiliez et al., 2011b). For anti-phospho-Akt (Thr308), anti-

phospho-GSK 3α/β (Ser21/9) and anti-GSK 3α antibody, the

molecular weight and amino acid sequences were monitored in

the SIGENAE database [information system of the Analysis of

Breeding Animals’ Genome (AGENAE); http://www.sigenae.org/]

to check for a good conservation of the antigen sequence.

Membranes were washed then incubated with an IRDye Infrared

secondary antibody (LI-COR Biosciences, Lincoln, NE, USA).

Bands were visualized by Infrared Fluorescence using the Odyssey

Imaging System (LI-COR Biosciences) and quantified by Odyssey

Infrared imaging system software (v.3.0, LI-COR Biosciences).

Gene expression analysis: real-time PCR

Liver samples (N=6) for gene expression were collected from fasted

fish and 4 and 24 h re-fed fish, the time interval being based on the

post-prandial hepatic gene expression peak of rainbow trout

(Mennigen et al., 2012). Total RNA was extracted from −80°C

frozen livers using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA)

according to the manufacturer’s recommendations, quantified by

spectrophotometry (absorbance at 260 nm) and its integrity assessed

using agarose gel electrophoresis. A 1 μg sample of the resulting

total RNA was reverse transcribed into cDNA using the SuperScript

III Reverse Transcriptase kit (Invitrogen) and random primers

(Promega, Charbonniéres, France) according to the manufacturers’

instructions. Target gene expression levels were determined by

quantitative real-time (q)RT-PCR, using specific primers (Skiba-

Cassy et al., 2009).
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qRT-PCR was carried out on a LightCycler 480 II (Roche

Diagnostics) using LightCycler 480 SYBR Green I Master (Roche

Diagnostics). qRT-PCR analyses were focused on several key

enzymes of hepatic metabolism: glucokinase (GK; EC 2.7.1.2) for

glucose phosphorylation; 6-phosphofructo-1-kinase (6PF1K; EC

2.7.1.11) and pyruvate kinase (PK; EC 2.7.1.40) for glycolysis;

glucose-6-phosphatase (G6Pase; EC 3.1.3.9) for glucose

dephosphorylation; fructose-1,6-bisphosphatase (FBPase; EC

3.1.3.11) and phosphoenolpyruvate carboxykinase (PEPCK; EC

4.1.1.32) for gluconeogenesis; glucose-6-phosphate dehydrogenase

(G6PDH; EC 1.1.1.49) for pentose phosphate shunt; ATP citrate

lyase (ACLY; EC 2.3.3.8), fatty acid synthase (FAS; EC 2.3.1.85)

and the transcription factor SREBP1c for lipogenesis; and carnitine

palmitoyltransferase 1 (CPT1; EC 2.3.1.21) and 3-hydroxyacyl-CoA

dehydrogenase (HOAD; EC 1.1.1.35) for fatty acid oxidation. When

different isoforms of a gene were known in rainbow trout (as for

CPT1), gene expression analysis was performed on each isoform.

Elongation factor-1alpha (EF1α) was employed as a non-regulated

reference gene, as previously used in rainbow trout, and it was stably

expressed in our investigations (data not shown).

PCR was performed using 2 μl of the diluted cDNA (76 times

diluted) mixed with 0.24 μl of each primer (10 μmol l−1), 3 μl

LightCycler 480 SYBR Green I Master (Roche Diagnostics) and

0.52 μl DNase/RNase/protease-free water (5 prime GmbH,

Hamburg, Germany) in a total volume of 6 μl. The PCR protocol

was initiated at 95°C for 10 min for initial denaturation of the cDNA

and hot-start Taq polymerase activation, followed by 45 cycles of

a three-step amplification program (15 s at 95°C; 10 s at melting

temperature Tm (59–65°C); 4.8 s at 72°C), according to the primer

set used. Melting curves were systematically monitored (5 s at 95°C;

1 min at 65°C; temperature slope at 0.11°C s–1 from 65 to 97°C) at

the end of the last amplification cycle to confirm the specificity of

the amplification reaction. Each PCR assay included quadruplicates

for each sample (duplicates of reverse transcription and PCR

amplification, respectively) and also negative controls (reverse

transcriptase- and RNA-free samples). Relative quantification of

target gene expression was determined using the ∆∆CT method by

the LightCycler 480 software (v.SW 1.5, Roche Diagnostics). PCR

efficiency, which was measured by the slope of a standard curve

using serial dilutions of cDNA, ranged between 1.85 and 2.

Enzyme activity analysis

Enzyme activity was measured from liver samples (N=6) collected

from 24 h re-fed trout. Liver samples for GK enzyme activity were

homogenized in 10 volumes of ice-cold buffer [80 mmol l–1 Tris,

5 mmol l–1 EDTA, 2 mmol l–1 DTT, 1 mmol l–1 benzamidine,

1 mmol l–1 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF),

pH 7.6] and centrifuged at 900 g at 4°C for 10 min. GK activity was

assayed immediately in the supernatant as described elsewhere

(Figueiredo-Silva et al., 2010). Liver samples for FAS enzyme

activity were homogenized in four volumes of ice-cold buffer

(0.02 mol l–1 Tris-HCl, 0.25 mol l–1 sucrose, 2 mmol l–1 EDTA,

0.1 mol l–1 NaF, 0.5 mmol l–1 PMSF, 0.01 mol l–1 β-mercaptoethanol,

pH 7.4), centrifuged at 24,000 g at 4°C for 20 min and the

supernatant assayed immediately for FAS enzyme activity in pre-

established conditions (Figueiredo-Silva et al., 2010). Enzyme

activity, defined as micromoles of substrate converted to product

per minute, at 37°C, was expressed per gram of liver tissue. All

measurements were performed in duplicate.

Statistical analysis

The data for post-prandial plasma metabolites are expressed as

means ± s.e.m. (N=8). The results of western blot, gene expression

and enzyme activity are expressed as means + s.e.m. (N=6). The

effect of re-feeding, i.p. administration of rapamycin or vehicle, and

their interaction were analysed using two-way ANOVA (P<0.05).

When the interaction was significant, the results were further

analysed using one-way ANOVA and a Tukey test. For all statistical

analyses, the level of significance was set at P<0.05.

RESULTS

Plasma metabolite levels

Re-feeding significantly increased glucose levels at 4 h (P˂0.01)

and 24 h (P˂0.001) and free amino acid levels at 24 h (P˂0.001),

while re-feeding markedly decreased free fatty acid at 4 h (P˂0.001)

(Table 1). There was no significant difference in the effects of vehicle

and rapamycin on the plasma glucose, free fatty acid and free amino

acid levels (P>0.05).

Akt/TOR signalling pathway

To validate an inhibitory effect on TOR signalling, we investigated

the Akt/TOR signalling pathway in rainbow trout livers using

western blot analyses. As illustrated in Fig. 1, re-feeding resulted

in enhanced phosphorylation of Akt on Ser473 (P˂0.001) and

Thr308 (P˂0.001), FoxO1 on Thr24 or FoxO3a on Thr32 (P=0.02),

GSK 3α/β on Ser21/9 (P˂0.01), TOR on Ser2448 (P˂0.001), S6K1

on Thr389 (P˂0.01), S6 on Ser235/236 (P˂0.01) and 4E-BP1 on

Thr37/46 (P˂0.001) proteins. The levels of these total proteins were

not modified by feeding or treatment, except for GSK 3α, which

was significantly increased by re-feeding (P˂0.01, Fig. 1E), whereas

β-tubulin levels were not affected by re-feeding or treatment.

Activation of Akt on Ser473 (P=0.52, Fig. 1A) and Thr308 (P=0.34,

Table 1. Post-prandial plasma metabolite levels in rainbow trout subjected to intraperitoneal administration of vehicle or rapamycin, 4 and

24 h after re-feeding

Plasma metabolite Time
Vehicle Rapamycin P-value

(mmol l–1) (h) Fasted Re-fed Fasted Re-fed Feeding Treatment F×T

Glucose 4 3.77±0.12 4.44±0.21 3.75±0.13 4.08±0.20 ˂0.01 0.27 0.32

24 3.84±0.11 4.92±0.17 3.81±0.30 5.21±0.38 ˂0.001 0.61 0.53

Free fatty acids 4 0.29±0.03 0.15±0.02 0.27±0.01 0.18±0.01 ˂0.001 0.75 0.17

24 0.29±0.01 0.25±0.02 0.24±0.03 0.25±0.04 0.52 0.29 0.34

Free amino acids 4 3.64±0.22 3.77±0.21 3.47±0.15 4.00±0.21 0.11 0.89 0.33

24 3.51±0.09 4.84±0.23 3.35±0.16 5.23±0.33 ˂0.001 0.63 0.20

Data are means ± s.e.m. (N=8). At each post-prandial time (row-wise), the effects of re-feeding (F), intraperitoneal (i.p.) administration of vehicle or rapamycin

(T) and their interaction were analysed using two-way ANOVA (P<0.05), followed by a Tukey test when the interaction was significant. 

F, fasted or re-fed; T, i.p. administration of vehicle or rapamycin; F×T, interaction of F and T.
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Fig. 1B) and the Akt substrates FoxO1 (P=0.31, Fig. 1C) and GSK

3 (P=0.18, Fig. 1D) was not affected by rapamycin, while the

phosphorylation of TOR downstream effectors, including S6K1

(P˂0.01, Fig. 1G), S6 (P˂0.01, Fig. 1H) and 4E-BP1 (P˂0.01,

Fig. 1I) was totally or partially inhibited by rapamycin. The

phosphorylation of S6K1 and S6 in vehicle re-fed fish increased

11- and 31-fold, respectively, compared with vehicle fasted fish,

while the phosphorylation of these two proteins was totally abolished

in rapamycin-treated fish, irrespective of the feeding status. Re-

feeding induced a 2.0-fold increase in 4E-BP1 phosphorylation in

rapamycin-treated fish, but this increase was significantly lower

compared with the induction observed in vehicle controls. An

interaction between feeding and treatment was observed for TOR

protein phosphorylation (P˂0.01, Fig. 1F), with TOR

phosphorylation in vehicle re-fed fish being markedly higher than

that in rapamycin re-fed fish.
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Fig. 1. Western blot analysis of hepatic (A)

protein kinase B (Akt; Ser473), (B) Akt

(Thr308), (C) forkhead-box class O1 (FoxO1;

Thr24), (D,E) glycogen synthase kinase 3α/β
(GSK 3), (F) target of rapamycin (TOR), (G)

ribosomal protein S6 kinase (S6K1), (H)

ribosomal protein S6 (S6) and (I) 4E-binding

protein 1 (4E-BP1) protein phosphorylation in

rainbow trout subjected to intraperitoneal (i.p.)

administration of vehicle or rapamycin, 2 h

after re-feeding. Gels were loaded with 10 μg

of total protein per lane for Akt/GSK

3/TOR/S6/4E-BP1 and 20 μg for S6K1/FoxO1.

A representative blot is shown. Graphs

represent the ratio between the

phosphorylated protein and the total amount

of the target protein. Results are means +

s.e.m. (N=6) and were analysed using two-

way ANOVA (P<0.05), followed by a Tukey

test when the interaction was significant.

Values with different superscript letters are

significantly different at P<0.05. F, fasted or

re-fed; T, i.p. administration of vehicle or

rapamycin; F×T, interaction between F and T.
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mRNA levels of target genes

To determine the potential involvement of the TOR signalling

pathway in the regulation of hepatic intermediary metabolism-related

gene expression, we performed qRT-PCR on genes related to

glucose and lipid metabolism. Samples collected at 4 h after re-

feeding were unaffected by feeding or treatment (data not shown);

the results summarized in Figs 2–5 correspond to samples collected

24 h after re-feeding. The results regarding glycolytic enzyme genes

are presented in Fig. 2. GK mRNA levels were upregulated several

hundredfold by re-feeding in the vehicle treatment, while this

upregulation was significantly suppressed in the rapamycin

treatment. Gene expression of 6PF1K was only slightly affected by

the treatment (P=0.047, Fig. 2B) and that of PK remained stable

irrespective of feeding (P=0.87, Fig. 2C) or treatment (P=0.31,

Fig. 2C). As illustrated in Fig. 3A, re-feeding significantly increased

(12-fold) FAS gene expression in the vehicle treatment, whereas

this induction was totally inhibited by rapamycin. A similar pattern

was also observed for SREBP1c mRNA levels (P˂0.01, Fig. 3B),

with a decrease in rapamycin re-fed fish compared with vehicle re-

fed fish. Regardless of feeding or treatment, no significant variation

was observed for G6PDH or ACLY mRNA levels. Regarding the

mRNA expression of CPT1, both isoforms, CPT1a (Fig. 4A) and

CPT1b (Fig. 4B), were positively affected by rapamycin.

Nonetheless, re-feeding downregulated the expression of CPT1a in

rapamycin-treated fish and that of CPT1b in both vehicle and

rapamycin treatments. HOAD mRNA levels were also modulated

by the treatment (P˂0.01, Fig. 4C), with lower HOAD gene

expression in the rapamycin treatment compared with the vehicle

treatment irrespective of feeding status. In terms of gluconeogenesis

(Fig. 5), mRNA levels of PEPCK (P˂0.05), FBPase (P˂0.05) and

G6Pase (P˂0.001) were downregulated by re-feeding irrespective

of the treatment.

Enzyme activity analysis

To substantiate the results from gene expression analysis, two hepatic

enzyme activities, GK and FAS, were determined 24 h after re-

feeding (Fig. 6). Re-feeding enhanced GK enzyme activity 7.2-fold

in vehicle-treated fish, but this increase was totally abolished by

rapamycin treatment. An interaction between feeding and treatment

was recorded for FAS enzyme activity (P˂0.05, Fig. 6B), showing

that rapamycin significantly decreased FAS enzyme activity in

rapamycin re-fed fish compared with vehicle re-fed fish.

DISCUSSION

The regulation of metabolism-related gene expression by the TOR

pathway has been investigated in vitro using several cellular models

including primary culture of rainbow trout hepatocytes (Lansard et

al., 2010). In vivo, most studies have focused on the chronic effects

of rapamycin administration in mammals (Fang et al., 2013; Houde

et al., 2010; Lamming et al., 2012; Sarbassov et al., 2006; Yang et

al., 2012). In these experiments, modification of intermediary

metabolism-related gene expression was not the only target of

inhibition. For instance, plasma metabolites (Blum, 2002;

Cunningham et al., 2007; Hagiwara et al., 2012), glucose intolerance

(Chang et al., 2009; Houde et al., 2010; Lamming et al., 2012),

insulin resistance (Blum, 2002; Hagiwara et al., 2012), insulin

sensitivity (Wullschleger et al., 2006; Yang et al., 2012), islet mass

(Yang et al., 2012) and other metabolic aspects have been modified

and consequently influenced the expression of target genes. Here,

we performed single i.p. administration of rapamycin to achieve an

acute inhibition of the TOR signalling pathway in order to determine

the potential direct involvement of this pathway in the regulation

of post-prandial hepatic lipid and glucose metabolism-related gene

expression in rainbow trout.

Akt/TOR signalling pathway

Investigation of the Akt/TOR signalling pathway revealed that

administration of rapamycin significantly inhibits the post-prandial

phosphorylation of TOR and its downstream effectors S6K1, S6

and 4E-BP1, without affecting Akt, FoxO1/FoxO3 and GSK 3α/β.

These results indicate that the activation of the TOR pathway in

vivo can be successfully blocked by a single injection of rapamycin,

which is consistent with our previous finding in primary cultures

of rainbow trout hepatocytes (Lansard et al., 2010) and other

investigations in mammals (Owen et al., 2012a; Yang et al., 2012).

Loss of function of TORC2 in mice through rictor or mLST8

ablation inhibits the phosphorylation of Akt on Ser473 (Hagiwara

et al., 2012; Hresko and Mueckler, 2005), and its substrates FoxO1

and GSK 3α/β, while keeping the phosphorylation of TORC1 and
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Fig. 2. Gene expression of selected glycolytic enzymes in the liver of

rainbow trout subjected to i.p. administration of vehicle or rapamycin.

(A) Glucokinase (GK), (B) 6-phosphofructo-1-kinase (6PF1K) and (C)

pyruvate kinase (PK) mRNA levels were measured using quantitative real-

time (q)RT-PCR, 24 h after re-feeding. Expression values are normalized

with elongation factor-1 alpha (EF1α)-expressed transcripts. Results are

means + s.e.m. (N=6) and were analysed using two-way ANOVA (P<0.05),

followed by a Tukey test when the interaction was significant. Values with

different superscript letters are significantly different at P<0.05. F, fasted or

re-fed; T, i.p. administration of vehicle or rapamycin; F×T, interaction

between F and T.
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its downstream targets intact (Hagiwara et al., 2012; Sarbassov et

al., 2005). In the present study, post-prandial phosphorylation of

Akt Ser473, FoxO1/FoxO3 and GSK 3α/β was not affected by the

administration of rapamycin, suggesting that acute administration

of rapamycin in trout only inhibits the phosphorylation of TORC1,

without affecting TORC2. Administration of rapamycin in trout

reduces but does not totally abolish 4E-BP1 phosphorylation. This

lower effect of rapamycin on 4E-BP1 could be explained by a partial

recovery of 4E-BP1 phosphorylation during the post-prandial

period. Indeed, rapamycin has been shown to differentially affect

S6K1 and 4E-BP1 phosphorylation in vitro with a transient

inhibitory effect on 4E-BP1 phosphorylation versus a long-term

inhibition of S6K1 (Choo et al., 2008).

Lipid metabolism

The liver is an important site of lipid synthesis and export in fish

(Tocher, 2003). We observed that TORC1 inhibition impairs post-

prandial induction of both FAS gene expression and activity,

suggesting that TORC1 controls the enzyme activity of FAS mainly

at the transcriptional level. FAS is a downstream target gene of the

transcription factor SREBP1c in mammals (Horton et al., 2002),

but this link has not been unequivocally established in fish, despite

reports in several studies performed in rainbow trout that FAS gene

expression is associated with increased expression of SREBP1c

(Lansard et al., 2010; Seiliez et al., 2011a; Skiba-Cassy et al., 2009).

Our present findings confirm the relationship between SREBP1c

and FAS gene expressions in trout and clearly demonstrate in vivo

that post-prandial regulation of hepatic SREBP1c and FAS gene

expression depends on the activation of TORC1.

In mammals, Akt acts at multiple regulatory steps, in both a

TORC1-dependent and -independent manner, to control SREBP1c

gene expression. A recent study revealed a TORC1-independent

pathway by which Akt negatively regulates the expression of Insig-

2a mRNA to promote SREBP1c expression (Yecies et al., 2011).

Another potential mechanism involves Akt-mediated phosphorylation

and inhibition of GSK 3, which induces the reduction of SREBP1c

mRNA levels (Bengoechea-Alonso and Ericsson, 2009; Krycer et al.,

2010). The present data indicate that the phosphorylation of Akt and

GSK 3 is not modified after acute rapamycin administration,

suggesting that the regulation of SREBP1c gene expression and

lipogenesis in rainbow trout liver occurs at least in part independently

of TORC2 and GSK 3 activation.

SREBP1c gene expression is induced by re-feeding and this

induction is inhibited by rapamycin administration, suggesting that

activation of TORC1 in trout liver is both necessary and sufficient

to stimulate SREBP1c expression and its downstream targets. In

mammals, TORC1 regulates SREBP1c mRNA induction, probably

through the control of lipin 1 localization (Peterson et al., 2011).

Peterson and colleagues (Peterson et al., 2011) demonstrated that

TORC1 directly phosphorylates lipin 1, blocking lipin 1 nuclear

entry, thereby promoting nuclear remodelling and mediating the

effects of TORC1 on the SREBP target gene. Another potential

mechanism by which TORC1 mediates SREBP1c maturation is via

S6K1 (Cornu et al., 2013; Li et al., 2010; Owen et al., 2012b; Wang

et al., 2011). Although acute administration of rapamycin in trout

significantly impairs TORC1 activation and inhibits re-feeding

induction of SREBP1c and FAS gene expression in trout, further

explorations are needed to implicate lipin 1 or S6K1 as the crucial

links in the TORC1 control of lipogenesis.

CPT1 is considered to be a rate-limiting enzyme of fatty acid β-

oxidation whose expression is enhanced in fasted situations then

rapidly reduced after re-feeding in mammals, birds and rainbow trout

(Ryu et al., 2005; Seiliez et al., 2011a; Skiba-Cassy et al., 2007).

The present study indicates that inhibition of CPT1 gene expression

after re-feeding in trout is associated with the activation of Akt

irrespective of TORC1 inhibition, suggesting that the regulation of

β-oxidation might be dependent on Akt activation and at least partly

independent of TORC1 phosphorylation. It has been proposed that

Akt phosphorylates and inhibits the forkhead family transcription

factor FoxA2, thereby controlling lipid export, fatty acid oxidation

and accumulation of triglycerides in the liver (Wolfrum et al., 2004;

Wolfrum and Stoffel, 2006). Administration of rapamycin

significantly enhances CPT1 gene expression in both fasted and re-

fed trout, while negatively affecting the expression of HOAD. The

ability of rapamycin to affect gene expression has already been

established in vitro (Deval et al., 2009). Further investigations are
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Fig. 3. Gene expression of selected

enzymes and transcription factors

involved in NADPH generation and

lipogenesis in the liver of rainbow trout

subjected to i.p. administration of

vehicle or rapamycin, 24 h after re-

feeding. (A) Fatty acid synthase (FAS),

(B) sterol regulatory element binding

protein 1-like (SREBP1c), (C) ATP

citrate lyase (ACLY) and (D) glucose

6-phosphate dehydrogenase (G6PDH)

mRNA levels were measured using

qRT-PCR. Expression values are

normalized with EF1α-expressed

transcripts. Results are means + s.e.m.

(N=6) and were analysed using two-

way ANOVA (P<0.05), followed by a

Tukey test when the interaction was

significant. Values with different

superscript letters are significantly

different at P<0.05. F, fasted or re-fed;

T, i.p. administration of vehicle or

rapamycin; F×T, interaction between F

and T.
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needed to determine the TORC1-independent mechanisms by which

rapamycin controls the expression of some genes.

Glucose metabolism

GK, the rate-limiting enzyme of glycolysis in the liver, stimulates

glycolysis and lipogenesis by enhancing glucose flux, including

production of acetyl-CoA for lipid synthesis (Foufelle and Ferré,

2002). Unlike mammals, in which GK gene expression is mainly

controlled by insulin (Iynedjian et al., 1989), expression of GK

in rainbow trout is highly and predominantly controlled by dietary

carbohydrates and glucose (Panserat et al., 2001a; Seiliez et al.,

2011a). The present study provides the first evidence that

rapamycin inhibits the post-prandial induction of GK enzyme at

molecular and activity levels in trout liver, suggesting that GK

and FAS activity may be controlled at a transcriptional level in a

TORC1-dependent manner. This is consistent with our previous

finding in rainbow trout hepatocytes (Lansard et al., 2010) and

investigations in mammals (Düvel et al., 2010; Gosmain et al.,

2005). How TORC1 regulates GK is quite complex: SREBP1c

gene expression is involved in the regulation of lipid metabolism

and also controls the expression of glucose metabolism-related

genes, such as glucokinase and hexokinase-2 (HKII) in different

tissues and cellular models (Ferré and Foufelle, 2007; Foufelle

and Ferré, 2002; Gosmain et al., 2005). Other investigations

demonstrate that TORC1 increases glycolysis by activating the

transcription and translation of HIF1a (Düvel et al., 2010;

Majumder et al., 2004), a positive regulator of many glycolytic

genes. Furthermore, Düvel and colleagues (Düvel et al., 2010)

revealed that HIF1a is stimulated by TORC1-mediated inhibition

of 4E-BP1 and phosphorylation of S6K1. Although

phosphorylation of 4E-BP1 and S6K1 as well as SREBP1c and

GK gene expression are decreased in the liver of rapamycin re-
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fed trout, further investigations are required to determine the

molecular mechanisms by which TORC1 regulates GK gene

expression.

Despite a significant induction of GK gene expression, expression

of 6PF1K and PK is poorly regulated by re-feeding or i.p. rapamycin

administration, which is in agreement with a recent study showing

that expression of 6PF1K in trout liver, muscle or adipose tissue is

not much modified by dietary composition (Kamalam et al., 2012).

In mammals, PK gene expression is subject to dietary and hormonal

regulation mainly through carbohydrates, insulin and glucagon. Such

regulation occurs at the transcriptional level (Hagiwara et al., 2012;

Yamada and Noguchi, 1999) and also through post-transcriptional

modification of the protein including phosphorylation and

dephosphorylation (Assimacopoulos-Jeannet and Jeanrenaud, 1990).

In fish, PK activity seems to be mainly controlled by re-feeding

through post-translational mechanisms (Panserat et al., 2001b;

Skiba-Cassy et al., 2009), explaining the absence of modification

of PK gene expression after re-feeding in the present study.

In contrast with our previous observations showing that

rapamycin inhibits insulin downregulation of G6Pase expression in

vitro (Lansard et al., 2010), our present data indicate that rapamycin

fails to interfere in the post-prandial downregulation of

gluconeogenic gene expression, suggesting a weak contribution of

TORC1 in the inhibition of gluconeogenesis in re-fed trout or

implicating other endocrine or nutritional factors with counteracting

effects. In rats, rapamycin was even able to stimulate G6Pase and

PEPCK gene expression (Houde et al., 2010). This discrepancy

between trout and rat may be attributed to the length of the rapamycin

treatment. Unlike trout that received a single injection of rapamycin

and exhibited poor modification of plasma metabolites, rats were

submitted to a 2 week chronic rapamycin treatment and presented

severe glucose intolerance and insulin resistance associated with

impaired β-cell function that could have significantly influenced the

expression of G6Pase and PEPCK.

Perspective and significance

The present study demonstrates the functional importance of hepatic

TORC1 in the regulation of mRNA levels related to glucose

utilization and lipogenesis in rainbow trout. This constitutes the first

in vivo demonstration of the role of TORC1 in the metabolic

response of the liver to nutritional status in fish. Hepatic TORC1

inhibition results in decreased SREBP1c gene expression and

suppressed FAS and GK at gene expression and activity levels. Our

data support a direct effect of TORC1 on SREBP1c, FAS and GK

gene expression inasmuch as fish were subjected to a single

injection of rapamycin and did not exhibit drastic changes in post-

prandial metabolic parameters. Previous studies have reported that

nutritional regulation of the TORC1 signalling pathway and glucose-

and lipid-related gene expression are highly influenced by the dietary

protein supply in rainbow trout (Seiliez et al., 2011a; Skiba-Cassy

et al., 2013). In this carnivorous fish, a strict reduction of dietary

protein supply impaired post-prandial activation of the TORC1

pathway and also strongly inhibited the expression of genes related

to lipogenesis. Together with these studies, our current findings

strongly suggest the TORC1 pathway is crucial for dietary protein

to control post-prandial lipogenesis in rainbow trout. Further

investigations are needed to confirm the role of TORC1 in the

metabolic response of the liver to macronutrients, and identify the

mechanisms by which TORC1 regulates SREBP1c expression as

well as FAS and GK gene expression and enzyme activity.

Understanding how amino acids influence metabolism-related gene

expression in various physiological situations or metabolic disorders

will be of great influence for limiting the development of metabolic

pathologies or optimizing growth and development of livestock

animals.

LIST OF ABBREVIATIONS
4E-BP1 4E-binding protein 1

6PF1K 6-phosphofructo-1-kinase

ACLY ATP citrate lyase

Akt protein kinase B

CPT1 carnitine palmitoyltransferase 1

EF1α elongation factor-1 alpha

FAS fatty acid synthase

FBPase fructose 1,6-bisphosphatase

FKBP12 12-kDa FK506-binding protein

FoxO1 forkhead-box class O1

G6Pase glucose 6-phosphatase

G6PDH glucose 6-phosphate dehydrogenase

GK glucokinase

GSK 3 glycogen synthase kinase 3α/β
HIF1a hypoxia inducible factor 1a

HK hexokinase

HOAD 3-hydroxyacyl-CoA dehydrogenase

i.p. intraperitoneal

PEPCK phosphoenolpyruvate carboxykinase

PK pyruvate kinase

S6 ribosomal protein S6

S6K1 ribosomal protein S6 kinase
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Supplementary data 

As mTOR signaling is involved in a broad range of action, we also examined the expression of genes 

related to AA catabolism (AS and SD) and autophagy (autophagy-related protein 4B (Atg4b), LC3b 

and gabarapl1), beside genes related to lipid and glucose metabolism.  

 

Figure S 1 Result highlights from the first experiment – Gene expression of markers of hepatic amino 

acid catabolism and autophagy 

 
 

Re-feeding significantly up-regulated the expression of AS without affecting SD mRNA level. mTORC1 

inhibition significantly suppressed the expression of AS and SD, implicating that the regulation of amino 

acid catabolic gene expression maybe mTORC1-dependent. 

Concerning autophagy-related gene expression, re-feeding significantly down-regulated the expression 

of Atg4b, LC3b and gabarapl1. Despite the expression of LC3b and gabarapl1 was not affected by 

rapamycin, Atg4b gene expression was markedly up-regulated, indicating that Atg4b gene expression is 

negatively regulated by mTORC1. 

**All the supplementary data are discussed in ǲChapter 4 General discussionǳ. 

 



96 
 



97 
 

 

 

 

 

PUBLICATION - 2

What are the respective role of protein and carbohydrate in 

the regulation of lipogenic gene expression, and what is the 

role of mTOR in these regulations? 
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Figure 3. 4 Experimental designs and procedures from the second article 
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Presentation of the article 

Objective 

De novo lipogenesis (DNL) is the metabolic pathway that synthesizes fatty acids from excess carbon-

donors; these fatty acids can then be converted into triglycerides, the major energy storage form in 

vertebrates. In mammals, hepatic lipogenesis is mainly stimulated by high dietary carbohydrates, 

whereas suppressed by high dietary protein. The nutritional regulation of DNL seems to be relatively 

different in carnivorous fish with limited effect of dietary carbohydrates or glucose on the 

stimulation of lipogenesis and a stimulatory role proposed for dietary protein. Here we evaluated 

and compared the respective role of dietary carbohydrate/glucose and protein/amino acids on the 

regulation of lipogenesis in rainbow trout via both in vivo and in vitro approaches. A controlled-

feeding method was employed in vivo in order to control the protein and carbohydrate supply to the 

fish allowing us to compare the metabolic consequences in fish with similar carbohydrate but 

different protein intakes, and fish with similar protein but different carbohydrate intakes. In vitro, 

primary cell culture of hepatocytes was stimulated with different levels of insulin, amino acids and 

glucose (Figure 3.4). 

Experiment and Analyses 

For the in vivo trial, trout were treated with a single intraperitoneal (IP) injection of rapamycin (0.5 

mg/kg) or vehicle (75% DMSO and 25% saline solution NaCl 0.9%) with 100 µL/100 g body mass. 

Three hours after the IP administration, three tanks per treatment (vehicle or rapamycin) were 

assigned with the diets of HPLC, HPHC and LPHC, following the feeding ratios of 0.94%, 1.23% and 

0.86% body weight, respectively. Blood and liver samples were randomly collected 2, 8 and 24 h 

after refeeding. Plasma metabolites, phosphorylation of proteins of the Akt/TOR signaling pathway 

and expression of genes related to lipogenesis were measured (Figure 3.4, in vivo). 

For the in vitro trial, primary hepatocytes were stimulated with low or high level of glucose (3 mM or 

20 mM) and low or high level of AAs (one-fold or four-fold concentrated AAs). Cells were harvested 

15 min after stimulation for western blot analysis or resuspended in TRIzol® Reagent (Invitrogen, 

Carlsbad, CA, USA) 24 h after stimulation and stored at -80°C for subsequent mRNA extraction. 

Phosphorylation of proteins on Akt/TOR signaling pathway and expression of genes related to 

lipogenesis, lipid bioconversion and NADPH production were measured (Figure 3.4, in vitro). 

Results and Conclusion 

In vitro data showed that, irrespective of glucose levels, high level of AAs enhanced S6K1 and S6 

phosphorylation and up-regulated the expression of enzymes involved in DNL (FAS and ACLY), lipid 

bioconversion (Elovl5, Elovl2, D6D and SCD1), NADPH production (G6PDH and ME), and 

transcriptional factor SREBP1c. In line with these observations, in vivo data also showed that high 

dietary protein intake induced higher mTOR, S6K1, S6 and 4EBP1 phosphorylation and lipogenic 
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Figure 3. 5 Result highlights from the second article – Representational WB and RT-PCR results in trout liver and hepatocytes 

 



101 
 

gene expression (Elovl2) regardless of dietary carbohydrate intake, while these enhancements were 

markedly suppressed by rapamycin (Figure 3.5). Furthermore, despite the absence of statistical 

significance (probably due to different individual feed intake), the expression of FAS, ACLY and D6D 

exhibited higher mean mRNA levels in high protein intake groups. 

 

Overall, we demonstrated that, unlike rodents or humans, hepatic lipid biosynthetic gene 

expression in rainbow trout is more responsive to dietary protein intake/AAs than dietary 

carbohydrate intake/glucose during acute stimulations. Results confirmed the involvement 

of the TOR pathway in the regulation of lipogenic gene expression and the stimulatory role of 

proteins in the regulation of this pathway (Figure 3.6). The poor induction of hepatic lipid 

biosynthetic gene expression by dietary carbohydrate intake/glucose provides one 

reasonable explanation for the poor utilization of dietary carbohydrates in rainbow trout, 

which may be applicable for general carnivores. 

 

 

Figure 3. 6 Main conclusions from the second article 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



102 
 



Hepatic fatty acid biosynthesis in more responsive to protein than carbohydrates in trout 

  
Hepatic fatty acid biosynthesis is more responsive to protein than carbohydrate in rainbow trout during 

acute stimulations 
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ABSTRACT 
 
The link between dietary carbohydrate/protein and de novo lipogenesis (DNL) remains debatable in 
carnivorous fish. We aimed to evaluate and compare the response of hepatic lipogenic gene expression to 
dietary carbohydrate intake/glucose and dietary protein intake/amino acids (AAs) during acute stimulations 
using both in vivo and in vitro approaches. For the in vivo trial, three different diets and a controlled-feeding 
method were employed to supply fixed amount of dietary protein or carbohydrate in a single meal; for the in 
vitro trial, primary hepatocytes were stimulated with low/high level of glucose (3 mM or 20 mM) and low/high 
level of AAs (one-fold or four-fold concentrated AAs). In vitro data showed that high level of AAs up-regulated 
the expression of enzymes involved in DNL (fatty acid synthase (FAS) and ATP citrate lyase (ACLY)), lipid 
bioconversion (elongation of very long chain fatty acids like-5 (Elovl5), Elovl2, Δ6 fatty acyl desaturase (D6D) 
and Stearoyl-CoA desaturase-1 (SCD1)), NADPH production (glucose-6-phosphate dehydrogenase (G6PDH) and 
malic enzyme (ME)), and transcriptional factor sterol regulatory element binding protein 1-like (SREBP1c), 
while high level of glucose only elevated the expression of ME. Data in trout liver also showed that high dietary 
protein intake induced higher lipogenic gene expression (FAS, ACLY and Elovl2) regardless of dietary 
carbohydrate intake, while high carbohydrate intake markedly suppressed the expression of Acetyl-CoA 
Carboxylase (ACC) and Elovl5. Overall, we conclude that, unlike rodents or humans, hepatic fatty acid 
biosynthetic gene expression in rainbow trout is more responsive to dietary protein intake/AAs than dietary 
carbohydrate intake/glucose during acute stimulations. This discrepancy probably represents one important 
physiological and metabolic difference between carnivores and omnivores. 

Key words: TOR, fatty acid biosynthesis, lipogenesis, protein, carbohydrate, rainbow trout 
 
1 INTRODUCTION 
De novo lipogenesis (DNL) is the metabolic pathway 
that synthesizes fatty acids from excess carbon-
donors; these fatty acids can then be converted into 
triglycerides, the major energy storage form in 
vertebrates (43, 83, 85). In mammals, hepatic 
lipogenesis is very responsive to dietary 
modifications (40). Consumption of a diet rich in 
carbohydrates stimulates the lipogenic pathway, 
whereas consumption of a diet rich in lipids and 
poor in carbohydrates, or rich in polyunsaturated 
fatty acids decreases this metabolic pathway (40, 
86). High carbohydrate diet can induce 
hyperglycemia, thereby stimulating lipogenesis via 
several mechanisms (40). First, by being 
glycolytically converted to acetyl-CoA, glucose 
provides substrate for fatty acid synthesis. Secondly, 
glucose stimulates glycolytic and lipogenic gene 
expression (24). Finally, glucose stimulates the 
release of insulin from the pancreas, thereby 
activating insulin/Akt signaling pathway (40, 69), 
which stimulates hepatic lipogenesis via the 
transcription factor sterol regulatory element 
binding protein-1c (SREBP-1c) (32). Regarding 

dietary protein, rodent data showed that the 
metabolic adaptation to a high protein diet included 
a down-regulation of lipogenesis at both gene 
expression and enzymatic levels (64). Notably, the 
activity of lipogenic pathway also depends on the 
availability of cofactors such as NADPH produced 
by the pentose phosphate pathway (27), and DNL 
may serve as a key regulator in tandem with 
elongation and desaturation (10, 13, 36). 
In fish, whereas numerous long-term feeding 
studies have shown that carbohydrate rich diets 
elevated the expression/activities of lipogenic 
enzymes and/or NADPH yielding as in mammals (4, 
18, 20, 26, 38, 45, 78, 79), studies in short-term, 
particularly in carnivorous species, clearly unveiled 
a different landscape. Recent in vivo studies have 
demonstrated that high carbohydrate diets/ glucose 
failed or only had very limited effects in stimulating 
lipogenic gene expression/enzyme activities (30, 35, 
75). For instance, Seiliez et al. (75) reported that a 
diet rich in carbohydrate and low in protein failed 
to elevated the expression of gene related to 
lipogenesis (FAS, ACLY, G6PDH and SREBP1) 
compared to fasted control. Jin et al. (35) also 
showed that intraperitoneal (IP) glucose 
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administration only induced minor changes for the 
gene expression of ATP citrate lyase (ACLY), 
without affecting the expression of other lipogenic 
genes (FAS and ACLY) or the transcription factor 
SREBP1. Following radiolabelled 14C1-glucose 
course, Hermre and Kars (30) clearly showed that 
hepatic lipogenesis converted only a very small 
proportion of injected glucose into lipids in Atlantic 
cod. By using metformin, a common anti-diabetic 
drug, Panserat et al. (55) observed that metformin 
effectively reduced postprandial hyperglycemia in 
trout fed high dietary carbohydrates, possibly 
through stimulating hepatic lipogenic mRNA levels 
and activities, indicating the poor 
biotransformation of glucose to fatty acids in trout. 
In contrast, enhanced lipogenic gene expression 
and/or enzymatic activities was repeatedly 
observed in rainbow trout and blackspot seabream 
when fed diets rich in protein and low in 
carbohydrate (23, 75), implying that high protein 
diets appear to play a predominant role in 
stimulating lipogenic pathway in carnivorous fish. It 
is also worthy to note that most of these studies 
investigating high carbohydrate effects were 
associated with the expense of dietary 
protein/lipids modifications (18, 38, 45, 75, 84, 91), 
hence it is difficult to distinguish which nutrient 
induced those metabolic changes. Moreover, some 
studies concluded that high carbohydrate diets/D-
glucose enhanced hepatic lipogenesis mainly based 
on the results of NADPH yield, namely the gene 
expression and/or enzyme activities of G6PDH, 
6PGD or ME (20, 26, 84), instead of de novo 
lipogenic gene expression or enzymatic activities. 
Therefore, the link between dietary 
carbohydrate/protein and DNL remains debatable 
in carnivorous fish.  
The aim of the current studies was to evaluate and 
compare the response of hepatic lipogenic gene 
expression to dietary carbohydrate intake and 
dietary protein intake in vivo, and also compare the 
response to glucose and amino acids (AAs) in vitro 
during short-term stimulations. Rainbow trout, a 
relevant carnivorous fish model, which possesses 
relatively high dietary protein/AAs requirements, 
poor utilization of dietary carbohydrates and ǲglucose intolerantǳ phenotype (16), was used as 
current research model. To prevent the other 
nutrient intake changes (except dietary 
carbohydrate or protein intake), we employed a 
controlled-feeding method for in vivo studies. As 
our recent work demonstrated that hepatic 
lipogenesis requires the activation of mechanistic 
target of rapamycin complex 1 (mTORC1) in 
rainbow trout (14, 15, 42) as in mammals (9, 41, 
63), and elevated amino acid levels enhanced 

hepatic fatty acid biosynthetic gene expression 
through an mTORC1-dependent manner (15), we 
also investigated the potential involvement of 
mTORC1 signaling pathway in the present study. 
Acute administration of rapamycin, a 
pharmacological inhibitor of mTOR, was employed 
to achieve an inhibition of mTORC1 and its 
downstream effectors, including p70 ribosomal S6 
kinase 1 (S6K1), S6 and eukaryotic initiation factor 
4E (eIF4E)-binding protein 1 (4E-BP1) (14-16, 42, 
74). 

2 MATERIAL AND METHODS 

2.1 Ethics statement 

The experiments were carried out in accordance 
with legal frameworks, specifically those relating to 
the protection of animals used for scientific 
purposes (i.e. Directive 2010/63/EU), and under 
the French legislation governing the ethical 
treatment of animals (Decret no. 2001-464, May 
29th, 2001). The investigators carrying out the experiment had ǮǮlevel ͳǯǯ or ǮǮlevel ʹǯǯ certification, 
bestowed by the Direction Départementale des 
Services Vétérinaires (French veterinary services) 
to carry out animal experiments (INRA 2002-36, 
April 14th, 2002). 

2.2 Experimental diets and feeding method 

Diets were manufactured at the INRA facility of 
Donzacq (France) using a twinscrew extruder 
(Clextral, France). Three diets, high protein low 
carbohydrate (HPLC), high protein high 
carbohydrate (HPHC) and low protein high 
carbohydrate (LPHC), were formulated to contain 
different levels of dietary protein and carbohydrate 
as shown in Table 1. A controlled-feeding method, 
in which both diet compositions and feeding levels 
are strictly controlled for each treatment/tank, was 
employed to supply the fixed amount of dietary 
protein or carbohydrate intake  as designed while 
the other nutrient intakes were almost equivalent 
(Table 1). 
 

2.3 Experimental and sampling procedure 

Juvenile rainbow trout (Oncorhynchus mykiss, 
Walbaum 1792) were reared in the INRA 
experimental facilities at Donzacq (Landes, France) 
at a constant water temperature of 17.5±0.5°C, 
under natural photoperiod. Fish were fed a 
commercial trout diet (T-3P classic, Skretting, 
Fontaine-les-Vervins, France) during the 
acclimatization period. Fish (mean body mass 
138.5±15 g) were randomly distributed into eight 
tanks (24 fish per 130 L tank). Prior to the feeding 
trials, fish were feed deprived for 72 h—the time 
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required to ensure the complete emptying of the 
digestive tract. After this period, trout were sedated 
with benzocaine (10mg/L) and treated with a single 
intraperitoneal (IP) injection of rapamycin (0.5 
mg/kg) or vehicle (75% DMSO and 25% saline 
solution NaCl 0.9%) with 100 µL/100 g body mass. 
3 h after the IP injection, three tanks per treatment 
(vehicle or rapamycin) were assigned with the diets, 
HPLC, HPHC and LPHC, following the feeding ratios 
of 0.94%, 1.23% and 0.86% body weight, 
respectively. Eight fish per tank were randomly 
sampled at 2, 8 and 24 h after the single meal. Trout 
were anaesthetized with benzocaine (30mg/L) and 
killed by a sharp blow to the head. Blood was 
removed from the caudal vein into heparinized 
syringes and centrifuged (3000g, 5 min); the 
recovered plasma was immediately frozen and kept 
at –20°C. The stomach content of each fish was 
checked to confirm that the fish had effectively 
ingested the diet. Livers were dissected and 
immediately frozen in liquid nitrogen and kept at –
80°C.  
Table 1 Diet composition and nutrients intake 

 HPLC, high protein low carbohydrate; HPHC, high 
protein high carbohydrate; LPHC, low protein high 
carbohydrate; DM, dry matter; NFE, nitrogen-free 
extract/carbohydrate; BW, body weight. 
aFish meal (Sopropeche, Boulogne-sur-Mer, France). 
bFish oil (North sea fish oil; Sopropeche, Boulogne-sur-Mer, 
France). 
cDextrin (Lestrem 62, Roquette, France). 
dVitamin premix: 60 IU DL-a tocopherol acetate, 5 mg kg–1 
diet sodium menadione bisulphate, 15,000 IU retinyl acetate, 
3000 IU DL-cholecalciferol, 15 mg kg–1 diet thiamin, 30 mg 
kg–1 diet riboflavin, 15 mg kg–1 diet pyridoxine, 0.05 mg kg–1 
diet B12, 175 mg kg–1 diet nicotinic acid, 500 mg kg–1 diet 
folic acid, 1000 mg kg–1 diet inositol, 2.5 mg kg–1 diet biotin, 
50 mg kg–1 diet calcium panthotenate, 2000 mg kg–1 diet 
choline chloride (UPAE, Jouy, Inra, France). 

eMineral premix: 2.15 g calcium carbonate (40% Ca), 1.24 g 
magnesium oxide (60% Mg), 0.2 g ferric citrate, 0.4 mg kg–1 
diet potassium iodide (75% I), 0.4 g zinc sulphate (36% Zn), 
0.3 g copper sulphate (25% Cu), 0.3 g manganese sulphate 
(33% Mib), 5 g dibasic calcium phosphate (20% Ca, 18% P), 
2 mg kg–1 diet cobalt sulphate, 3 mg kg–1 diet sodium selenite 
(30% Se), 0.9 g KCl, 0.4 g NaCl (UPAE, Jouy, INRA, France). 
 
2.4 Primary culture of hepatocytes 

For cell culture, trout (240 to 300g) were obtained 
from the INRA experimental fish farm facilities 
(Donzacq, France), then maintained in tanks kept in a 
flow-through system at 18°C with well-aerated water 
under natural photoperiod conditions. Fish were fed to 
satiety every two days with a commercial diet (T-3P 
classic, Trouw, France). Prior to the liver cells isolation, 
trout were left unfed for 72 h in order to empty the 
digestive tract and then facilitate the liver in situ 
perfusion. At the time of experiments, fish were 
anaesthetized by placing them in water containing 60 
mg/L aminobenzoic acid, and hepatocytes were 
isolated from 3 different individuals by in situ 
perfusion method described by Mommsen et al (50). 
Livers were excised and minced with a razor blade in modified (anksǯ medium ȋͳ͵.ͻ mM NaCl, ͷ.Ͷ mM KCl, 
0.8 mM MgSO4, 0.44 mM KH2PO4, 0.33 mM Na2HPO4, 5 
mM NaHCO3 and 10 mM HEPES) supplemented with 
1mM EGTA. After filtration and centrifugation (120 g, 2 
minutes), the resulting cell pellet was resuspended three successive times in modified (anksǯ medium ȋͳ.ͷ 
mM CaCl2 and 1.5% defatted bovine serum albumin 
(BSA) (Sigma, St. Louis, MO, USA)). Cells were finally taken up in modified (anksǯ medium supplemented 
with 1.5 mM CaCl2, 1% defatted BSA, 3 mM glucose, 
MEM essential amino acids (1X) (Invitrogen Carlsbad, 
California, USA), MEM non-essential amino acids (1X) 
(Invitrogen Carlsbad, California, USA) and antibiotic 
antimycotic solution (1X) (Sigma, St. Louis, MO, USA) 
as the basic culture medium. Cell viability (>98%) was 
assessed using the trypan blue exclusion method 
(0.04% in 0.15 M NaCl) and cells were counted using a 
haemocytometer. The hepatocyte cell suspension was 
plated in a six well Primaria culture dish (BD, USA) at a 
density of 3×106 cells/ well and incubated at 18°C. The 
culture medium was changed every 24 h over the 48 h 
of primary cell culture. Microscopic examination 
ensured that hepatocytes progressively re-associated 
throughout culture to form two-dimensional 
aggregates, in agreement with earlier reports (22, 73). 
For the first experiment involving different glucose and 
amino acid levels, 48 h-cultured cells were stimulated 
with 4×10-9 mol l-1 of bovine insulin (Sigma, St. Louis, 
MO, USA) corresponding to the post-prandial level of 
insulin (17, 51), low/high level of glucose (3 mM/Low 
Glu or 20 mM/High Glu) (57, 75) and low/high level of 
amino acids (one-fold (Low AA) or four-fold (High AA) 
concentrated amino acids). In the second in vitro 
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experiment, 48 h-cultured hepatocytes were 
stimulated with glucose (3 mM), low/high level of 
insulin (1×10-9 mol l-1/Low Insulin or 4×10-9 mol l-

1/High Insulin; corresponding to the two weeks fasted 
or post-prandial insulin levels (51, 59)) and low/high 
level of amino acids (Low AA or High AA). Cells were 
harvested at 15 min for western blot analysis or re-
suspended in TRIzol® Reagent (Invitrogen, Carlsbad, 
CA, USA) 24 h after stimulation and stored at -80°C for 
subsequent mRNA extraction. The time intervals were 
chosen based on the phosphorylation peaks of 
Akt/TOR signaling pathway or relevant metabolic gene 
expression peaks, respectively (data not shown). 

2.5 Plasma metabolites analysis 

Plasma glucose (Glucose RTU, BioMérieux, Marcy lǯEtoile, FranceȌ levels were determined using 
commercial kits adapted to a microplate format, 
according to the recommendations of the 
manufacturer. Total plasma free amino acid levels 
were determined by the ninhydrin reaction (52), 
with glycine as standard. 

2.6 Protein extraction and Western blotting 

Frozen livers (200 mg) from 2 h refed trout were 
homogenized on ice with an ULTRA-TURRAX® 
homogenizer (IKA®-WERKE, Germany) in 2 mL of lysis 
buffer (150 mM NaCl, 10 mM Tris , 1 mM EGTA, 1 mM 
EDTA (pH 7.4), 100 mM sodium fluoride, 4 mM sodium 
pyrophosphate, 2 mM sodium orthovanadate, 1% 
Triton X-100, 0.5% NP-40-IGEPAL and a protease 
inhibitor cocktail (Roche, Basel, Switzerland)). 
Homogenates were centrifuged at 1500g for 15 min at 
4℃ and supernatant fractions were then centrifuged at 
20,000g at 4℃ for 30 min. The resulting supernatant 
fractions were recovered and stored at -80℃. Protein 
concentrations were determined using the Bio-Rad 
protein assay kit (Bio-Rad Laboratories, Munich, 
Germany) with BSA as standard. Lysates (10 µg of total 
protein for TOR/S6/4E-BP1 and 20 µg for S6K1) were 
subjected to SDS-PAGE. 
For hepatocyte culture, cells were carefully washed 
with two times 1ml of cold phosphate buffered saline 
(PBS). Then 300µl of cell lysis buffer were added 
before being stored at -80°C overnight. Then cells were 
scraped, collected, and lysed on ice for 30 min. Lysates 
were centrifuged at 12.000g for 30 min at 4°C. The 
resulting supernatant fractions were recovered and 
stored at -80℃. Protein concentrations were measured 
with the Bio-Rad protein assay kit (Bio-Rad 
Laboratories, Munich, Germany) with BSA as standard. 
Lysates (2 µg of total protein per lane for S6, 7 µg for 
S6K1, respectively) were subjected to SDS-PAGE.  
All antibodies used were obtained from Cell Signaling 
Technologies (Ozyme, Saint Quentin Yvelines, France). 
Anti-phospho-TOR (Ser2448) (no. 2971), anti-TOR (no. 

2972), antiphospho-S6 protein kinase 1 (Thr389) (no. 
9205), anti-S6 protein kinase 1 (no. 9202), anti-
phospho-S6 (Ser235/236) (no. 4856), anti-S6 (no. 2217), 
anti-phospho-4E-BP1 (Thr37/46) (no. 9459), anti-4E-
BP1 (no. 9452) and anti-Ⱦ-Tubulin (no. 2146) were 
purchased from Cell Signaling Technologies (Ozyme, 
Saint Quentin Yvelines, France). We have confirmed 
that all of these antibodies successfully cross-reacted 
with rainbow trout (14). After washing, membranes 
were incubated with an IRDye Infrared secondary 
antibody (LI-COR Biosciences, Lincoln, NE, USA). Bands 
were visualized by Infrared Fluorescence using the 
Odyssey Imaging System (LI-COR Biosciences) and 
quantified by Odyssey Infrared imaging system 
software (Version 3.0, LI-COR Biosciences). 

2.7 Gene expression analysis 

Total RNA samples were extracted from hepatocytes 
using TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA) 
according to the manufacturer's recommendations, 
quantified by spectrophotometry (absorbance at 260 
nm) and its integrity was assessed using Agarose Gel 
Electrophoresis. A 1 µg sample of the resulting total 
RNA was reverse transcribed into cDNA using the 
SuperScriptTM III Reverse Transcriptase kit (Invitrogen, 
Carlsbad, CA, USA) and random primers (Promega, 
Charbonniéres, France) according to the manufacturersǯ instructions. Target gene expression 
abundance was determined by quantitative real-time 
(q)RT-PCR, using specific primers (35, 39, 81). Primers 
targeting malic enzyme (forward: 
TACGTGCGGTGTGTGTGACG; reverse: 
GTGCCCACATCCAGCATGAC), were newly designed 
using Primer3 software. To confirm specificity, 
amplicons were purified and sequenced (Beckman 
Coulter Genomics, UK). 
qRT-PCR was carried out on a LightCycler® 480 II 
(Roche Diagnostics, Neuilly sur Seine, France) using 
LightCycler® 480 SYBR Green I Master (Roche 
Diagnostics GmbH, Mannheim, Germany). Quantitative 
RT-PCR analyses focused on several key enzymes of 
hepatic metabolism: ATP citrate lyase (ACLY; EC 
2.3.3.8), Acetyl-CoA Carboxylase (ACC; EC 6.4.1.2) and 
fatty acid synthase (FAS; EC 2.3.1.85) for lipogenesis; 
glucose-6-phosphate dehydrogenase (G6PDH; EC 
1.1.1.49) and malic enzyme (ME, EC 1.1.1.40) for 
pentose phosphate shunt; Δ6 fatty acyl desaturase 
(D6D; EC 1.14.19.3), Stearoyl-CoA desaturase-1 (SCD1 
or D9D; EC 1.14.19.1), elongation of very long chain 
fatty acids like-5 (Elovl5; EC 2.3.1.199) and elongation 
of very long chain fatty acids like-2 (Elovl2; EC 
2.3.1.199) for fatty acid bioconversion, and a relevant 
transcription factor sterol regulatory element binding 
protein 1-like (SREBP1c). Elongation factor-1alpha ȋEFͳȽȌ was employed as a non-regulated reference 
gene, as previously used in rainbow trout and it was 
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stably expressed in our investigations (data not 
shown). 
PCR was performed using 2 µL of the diluted cDNA (76 
times diluted) mixed with 0.24 µL of each primer (10 
µM), 3 µL LightCycler® 480 SYBR Green I Master 
(Roche Diagnostics GmbH, Mannheim, Germany) and 
0.52 µL DNase/RNase/Protease-free water (5 prime 
GmbH, Hamburg, Germany) in a total volume of 6 µL. 
The PCR protocol was initiated at 95℃ for 10 min for 
initial denaturation of the cDNA and hot-start Taq-
polymerase activation, followed by 45 cycles of a three-
step amplification program (15 s at 95℃, 10 s at 
melting temperature Tm (59-65℃), 4.8 s at 72℃), 
according to the primer set used. Melting curves were 
systematically monitored (5 s at 95℃, 1 min at 65℃, 
temperature slope at 0.11℃/s from 65 to 97℃) at the 
end of the last amplification cycle to confirm the 
specificity of the amplification reaction. Each PCR assay 
included quadruplicates for each sample (duplicates of 
reverse transcription and PCR amplification, 
respectively) and also negative controls (reverse 
transcriptase and RNA free samples). Relative 
quantification of target gene expression was 
determined using the E-Method by the software of 
LightCycler® 480 (Version SW 1.5, Roche Diagnostics). 
PCR efficiency, assessed by the slope of a standard 
curve using serial dilutions of cDNA, ranged between 
1.85 and 2. 
 
2.8 Statistical analysis 

The results of post-prandial plasma metabolites are 
expressed as means ± SEM (N=8). The results of 
western blot and gene expression are expressed as 
means + SEM (N=6). The effects of diets, IP 
administration of rapamycin or vehicle and 
interaction were analyzed using two-way ANOVA in 

SPSS 17.0. In cases where data were nonparametric 
or not homoscedastic, data transformations, such as 
logarithms, square roots and reciprocals, were used 
to meet ANOVA criteria. Normality was assessed 
using the Shaprio–Wilk test, while homoscedasticity was determined using Leveneǯs test. For all 
statistical analyses, the level of significance was set 
at P˂0.05. 
For cell culture experiments, the results of western 
blot (N=6) and gene expression (N=9) are 
expressed as means + s.e.m. and were analyzed 
using linear mixed-effects models (MIXED) 
procedure with fish ID as subject effect (SPSS 17.0). 
When interaction was significant, results were 
further analyzed using the EMMEANS subcommand. 
For all statistical analyses, the level of significance 
was set at P˂0.05. 

3 RESULTS 

3.1 High carbohydrate intake induced 

hyperglycemia irrespective of the protein intake 

To check the effect of controlled-feeding, we 
investigated post-prandial plasma glucose and total 
plasma free amino acids (FAA) levels (Fig. 1). 
Compared to low carbohydrate intake treatment 
(HPLC), high carbohydrate intake treatments (HPHC 
and LPHC) induced higher plasma glucose levels 8 and 
24 h after controlled-feeding irrespective of the 
administration of vehicle or rapamycin, and decreased 
FAA levels 24 h after controlled-feeding. Protein and 
carbohydrate intake also affected FAA levels 8 h after 
controlled-feeding (P˂0.05), with HPLC treatment 
inducing higher FAA levels than LPHC treatment. 
Notably, rapamycin significantly decreased plasma 
glucose levels but elevated FAA levels 8 h after 
controlled-feeding compared to vehicle-treated groups.
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Fig. 1 Post-prandial plasma glucose (A and B) and total free amino acids (FAA, C and D) levels in rainbow trout 
subjected to intraperitoneal (IP) administration of vehicle or rapamycin, 8 and 24 h after controlled-feeding. 
Data are means + s.e.m. (N=8). The effects of IP administration of vehicle or rapamycin (Injection), diets and 
interaction (I*D) were analyzed using two-way ANOVA (P<0.05) followed by a Tukey multiple comparison test. HPLC, 
high protein low carbohydrate; HPHC, high protein high carbohydrate; LPHC, low protein high carbohydrate.  
 

3.2 High protein intake induced enhanced 

mTORC1 activation 

We further investigated the effects of 
administration of vehicle or rapamycin and 
different nutrients intake on the regulation of 
mTORC1 signaling pathway in trout liver (Fig. 2). 
Protein phosphorylation of TOR, S6K1, S6 and 
4EBP1 was markedly inhibited by rapamycin 
irrespective of the nutrients intake. High protein 
intake (HPLC and HPHC) induced higher 
phosphorylation of TOR and 4EBP1 compared to 
low protein intake (LPHC), while no statistical 
difference was observed for the phosphorylation of 
S6K1 and S6.  

 

3.3 Rapamycin inhibited the expression of hepatic 

fatty acid biosynthetic genes 
We further measured the expression of selected 
enzymes involved in fatty acid biosynthesis in the 
liver (Fig. 3). Compared to vehicle-treated groups, 
rapamycin significantly repressed the mRNA levels 
of FAS, ACLY, ACC, Elovl2, Elovl5, D6D and G6PDH 
without affecting ME or SREBP1c. Nutrient intake 
significantly affected the expression of ACC and 
Elovl5 (Fig. 3C and 3E; P˂0.05), with high 
protein/low carbohydrate intake groups (HPLC) 
obtaining higher ACC gene expression compared to 
high protein/high carbohydrate intake groups 
(HPHC), and high carbohydrate intake (HPHC and 

 
 

 
LPHC) suppressing the expression of Elovl5 
compared to low carbohydrate intake groups 
(HPLC). An interaction between injection and diets 
was recorded for Elovl2 (Fig. 3D; P˂0.05), showing 

that high protein intake (HPLC and HPHC) induced 
higher Elovl2 gene expression compared with low 
protein intake (LPHC) in vehicle-treated groups 
while no modifications for rapamycin-treated 
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groups. The mRNA levels of FAS, ACLY, D6D, G6PDH, 
ME or SREBP1c were not affected by protein or 

carbohydrate intake. 

 
 
Fig. 2 Western blot analysis of hepatic (A) TOR, (B) S6K1, (C) S6 and (D) 4E-BP1 protein phosphorylation in 
rainbow trout subjected to IP administration of vehicle or rapamycin, 2 h after controlled-feeding. Gels were 
loaded with 10 µg of total protein per lane for S6/4E-BP1 and 20 µg for TOR/S6K1, respectively. A representative blot 
is shown. Results are means + s.e.m. (N=6) and were analyzed using two-way ANOVA (P<0.05) followed by a Tukey 
multiple comparison test. HPLC, high protein low carbohydrate; HPHC, high protein high carbohydrate; LPHC, low 
protein high carbohydrate. Injection=IP administration of vehicle or rapapamycin; Diets=HPLC, HPHC or LPHC; 
I*D=interaction between Injection and Diets. 
 



Hepatic fatty acid biosynthesis in more responsive to protein than carbohydrates in trout 

  

 
Fig. 3 Gene expression of selected enzymes involved in fatty acid biosynthesis in the liver of rainbow trout 
subjected to IP administration of vehicle or rapamycin, 24 h after controlled-feeding. mRNA levels of genes 
involved in de novo lipogenesis including (A) FAS, (B) ACLY and (C) ACC, fatty acid bioconversion including (D) Elovl2, 
(E) Elovl5 and (F) D6D, NADPH production including (G) G6PDH and (H) ME and transcriptional factor (I) SREBP1c 
were measured using real-time RT-PCR. Expression values are normalized with elongation factor-ͳ alpha ȋEFͳȽȌ-
expressed transcripts. Results are means + s.e.m. (N=6) and were analyzed using two-way ANOVA (P<0.05) followed 
by a Tukey multiple comparison test. HPLC, high protein low carbohydrate; HPHC, high protein high carbohydrate; 
LPHC, low protein high carbohydrate. Injection=IP administration of vehicle or rapapamycin; Diets=HPLC, HPHC or 
LPHC; I*D=interaction between Injection and Diets. 
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3.4 High level of AAs enhanced mTORC1 

activation irrespective of glucose levels 

To overcome the complexity in vivo, especially the 
metabolite exchange between organs and hormonal 
effects, we used cell culture approach to investigate 
the effects of different glucose/amino acid levels on 
the regulation of mTORC1 signaling pathway in 
trout hepatocytes (Fig. 4). The phosphorylation of 
S6K1 and S6 was markedly enhanced by elevated 
AA levels while no glucose effect or interaction was 
observed. 
 
 

3.5 High level of AAs predominantly up-regulated 

fatty acid biosynthetic gene expression 

We further investigated the effects of different 
glucose/AA levels on the regulation of fatty acid 
biosynthetic gene expression in trout hepatocytes 
(Fig. 5). We observed that mRNA levels of the key 
enzymes involved in de novo lipogenesis (FAS and 
ACLY), fatty acid bioconversion (Elovl5, Elovl2, D6D 
and SCD1), NADPH production (G6PDH and ME), 
and transcriptional factor SREBP1c were 
significantly up-regulated by high AA levels, while 
glucose only increased the expression of ME. The 
expression of ACC in trout hepatocytes was too low 
to be measured.  

 

 

 
 
 
 
 
 
 
 
 
Fig. 4 Effects of different glucose (Glu) and 
amino acid (AA) levels on the 
phosphorylation of (A) S6K1 and (B) S6 
protein in trout hepatocytes. The experiment 
was conducted in 48 h-cultured trout 
hepatocytes. Cells were then stimulated for 15 
min with low/high level of glucose (3 mM/Low 
Glu or 20 mM/High Glu) and low/high level of 
amino acids (one-fold (Low AA) or four-fold 
(High AA) concentrated amino acids). Gels 
were loaded with 2 µg of total protein per lane 
for S6, 7 µg for S6K1, respectively. A 
representative blot is shown. Graphs represent 
the ratio between the phosphorylated protein 
and the total amount of the target protein. 
Results are means + s.e.m. (N=6) and were 
analyzed using linear mixed-effects models 
(MIXED) procedure (P<0.05). Glu=Low or High 
glucose; AA=Low or High level of amino acids; 
Glu*AA=interaction between Glu and AA. 
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Fig. 5 Effects of different glucose (Glu) and amino acid (AA) levels on the regulation of fatty acid biosynthetic 
gene expression in trout hepatocytes. The experiment was conducted in 48 h-cultured trout hepatocytes. Cells 
were then stimulated with low/high level of glucose (3 mM/Low Glu or 20 mM/High Glu) and low/high level of amino 
acids (one-fold (Low AA) or four-fold (High AA) concentrated amino acids). mRNA levels of genes involved in de novo 
lipogenesis including (A) FAS and (B) ACLY, transcriptional factor (C) SREBP1c, NADPH production including (D) 
G6PDH and (E) ME, and fatty acid bioconversion including (F) Elovl5, (G) Elovl2, (H) D6D and (I) SCD1 in the primary 
hepatocytes of rainbow trout were measured 24 h after the stimulations. Expression values are normalized with 
elongation factor-ͳ alpha ȋEFͳȽȌ-expressed transcripts. Results are means + s.e.m. (N=9) and were analyzed using 
linear mixed-effects models (MIXED) procedure (P<0.05). Low or High glucose; AA=Low or High level of amino acids; 
Glu*AA=interaction between Glu and AA. 
 
 
3.6 Fatty acid biosynthetic gene expression were 

also up-regulated by insulin levels 
Considering that high dietary protein intake in vivo 
can induce not only elevated plasma AA levels but 
also higher insulin secretion (25, 51), we further 
stimulated trout hepatocytes with different insulin 
and AA levels to determine which one is the main 
factor on the regulation of fatty acid biosynthetic 

gene expression (Fig. 6). We observed that the 
mRNA levels of FAS, Elovl5 and Elovl2 were up-
regulated by both elevated insulin and AA levels, 
while the gene expression of ACLY, G6PDH, ME, D6D 
and SCD1 were only up-regulated by increased AA 
levels. No change was observed for SREBP1c in 
current trial. 
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Fig. 6 Effects of different insulin (Ins) and amino acid (AA) levels on the regulation of fatty acid biosynthetic 
gene expression in trout hepatocytes. The experiment was conducted in 48 h-cultured trout hepatocytes. Cells 
were then stimulated with low/high level of insulin (1×10-9 mol l-1/Low Insulin or 4×10-9 mol l-1/High Insulin) and 
low/high level of amino acids (Low AA or High AA). mRNA levels of genes involved in de novo lipogenesis including (A) 
FAS and (B) ACLY, transcriptional factor (C) SREBP1c, NADPH production including (D) G6PDH and (E) ME, and fatty 
acid bioconversion including (F) Elovl5, (G) Elovl2, (H) D6D and (I) SCD1 in the primary hepatocytes of rainbow trout 
were measured 24 h after the stimulations. Expression values are normalized with elongation factor-ͳ alpha ȋEFͳȽȌ-
expressed transcripts. Results are means + s.e.m. (N=9) and were analyzed using linear mixed-effects models (MIXED) 
procedure (P<0.05). When interaction was significant, results were further analyzed using the EMMEANS 
subcommand. Ins=Low or High Insulin; AA=Low or High level of amino acids; Ins*AA=interaction between Ins and AA. 
 



Hepatic fatty acid biosynthesis in more responsive to protein than carbohydrates in trout 

  
4 DISCUSSION 
 
Protein metabolism in rainbow trout is 
intimately linked to hepatic glucose 
metabolism since protein/amino acid 
catabolism provides substrates that channel 
into gluconeogenic pathways and excessive 
AAs attenuate insulin action on hepatic 
gluconeogenesis via mTORC1/S6K1-induced 
feedback loop (15, 42). However, our latest 
data also showed that high levels of AAs 
promote hepatic fatty acid biosynthesis 
through up-regulating the expression of genes 
related to DNL, NADPH production and fatty 
acid bioconversion, and by elevating amino 
acid catabolic pathway in trout hepatocytes 
(15). In this study, we further evaluated and 
compared the capacity of dietary protein 
intake/AAs and dietary carbohydrate 
intake/glucose in stimulating hepatic 
lipogenic gene expression in rainbow trout 
liver and primary hepatocytes during short-
term stimulations. Unlike  earlier studies in 
rodents, chickens or humans (1, 2, 56, 64, 87), 
we provide both in vivo and in vitro evidence 
that hepatic fatty acid biosynthetic gene 
expression in rainbow trout is more 
responsive to dietary protein intake/AAs than 
dietary carbohydrate intake/glucose during 
acute stimulations; dietary protein intake/AAs 
stimulates fatty acid biosynthetic gene 
expression via an mTORC1-dependent 
manner. 
 
4.1 High carbohydrate intake induced 

hyperglycemia irrespective of the protein 

intake 

High carbohydrate intake induced higher 
plasma glucose levels 8 and 24 h after 
controlled-feeding, and markedly decreased 
free amino acid (FAA) levels 24 h after 
controlled-feeding. These results are 
consistent with previous demonstrations in 
rainbow trout (60, 61, 75, 82), showing that 
high carbohydrate diets induced 
hyperglycemia and reduced plasma AA levels. 
These plasma parameters clearly confirmed 
the efficiency of controlled-feeding method.  
However, despite these confirmations, one 
limit of this method still needs to be 
considered. With controlled-feeding method, 
the amount of nutrient intake for each 
tank/treatment had been well controlled, 
however, whether each individual had 
ingested the same amount of feed was not 
guaranteed, which may account for the high 

individual variations as observed for the 
phosphorylation of S6K1 and S6, and mRNA 
levels of FAS and ACLY in the in vivo trail. 

It is worthy to note that rapamycin markedly 
decreased plasma glucose levels 8 h after 
controlled-feeding and suppressed the 
expression of G6Pase I and G6Pase II (data not 
shown), in line with our previous finding 
showing that acute rapamycin administration 
reduced the hyperglycemia induced by IP 
glucose injection via inhibiting hepatic 
gluconeogenesis at both gene expression and 
enzyme activity levels in rainbow trout (16). 
Interestingly, rapamycin also enhanced 
plasma FAA levels 8 h after controlled-feeding. 
This elevated FAA level was negatively 
associated with the reduced glycemia, which is 
consistent with previous observations in trout 
(60, 61, 75, 82). Given that AAs, especially 
gluconeogenic AAs, can promote glucose 
production through hepatic gluconeogenic 
pathway (5, 15), we presume that both the 
elevated FAA levels and the reduced glycemia 
by rapamycin may be related to the 
suppressed hepatic gluconeogenesis as 
previously demonstrated (16), implicating the 
importance of hepatic gluconeogenesis in 
modulating glucose homeostasis. Notably, 
consistent with this deduction, recent work 
using stable tracer method by Viegas et al. (89) 
revealed that supplementation of digestible 
starch resulted in a significant reduction of 
gluconeogenic contributions to systemic 
glucose appearance in seabass. 

4.2 High protein intake/AAs levels enhanced 

mTORC1 activation regardless of 

carbohydrate intake/glucose levels 

 mTOR is an evolutionarily conserved 
serine/threonine kinase that senses both 
nutrients and insulin signaling to control a 
myriad of cellular processes (80). Here we 
observed that high protein intake induced 
higher phosphorylation of TOR and 4EBP1 
compared to low protein intake treatment 
regardless of dietary carbohydrate intake. 
Despite no statistical difference, the 
phosphorylation of S6K1 and S6 also showed 
elevated mean values in trout under high 
protein intake treatments compared to low 
protein intake treatment, similar as TOR and 
4EBP1 results. In vitro data further confirmed 
the in vivo observations showing that high 
level of AAs enhanced S6K1 and S6 
phosphorylation irrespective of glucose levels. 
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Therefore, our results suggest that high 
protein intake/AA levels enhanced mTORC1 
activation regardless of carbohydrate 
intake/glucose levels in rainbow trout. This 
finding is in agreement with previous in vivo 
findings in trout, reporting that diet rich in 
protein and low in carbohydrates induced 
higher S6 phosphorylation in liver and 
elevated S6K1, S6 and 4EBP1 phosphorylation 
in muscle compared to high carbohydrates 
low protein diet (75). It is also consistent with 
studies in rat demonstrating that high protein 
intake/AAs elevated the phosphorylation of 
mTOR and 4EBP1 compared with low protein 
intake/AAs (11).  

4.3 Hepatic fatty acid biosynthesis was more 

responsive to dietary protein intake/AAs 

than dietary carbohydrate intake/glucose 

In vitro data clearly showed that the 
expression of genes related to hepatic DNL 
(FAS and ACLY), fatty acid bioconversion 
(Elovl5, Elovl2, D6D and SCD1), NADPH 
production (G6PDH and ME), and SREBP1c, a 
transcription factor that activates all the genes 
needed to produce fatty acids and 
triglycerides in liver (32), were coordinately 
up-regulated by high level of AAs, while high 
level of glucose only elevated the expression 
of ME, indicating that in rainbow trout 
hepatocytes, fatty acid biosynthetic gene 
expression is more responsive to AAs than 
glucose. In line with these observations, in 
vivo data also showed that high protein intake 
induced higher Elovl2 gene expression 
regardless of carbohydrate intake, while high 
carbohydrate intake suppressed the 
expression of ACC and Elovl5. Notably, despite 
the absence of statistical significance for the 
expression of FAS, ACLY and D6D by nutrient 
intake, they exhibited higher mean mRNA 
levels in high protein intake groups. Therefore, 
we conclude that hepatic fatty acid 
biosynthetic gene expression in rainbow trout 
is more responsive to dietary protein 
intake/AAs than dietary carbohydrate 
intake/glucose during acute stimulations.  

The finding that dietary protein/AAs is a more 
potent stimulator for hepatic fatty acid 
biosynthesis compared to dietary 
carbohydrate/glucose is in agreement with 
previous in vitro observations demonstrating 
that increased AA levels up-regulated fatty 
acid biosynthetic gene expression in trout (15) 
and in vivo observations reporting that high 

protein low carbohydrate diets stimulated 
lipogenic gene expression (FAS and SREBP1) 
and enzyme activity (FAS, G6PDH and ME) 
compared to low protein high carbohydrate 
diets in rainbow trout and blackspot 
seabream, respectively (23, 75). However, 
these results are different from the 
demonstrations in rodents, chickens or 
humans reporting that high protein (HP) diets 
induce down-regulations of fatty acid 
biosynthesis in liver at both gene expression 
and enzymatic levels (1, 2, 7, 56, 64, 67, 87, 
90). Data in mouse have shown that an 
increased flux of AAs reaching the hepato-
portal area in HP diet conditions promotes AA 
catabolism and acetyl-CoA synthesis, however, 
it was suggested that the synthesized acetyl-
CoA is either channeled into TCA cycle or used 
for Ⱦ-hydroxybutyrate  production, but not 
converted to fatty acids through unknown 
reasons (64, 72, 92). Therefore, DNL rates 
might be lower or even absent after an HP diet 
(72). Based on our results, we reason that, 
unlike rodents or humans, protein/AAs is  
more potent in stimulating hepatic lipogenesis 
compared to carbohydrate/glucose in 
rainbow trout, confirming the surmise of 
Tocher (85), who suggested that AAs are the 
preferred carbon source for lipogenesis in 
trout. Future work with tracer method is 
needed to further confirm this conclusion at 
nutrient flux level. It is of interest to note that 
current observation in rainbow trout is 
similar as in domestic cat, a terrestrial 
carnivorous animal, in which acetate is the 
predominant carbon source for DNL in both 
liver and adipose tissue instead of glucose 
which is the major substrate for DNL in 
human and rodents (62, 66, 88). However, 
unlike trout, human or rodents where liver is 
the primary site for DNL (6, 29, 85), in cats, 
adipose tissue serves this function, followed 
by liver, mammary glands and muscle (66, 88).  

The results that high carbohydrate 
intake/glucose failed to stimulate hepatic 
lipogenic gene expression but up-regulated 
ME (in vitro) are consistent with previous 
studies reporting that high carbohydrate 
diets/glucose failed or only had limited effects 
in stimulating lipogenic gene expression and 
enzyme activities in rainbow trout (30, 35, 75). 
Notably, similar demonstrations were 
reported in cat and mink (68, 88), showing 
that fatty acids are not synthetized from 
glucose, probably due to the absence of 
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glucokinase in feline liver (48, 71). The results 
also confirmed the presumption of Hemre et al. 
(31) that carbohydrate is needed to stimulate 
lipid biosynthesis not so much through 
delivery of carbon backbones, but rather via 
increased availability of cytosolic reducing 
equivalents, and are consistent with some 
other demonstrations in carnivorous fish (4, 
20, 26, 84). However, this is different from 
which is known in mammals that diets high in 
simple carbohydrates led to elevated 
expression of enzymes involved in DNL, MUFA 
synthesis (SCD1) and PUFA synthesis (Elovl2, 
Elovl5 and D6D) (10, 27, 36, 40, 86). The poor 
induction of hepatic lipogenic/fatty acid 
biosynthetic gene expression to dietary 
carbohydrate intake/glucose could be one of 
the contributors to the poor dietary 
carbohydrate utilization in rainbow trout. As 
trout represents a relevant carnivorous model 
(54, 71), we presume this demonstration may 
be applicable for general carnivores, including 
piscivorous fish and terrestrial carnivores. 

4.4 Dietary protein/AAs stimulate fatty acid 

biosynthesis via mTORC1-dependent 

manner 

In vitro data showed that elevated fatty acid 
biosynthetic gene expression by high level of 
AAs was associated with the enhanced 
phosphorylation of S6K1 and S6, which is 
totally consistent with our previous 
investigation (15). Furthermore, we also 
reported that elevated fatty acid biosynthetic 
gene expression was markedly suppressed by 
mTORC1 inhibition (15). In vivo data showed 
that high protein intake not only induced 
higher TOR and 4EBP1 phosphorylation but 
also induced higher Elovl2 gene expression 
regardless of carbohydrate intake. Although 
not statistically significant, the expression of 
FAS, ACLY and D6D exhibited similar patterns 
as the phosphorylation of S6K1 and S6, 
showing that high protein intake induced 
higher mean mRNA levels. Moreover, mTORC1 
inhibition suppressed the expression of FAS, 
ACLY, ACC, Elovl2, Elovl5, D6D and G6PDH, 
indicating that the regulation of hepatic fatty 
acid biosynthetic gene expression is mTORC1 
dependent, which is consistent with our latest 
in vitro demonstrations in trout (15). 
Therefore, our data clearly demonstrate that 
dietary protein intake/AAs stimulate fatty 
acid biosynthetic gene expression through an 
mTORC1-dependent manner. Consistent with 
this observation, recent investigation in 

zebrafish also shown that mTORC1 activation 
is required for hepatic lipid accumulation as 
rapamycin reverses hepatic lipid 
accumulation and associated gene expression 
changes (lipogenic, inflammatory, oxidative 
stress and ER stress genes) (70).  

Indeed, the regulation of fatty acid 
biosynthesis, especially the regulation of 
lipogenesis is very complex. Mammalian 
studies have demonstrated that several 
cellular signaling pathways, including 
insulin/mTOR (63), AMPK (AMP-activated 
protein kinase) (44), autophagy (94), 
p38MAPK (mitogen-activated protein kinase 
p38) (93) and  AAR (amino acid response) 
(28), and transcription factors including 
peroxisome proliferator-activated receptor gamma ȋPPARγȌ, LXR (44), ChREBP  (24), 
SREBP1c (34, 77), XBP1 (43), nuclear sterol-
activated receptor LXR and FXR (8), as well as 
microRNA (miRNAs) (19, 21) are involving in 
the regulation of hepatic lipogenesis. Thus, we 
assume that mTORC1 signaling pathway is 
probably not the only signaling pathway that 
involving in the nutrients-mediated control of 
fatty acid biosynthesis in rainbow trout. 
Future studies are merited to verify the 
potential involvement of other signaling 
pathways or transcription factors in fish. 

4.5 Dietary protein intake stimulated 

hepatic fatty acid biosynthesis probably 

mainly through AAs themselves rather than 

insulin 

It is well known that, compared to 
carbohydrates, AAs are more potent insulin 
secretagogues in most fish species (51). 
Therefore, one potential explanation for the 
elevated lipogenic gene expression in high 
dietary protein diet conditions can be due to 
the higher insulin secretion induced by the HP 
diets as insulin has been proven a potent 
mediator for stimulating  mTOR signaling and 
anabolic pathways, including glycolysis and 
lipid synthesis (15, 57, 69). Given that 
currently the method for precisely measuring 
trout plasma insulin concentration is no 
longer available (58), we tested this 
hypothesis in vitro. Using trout primary 
hepatocytes, we observed that increased 
insulin levels markedly up-regulated the gene 
expression of FAS, Elovl5 and Elovl2, while 
increased AA levels significantly up-regulated 
the expression of enzymes involved in DNL 
(FAS and ACLY), lipid bioconversion (Elovl5, 
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Elovl2, D6D and SCD1) and NADPH 
production (G6PDH and ME). The results that 
insulin stimulated the expression of FAS, 
Elovl5 and Elovl2 are consistent with our 
previous in vitro demonstrations (15) and also 
in agreement with data from a previous study 
showing that addition of insulin elevated FAS 
gene expression (42). Regarding AAs effect, it 
is totally consistent with our previous in vitro 
observations (15). Therefore, we propose that 
dietary protein intake stimulates hepatic fatty 
acid biosynthesis mainly through AAs 
themselves; HP diet/AAs induced release of 
insulin may also contribute to the elevated 
lipogenic gene expression, however, its 
stimulation effect is less potent compared to 
AAs themselves.  

In summary, we provided both in vivo and in 
vitro evidence to demonstrate that hepatic 
fatty acid biosynthetic gene expression in 
rainbow trout is more responsive to dietary 
protein intake/AAs than dietary carbohydrate 
intake/glucose during acute stimulations; 
dietary protein intake/AAs stimulates fatty 
acid biosynthetic gene expression via an 
mTORC1-dependent manner. We also propose 
that dietary protein intake stimulates hepatic 
fatty acid biosynthetic gene expression mainly 
through AAs themselves instead of stimulating 
the release of insulin. 

4.6 Perspectives and Significance 
Unlike rodents, chickens or humans (1, 2, 56, 
64, 87), we demonstrated that hepatic fatty 
acid biosynthesis is more responsive to 
protein than carbohydrate in rainbow trout. 
This demonstration is supported by previous 
investigations or presumptions in fish (23, 31, 
54, 75, 85), and similar as cat and mink (68, 
88). Thus, the feature we revealed here 
probably represents one important 
physiological and metabolic difference 
between carnivores and omnivores. In human 
and other mammalian species, consumption of 
high dietary protein can induce hyper-TOR 
activation, which may in turn induce 
suppressed autophagy, thereby promoting 
endoplasmic reticulum (ER) stress and, 
chronically, causing mitochondrial 
dysfunction and insulin resistance (3, 46, 76, 
94). Furthermore, high dietary protein 
stimulates insulin hypersecretion and 
overactivation of mTORC1 that can blunt 
insulin sensitivity via mTORC1/S6K1-induced 
negative feedback loop, which will further 

increase demand of insulin secretion. The 
increased demand for insulin biosynthesis in 
turn increases demand in the ER, gradually 
leading to ER stress, increased protein 
misfolding, activation of unfolded protein 
response (UPR) and dysregulated 
mitochondria function. Collectively, these 
adverse events may eventually cause insulin 
resistance (12, 33, 37, 47, 65, 76, 94). 
Considering that rainbow trout possesses high 
dietary protein consumption and acute 
stimulation with excessive AAs induces 
overactivation of mTORC1, which in turn 
attenuates insulin-mediated repression of 
gluconeogenesis via mTORC1/S6K1-induced 
negative feedback loop (15), we presume that 
the poor carbohydrate utilization in rainbow 
trout is possibly due to a combination of 
mitochondrial dysfunction, ER stress, hypo-
autophagy, accumulation of misfolded 
proteins and altered UPR as in mammals (53, 
95). Interestingly, in line with this 
presumption, recent investigation in zebrafish 
reported that fructose treatment of larval 
zebrafish induced hepatic lipid accumulation, 
which was associated with mTORC1 activation, 
inflammation and oxidative stress (70). 
Therefore, future work are needed to 
investigate the parameters related to 
inflammatory stresses and mitochondrial 
functions as they may account for the low 
utilization efficiency of dietary 
carbohydrate/glucose and poorly inhibited 
hepatic gluconeogenesis in rainbow trout as in 
mammals. Notably, recent work by Marandel 
et al., (49) concluded that maintenance of 
ohnologous g6pcb2 pair and futile glucose/ 
glucose-6-phosphate cycling may contribute 
in a significant way to the glucose-intolerant 
phenotype of trout and may partially explain 
its poor use of dietary carbohydrates. To some 
extent, these two deductions are consistent 
with each other and may coordinately exist in 
rainbow trout. Furthermore, as we reason that 
protein or AAs are more potent in the 
stimulation of DNL than carbohydrate or 
glucose in rainbow trout and AAs are probably 
used as substrates for DNL, future work with 
tracer method is needed to measure the true 
contributions of AAs and AA catabolism to fat 
synthesis at nutrient flux level. 
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Supplementary data  

Similar as in article four (Dai et al., 2014), we observed that rapamycin significantly decreased 

plasma glucose levels 8 h after controlled-feeding. We also demonstrated that acute rapamycin 

administration reduced the hyperglycemia induced by IP glucose injection probably via inhibiting 

hepatic gluconeogenesis (Dai et al., 2014). Thus, we further analyzed the expression of G6Pase, the 

last rate-limiting enzyme of gluconeogenesis, which is involved in glucose dephosphorylation 

(Nordlie et al., 1999). 

Figure S 2 Gene expression of markers of hepatic gluconeogenesis 

 
Gene expression of G6Pase in the liver of rainbow trout subjected to IP administration of vehicle or rapamycin, 24 h 
after controlled-feeding. Expression values are normalized with elongation factor-ͳ alpha ȋEFͳȽȌ-expressed 
transcripts. Results are means + s.e.m. (N=6) and were analyzed using two-way ANOVA (P<0.05) followed by a Tukey 
multiple comparison test. ǲLGǳ indicates data were transformed and statistical analyzed with log transforms. HPLC, 
high protein low carbohydrate; HPHC, high protein high carbohydrate; LPHC, low protein high carbohydrate. 
Injection=IP administration of vehicle or rapapamycin; Diets=HPLC, HPHC or LPHC; I*D=interaction between 
Injection and Diets. 

 

Gene expression of G6Pase I and G6Pase II in high protein low carbohydrate intake treatment was 

markedly higher compared to high protein high carbohydrate intake treatment. 

Rapamycin significantly reduced the expression of G6Pase I and G6Pase II, which is consistent with the 

observations in article 4 (Dai et al., 2014). This reduction probably accounted for the reduced glycemia 

and was related to the enhanced plasma free amino acid levels. 
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Do high levels of amino acids negatively influence insulin 

signaling and action in fish? 
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Figure 3. 7 Experimental design and procedures from the third article 

 

 

 

Figure 3. 8 Result highlights from the third article – Phosphorylation of representational proteins on 

Akt/TOR signaling pathway in trout hepatocytes 
 

 

Increased AA levels not only elevated the phosphorylation of mTORC1 downstream effectors, S6K1 and 

S6, but also enhanced the phosphorylation of IRS-1 on Ser302 and decreased the phosphorylation of Akt 

on both Ser473 and Thr308. Rapamycin not only inhibited the proteins on mTORC1 signaling pathway but 

also inhibited IRS-1 Ser302 phosphorylation and restored Akt phosphorylation.  
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Presentation of the article 

Objective 

Rainbow trout, like the other carnivorous animals consumes diets with relatively high protein 

content compared to humans, rodents and other terrestrial domestic animals. In fish as in other 

vertebrates, amino acids not only serve as building blocks for protein synthesis but also modulate 

signaling pathways, regulating not only protein metabolism but also glucose and lipid metabolism. In 

mammals, the over-activation of mTOR signaling pathway induced by excessive amino acids can 

result in a negative feedback loop on the early events of insulin signaling pathway that may lead to 

insulin resistance (Zoncu et al., 2011). This feedback involves phosphorylation of IRS1 on serine 

residues (Boura-Halfon and Zick, 2009; Taniguchi et al., 2006). Due to the high dietary protein 

content in trout (more than 40%), we proposed to verify the occurrence of such mechanism in trout 

and analyze its potential consequences on metabolism-related gene expression. In vitro studies using 

freshly isolated trout hepatocytes were designed to evaluate the effects of increasing levels of AAs on 

the regulation of hepatic fatty acid biosynthetic, glycolytic, gluconeogenic and amino acid catabolic 

gene expression and also assess the potential involvements of Akt/mTORC1 and p38 MAPK signaling 

pathway in these regulations. 

Experiment and Analyses 

For the first experiment involving different amino acid levels (Figure 3.7 Exp set I), 48 h-cultured 

cells were stimulated with the mediums containing 4×10-9 mol l-1 of bovine insulin (Sigma, St. Louis, 

MO, USA) corresponding to the post-prandial level of insulin irrespective of dietary carbohydrate 

level (del sol Novoa et al., 2004), and one fold (I*1AA), two fold (I*2AA), or four fold concentrated 

MEM essential and non-essential amino acids mixture (I*4AA), respectively. Hepatocytes maintained 

in the basic culture medium (1AA without insulin) were used as control cells. In the second set of 

experiments (Figure 3.7 Exp set II), 48 h-cultured hepatocytes were pre-incubated for 30 min with 

or without 100 nM rapamycin (Rapa), a pharmacological TOR inhibitor. The mediums were then 

replaced by the medium containing 4×10-9 mol l-1 insulin and four fold concentrated essential and 

non-essential amino acids mixture (I*4AA). Cells were harvested 45 min after stimulation for 

western blot analysis or resuspended in TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA) 24 h after 

stimulation and stored at -80°C for subsequent mRNA extraction (Figure 3.7). Phosphorylation of 

proteins of the Akt/TOR signaling pathway and expression of genes related to fatty acid biosynthesis, 

glucose metabolism and AA catabolism were measured. 

Results and Conclusion 

Increased AA levels enhanced the phosphorylation of S6K1, S6, and IRS-1 on Ser302 but suppressed 

Akt and p38 MAPK phosphorylation. High levels of AAs also up-regulated the expression of genes 

related to gluconeogenesis and fatty acid biosynthesis. mTORC1 inhibition not only inhibited the 
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Figure 3. 9 Result highlights from the third article – Gene expression of markers of hepatic lipid biosynthesis and glucose metabolism
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phosphorylation of mTORC1 downstream targets, but also blunted IRS-1 phosphorylation on Ser302 

and restored excessive AAs-suppressed Akt phosphorylation (Figure 3.8 right). Rapamycin also 

inhibited fatty acid biosynthetic and gluconeogenic gene expression (Figure 3.9 lower panel).  

Moreover, increased AA levels also markedly elevated the expression of genes related to AA 

catabolism, suggesting that elevated AA levels promoted hepatic fatty acid biosynthesis and glucose 

metabolism not only through modulating relevant signaling pathways, but also by providing 

gluconeogenic and lipogenic substrates. 

In conclusion, we demonstrated that, in trout primary hepatocytes, increased AA levels (i) up-

regulate fatty acid biosynthetic gene expression through an mTORC1-dependent manner, (ii) 

attenuate insulin-mediated repression on hepatic gluconeogenesis through elevated IRS-1 

phosphorylation on Ser302, which in turn impairs the activation of Akt pathway and weakens 

insulin action (Figure 3.10) and (iii) elevate AA catabolic gene expression. The present study 

highlights the key role of amino acids and mTORC1 signaling in this negative feedback that 

might explain the absence of postprandial inhibition of hepatic gluconeogenesis and the 

glucose intolerance phenotype in rainbow trout. 

 

Figure 3. 10 Main conclusions from the third article 
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Abstract
Background/Aims: Carnivores exhibit poor utilization of dietary carbohydrates and glucose 
intolerant phenotypes, yet it remains unclear what are the causal factors and underlying 
mechanisms. We aimed to evaluate excessive amino acids (AAs)-induced effects on insulin 
signaling, fatty acid biosynthesis and glucose metabolism in rainbow trout and determine the 
potential involvement of mTORC1 and p38 MAPK pathway. Methods: We stimulated trout 
primary hepatocytes with different AA levels and employed acute administration of rapamycin 
to inhibit mTORC1 activation. Results: Increased AA levels enhanced the phosphorylation 
of ribosomal protein S6 kinase (S6K1), S6, and insulin receptor substrate 1 (IRS-1) on Ser302 
but suppressed Akt and p38 phosphorylation; up-regulated the expression of genes related 
to gluconeogenesis and fatty acid biosynthesis. mTORC1 inhibition not only inhibited the 
phosphorylation of mTORC1 downstream targets, but also blunted IRS-1 Ser302 phosphorylation 
and restored excessive AAs-suppressed Akt phosphorylation. Rapamycin also inhibited fatty 
acid biosynthetic and gluconeogenic gene expression. Conclusion: High levels of AAs up-
regulate hepatic fatty acid biosynthetic gene expression through an mTORC1-dependent 
manner, while attenuate insulin-mediated repression of gluconeogenesis through elevating 
IRS-1 Ser302 phosphorylation, which in turn impairs Akt activation and thereby weakening 
insulin action. We propose that p38 MAPK probably also involves in these AAs-induced 
metabolic changes.
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Introduction

The liver is a key organ in the systemic response to insulin, controlling both glucose 
and lipid metabolism [1]. In hepatocytes, binding of insulin to their receptors leads to 
recruitment and phosphorylation of the insulin receptor substrate 1 (IRS-1) on tyrosine 
residues, which in turn recruits phosphoinositide 3-kinase (PI3K) and activates Akt, a 
critical node of the insulin signaling pathway leading to at least the regulation of glucose 
uptake, glycogen synthesis, glycolysis and gluconeogenesis [2]. The activation of Akt inhibits 
glucose production through direct phosphorylation of transcription factors Forkhead-box Class O1 (FoxO1) [3] and peroxisome proliferator-activated receptor γ coactivator 1α (PGC)-
1α [4]. Another important anabolic role of insulin is to activate fatty acid synthesis. Insulin 
stimulates hepatic lipogenesis by increasing the mRNA and the processed nuclear form of 
sterol regulatory element-binding protein-1c (SREBP-1c), a transcription factor that activates 
all the genes needed to produce fatty acids and triglycerides in liver [5]. Insulin-dependent 
SREBP-1c transcriptional regulation also requires liver X receptor (LXR) activation [6, 7].

Dietary proteins and amino acids (AAs) have emerged as potent modulators of insulin 
signaling, thereby regulating glucose and lipid metabolism. Under appropriate conditions, 
AAs (particularly leucine, isoleucine, alanine, and arginine) can enhance pancreatic insulin 
secretion and repress hepatic gluconeogenesis through the IRS-Akt-Foxo pathway [8, 9]. 
Furthermore, AAs abundance can be sensed by mechanistic target of rapamycin complex 
1 (mTORC1) [10], a crucial signaling node controlling cell growth and proliferation, which 
promotes de novo lipogenesis and glycolysis, through mTORC1-mediated activation of 
SREBP-1c and hypoxia inducible factor 1a (HIF1a), respectively [11, 12]. Moreover, excessive 
AAs can induce elevated activation of the mTORC1/S6K1 pathway, which elicits a negative 
feedback signal that hyperphosphorylates IRS-1 at serine residues, leading to reduced IRS-
1 function and impaired activation of the PI3K/Akt pathway, thereby diminishing insulin 
action [13, 14]. Persistent activation of mTORC1 signaling pathway may lead to insulin resistance [14, 15], which is defined as the inability of insulin to promote efficient glucose 
uptake by peripheral tissues, and commonly associated with obesity, human type 2 diabetes 
and nonalcoholic fatty liver disease [16, 17].

The p38 mitogen-activated protein kinase (MAPK) is a major kinase in the MAPK family 
and plays a pivotal role in regulating many essential cellular processes, such as proliferation, inflammation, differentiation, survival and migration [18, 19]. Recent studies show that 
p38 MAPK also responds to key metabolic factors, thereby controlling glucose and lipid 
metabolism [20]. Cao et al. [21] demonstrated that activation of p38 by fasting in liver and 
glucagon in primary hepatocytes stimulates hepatic gluconeogenesis via regulating the 
phosphorylation of cAMP-response element-binding protein (CREB) and the expression of PGC1α. Furthermore, p38 plays an inhibitory role on hepatic lipogenesis, probably through the inhibtion of the transcription of central lipogenic genes, such as SREBP-1c and PGC-1β [22]. However, whether nutrients regulate p38 MAPK activation, thereby regulating 
intermediary metabolism remains largely unknown.

Rainbow trout, like domestic cat and dolphin, exhibits relatively high dietary protein/
AAs requirement, poor utilization of dietary carbohydrates and glucose intolerant phenotype, 
thus it represents a relevant carnivorous model organism for the investigation of protein and 
glucose metabolism [23, 24]. Furthermore, given that healthy carnivores exhibit metabolic 
changes after fasting or a carbohydrate rich diet that are similar to those observed in humans 
with diabetes, trout can be used as a comparative natural model for the study of common 
pathologies associated with type 2 diabetes [23]. Therefore, understanding how nutrients regulate intermediary metabolism in trout may have dual significance.

Despite the well-studied roles of protein/AAs in modulating insulin action and 
intermediary metabolism in mammals, relatively little is known in trout. Diets of rainbow 
trout generally contain more than 40% protein, which has long been suspected as a causal 
factor for the persistent hyperglycemia and absence of postprandial down-regulation of 
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gluconeogenesis [25, 26]. In line with this hypothesis, Kirchner et al. [26] observed that low 
protein intake reduced hepatic gluconeogenic enzyme activities and gene expression (FBPase and G6Pase). Furthermore, in a previous study, we also demonstrated that AAs increased 
gluconeogenic mRNA levels (G6Pase and mPEPCK) independently of the insulin/TOR 
signaling pathway [27]. However, whether excessive AAs elevate hepatic gluconeogenesis via affecting insulin signaling has not been investigated in fish thus far. As for the regulation 
of lipogenesis, previous in vivo studies tend to indicate that dietary protein play a potent 
role in regulating mTOR signaling pathway [28], and lipogenic and glycolytic pathways in fish [28-30]. Moreover, our in vitro studies demonstrated that AAs (particularly leucine) 
together with insulin successfully stimulated the activation of mTOR signaling pathway [27, 
31], which was proven as an upstream activator for hepatic lipogenesis in trout liver and 
hepatocytes [27, 32]. However, whether different AA levels affect mTORC1 activation and thereby regulating hepatic lipogenesis in fish is still unknown.

The aim of this work was to (1) study whether excessive amino acids (AAs) affect the 
regulation of hepatic metabolism-related gene expression and (2) determine the potential 
involvement of mTORC1 and p38 MAPK pathways in these regulations.

Material and Methods

Animals

Sexually immature rainbow trout (240 to 300g) were obtained from the INRA experimental fish 
farm facilities (INRA, Donzacq, France). Fish were maintained in tanks kept in open circuits at 18°C with 

well-aerated water under natural photoperiod conditions. Trout were fed to satiety every two days with 

a commercial diet (T-3P classic, Trouw, France). The experiments were carried out in accordance with the clear boundaries of EU legal frameworks, specifically those relating to the protection of animals used for scientific purposes (i.e. Directive 2010/63/EU), and under the French legislation governing the ethical 
treatment of animals (Decree no. 2001-464, 29 May, 2001). The investigators carrying out the experiment had ‘‘level 1’’ or ‘‘level 2’’ certification, bestowed by the Direction Départementale des Services Vétérinaires 
(French veterinary services) to carry out animal experiments (INRA 2002-36, 14 April, 2002).

Hepatocyte Cell CultureIsolated liver cells were prepared as previously described [25, 27]. Cells were finally taken up in modified Hanks’ medium supplemented with 1.5 mM CaCl
2
, 1% defatted BSA, 3 mM glucose, MEM essential 

amino acids (1X) (Invitrogen Carlsbad, California, USA), MEM non-essential amino acids (1X) (Invitrogen 

Carlsbad, California, USA) and antibiotic antimycotic solution (1X) (Sigma, St. Louis, MO, USA) as the basic 

culture medium. Cell viability (>98%) was assessed using the trypan blue exclusion method (0.04% in 0.15 

M NaCl) and cells were counted using a haemocytometer. The hepatocyte cell suspension was plated in a 

six well Primaria culture dish (BD, USA) at a density of 3×106 cells/ well and incubated at 18°C. The culture 

medium was changed every 24 h over the 48 h of primary cell culture. Microscopic examination ensured 

that hepatocytes progressively re-associated throughout culture to form two-dimensional aggregates, in agreement with earlier reports [33, 34]. For the first experiment involving different amino acid levels, 48 
h-cultured cells were stimulated with the mediums containing 4×10-9 mol l-1 of bovine insulin (Sigma, St. 

Louis, MO, USA) corresponding to the post-prandial level of insulin irrespective of dietary carbohydrate 

level [35], and one fold (I*1AA), two fold (I*2AA), or four fold concentrated MEM essential and non-essential 

amino acids mixture (I*4AA), respectively, while the control cells maintained the basic culture medium (1AA 

but no insulin). In the second experiment, 48 h-cultured hepatocytes were pre-incubated for 30 min with or 

without 100 nM rapamycin (Rapa), a pharmacological TOR inhibitor. The mediums were then replaced by 

the medium containing 4×10-9 mol l-1 insulin and four fold concentrated MEM essential and non-essential 

amino acids mixture (I*4AA). Cells were harvested at 45 min for western blot analysis or resuspended in 

TRIzol® Reagent (Invitrogen, Carlsbad, CA, USA) 24 h after stimulation and stored at -80°C for subsequent 

mRNA extraction. The time intervals were chosen based on the phosphorylation peaks of TOR signaling 

pathway or relevant metabolic gene expression peaks, respectively (data not shown).
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Protein extraction and Western blotting

At the end of the stimulation period, cells were carefully washed with two times 1ml of cold phosphate 

buffered saline (PBS). Then 300µl of cell lysis buffer [36] were added before being stored the culture dish 

at -80°C overnight. Then cells were scraped, collected, and lysed on ice for 30 min. Lysates were centrifuged 

at 12.000g for 30 min at 4°C. The resulting supernatant fractions were recovered and stored at -80℃. 

Protein concentrations were determined using the Bio-Rad protein assay kit (Bio-Rad Laboratories, Munich, Germany) with BSA as standard. Lysates (2 µg of total protein per lane for Akt/S6/4EBP1, 7 µg for TOR/S6K1/p38 MAPK and 17 µg for IRS-1, respectively) were subjected to SDS-PAGE and Western blotting using 
the appropriate antibodies. Anti-phospho-Akt (Ser473) (no. 9271), anti-phospho-Akt (Thr308) (no. 9275), 

anti-carboxyl terminal Akt (no. 9272), anti-phospho-TOR (Ser2448) (no. 2971), anti-TOR (no. 2972), anti-

phospho-S6 protein kinase 1 (Thr389) (no. 9205), anti-S6 protein kinase 1 (no. 9202), anti-phospho-S6 

(Ser235/236) (no. 4856), anti-S6 (no. 2217), anti-phospho-4E-BP1 (Thr37/46) (no. 9459), anti-4E-BP1 (no. 9452), 

anti-phospho-IRS-1 (Ser302) (no. 2384), anti-phospho-p38 MAPK (no. 9211) and anti-β-Tubulin (no. 2146) 
were purchased from Cell Signaling Technologies (Ozyme, Saint Quentin Yvelines, France). Anti-p38 MAPK 

(no. sc-535) was purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). All of these antibodies 

(except anti-phospho-IRS-1 (Ser302), anti-phospho-p38 MAPK and anti-p38 MAPK) were successfully cross-

reacted with rainbow trout [32]. For anti-phospho-IRS-1 (Ser302), anti-phospho-p38 MAPK and anti-p38 MAPK antibody, the molecular weight and amino acid sequences were monitored in the SIGENAE database 
[37] to check for a good conservation of the antigen sequence. After washing, membranes were incubated 

with an IRDye Infrared secondary antibody (LI-COR Biosciences, Lincoln, NE, USA). Bands were visualized by Infrared Fluorescence using the Odyssey Imaging System (LI-COR Biosciences) and quantified by Odyssey Infrared imaging system software (Version 3.0, LI-COR Biosciences).
Gene expression analysis

Total RNA samples were extracted from hepatocytes using TRIzol® Reagent (Invitrogen, Carlsbad, CA, 

USA) according to the manufacturer's recommendations, quantified by spectrophotometry (absorbance at 260 nm) and its integrity was assessed using Agarose Gel Electrophoresis. A 1 µg sample of the 
resulting total RNA was reverse transcribed into cDNA using the SuperScriptTM III Reverse Transcriptase kit (Invitrogen, Carlsbad, CA, USA) and random primers (Promega, Charbonniéres, France) according to 
the manufacturers’ instructions. Target gene expression abundance was determined by quantitative real-time (q) RT-PCR, using specific primers [38-42]. Primers targeting alanine transaminase 2 (forward: TGGGTGCGTACAGTGCCAGT; reverse: GACGCACCCTCACCACACAC; Sigenae AU081029.s.om.10), aspartate transaminase 1 (forward: TCAAGAGTGGCAGGAACATCA; reverse: AGCGTCTCTGAAGATGGGTGT; Sigenae CA359859.s.om.10), aspartate transaminase 2 (forward: TCTGTGCCCAGTCCTTCTC; reverse: GGAGGGTTGGACCAGGT; Sigenae CA344854.s.om.10.) and branched-chain α-ketoacid dehydrogenase α subunit (forward: TCGCTGTGTACAACGCTACC; reverse: GCCTCCATCACCATCTTGC) were newly designed using Primer3 software. To confirm specificity, amplicons were purified and sequenced (Beckman Coulter Genomics, UK).

qRT-PCR was performed as previously described [36]. Quantitative RT-PCR analyses were focused on 

several key enzymes of hepatic metabolism, which were glucokinase (GK; EC 2.7.1.2), 6-phosphofructo-1-kinase (6PF1K; EC 2.7.1.11), pyruvate kinase (PK; EC 2.7.1.40) and transcription factor hypoxia-inducible factor 1-alpha (HIF-1α) for glycolysis; glucose transporter 2 (GLUT2) for glucose transport ; glucose-6-phosphatase (G6Pase; EC 3.1.3.9) for glucose dephosphorylation; fructose-1,6-bisphosphatase (FBPase; EC 3.1.3.11) and phosphoenolpyruvate carboxykinase (PEPCK; EC 4.1.1.32) for gluconeogenesis; ATP citrate lyase (ACLY; EC 2.3.3.8) and fatty acid synthase (FAS; EC 2.3.1.85) for lipogenesis; glucose-6-phosphate dehydrogenase (G6PDH; EC 1.1.1.49) for pentose phosphate shunt; Δ6 fatty acyl desaturase (D6D; EC 1.14.19.3), Stearoyl-CoA desaturase-1 (SCD1 or D9D; EC 1.14.19.1), elongation of very long chain fatty acids like-5 (Elovl5; EC 2.3.1.199) and elongation of very long chain fatty acids like-2 (Elovl2; EC 2.3.1.199) for 
fatty acid bioconversion, and two relevant transcription factors sterol regulatory element binding protein 1-like (SREBP1c) and liver X receptor (LXR); serine dehydratase (SD; EC:4.3.1.17), alanine transaminase (ALAT; EC 2.6.1.2), aspartate transaminase (ASAT; EC 2.6.1.1), branched-chain α-ketoacid dehydrogenase (BCKD; EC 1.2.4.4) and branched-chain α-ketoacid dehydrogenase kinase (BCKDK; EC 2.7.11.4) for amino acid catabolism. When different isoforms of a gene were known in rainbow trout (as for G6Pase), gene expression analysis was performed on each isoform. Elongation factor-1alpha (EF1α) was employed as 
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a non-regulated reference gene, as previously used in rainbow trout and it was stably expressed in our 

investigations (data not shown).

Statistical analysis

The results of western blot (N=4) and gene expression (N=6) are expressed as means + s.e.m. and were analyzed using one-way ANOVA, followed by a Tukey test. In cases where data were nonparametric 
or not homoscedastic, data transformations, such as logarithms, square roots and reciprocals, were used to meet ANOVA criteria. Normality was assessed using the Shaprio–Wilk test, while homoscedasticity was determined using Levene’s test. For all statistical analyses, the level of significance was set at P˂0.05.

Results

Amino acid levels affected the phosphorylation of Akt/TOR signaling pathway
First, we investigated whether the phosphorylation of Akt/TOR signaling pathway was 

affected by different amino acid levels (Fig. 1).
As expected, I*1AA treated cells showed higher Akt (on Thr308 and Ser473), S6K1 and S6 

phosphorylation levels compared to control cells, indicating that insulin effectively triggered 

Fig. 1. Effects of different 

amino acid levels on the 

phosphorylation of (A) 

Akt Ser473, (B) Akt Thr308, 

(C) S6K1, (D) S6, (E) IRS-

1 Ser302 and (F) p38 MAPK 

protein in trout hepato-

cytes. The experiment was 

conducted in 48 h-cultured 

trout hepatocytes. Cells 

were then stimulated for 

45 min with the mediums 

containing 4×10-9 mol l-1 

insulin (I), and one fold 

(I*1AA), two fold (I*2AA), 

or four fold concentrated 

amino acids (I*4AA), re-

spectively, while the con-

trol cells maintained the 

basic culture medium (1AA but no insulin). Gels 
were loaded with 2 µg of 

total protein per lane for 

Akt/S6, 7 µg for S6K1/p38 

MAPK and 17 µg for IRS-1, 

respectively. A representa-

tive blot is shown. Results 

are means + s.e.m. (N=4) 

and were analyzed using one-way ANOVA, followed by a Tukey test. Values 
with different superscript letters are significantly dif-
ferent at P<0.05. 
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the activation of Akt/TOR signaling pathway as previously demonstrated [27]. Of note, the 
phosphorylation of IRS-1 on Ser302 and p38 MAPK was not affected by the addition of 
insulin in 1AA treated cells.

Increased amino acid levels gradually enhanced S6K1 phosphorylation (Fig. 1C). 
Furthermore, phosphorylated S6 in I*2AA and I*4AA treated cells was also higher compared 
to I*1AA treated cells (Fig. 1D). In contrast, increased amino acid levels gradually decreased 
Akt phosphorylation on Thr308 (Fig. 1A) and the phosphorylation of Akt on Ser473 in I*4AA treated cells was significantly lower than in I*1AA or I*2AA treated cells (Fig. 1B). Because 
the phosphorylation of IRS-1 on serine residues is known as a potential link between TOR/
S6K1 and Akt protein phosphorylation in mammals, we further studied the phosphorylation 
of IRS-1 on Ser302  and found that phosphorylated IRS-1 on Ser302 in I*4AA treated cells was significantly higher than in I*1AA treated cells (Fig. 1E). Moreover, the phosphorylation of 
p38 MAPK in I*4AA treated cells was markedly lower compared to I*1AA treated cells (Fig. 
1F).

Fig. 2. Effects of different amino acid levels on the regulation of fatty acid biosynthetic gene expression in 

trout hepatocytes. mRNA levels of genes involved in de novo lipogenesis including (A) ACLY and (B) FAS, 

fatty acid bioconversion including (C) D6D, (D) SCD1, (E) Elovl5 and (F) Elovl2, NADPH production includ-ing (G) G6PDH, and relevant transcriptional factors (H) SREBP1c and (I) LXR in the primary hepatocytes of 
rainbow trout after 24 h stimulation. The experiment was conducted in 48 h-cultured trout hepatocytes. 

Cells were then stimulated with the mediums containing 4×10-9 mol l-1 insulin (I), and one fold (I*1AA), two 

fold (I*2AA), or four fold concentrated amino acids (I*4AA), respectively, while the control cells maintained the basic culture medium (1AA but no insulin). Expression values are first normalized with elongation fac-tor-1 alpha (EF1α)-expressed transcripts then further normalized to the levels of control hepatocytes. Re-

sults are means + s.e.m. (N=6) and were analyzed using one-way ANOVA, followed by a Tukey test. Values with different superscript letters are significantly different at P<0.05.
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Fatty acid biosynthetic gene expression was up-regulated by high level of AAsWe further investigated the effects of different amino acid levels on the regulation of 
fatty acid biosynthetic gene expression in trout hepatocytes (Fig. 2). 

Except D6D (Fig. 2C) and LXR (Fig. 2I), all the examined mRNA levels of the key enzymes 
involved in de novo lipid synthesis including ACLY, FAS, SCD1, Elovl5, Elovl2 and G6PDH, and 
SREBP1c, a transcription factor that activates de novo lipogenesis, were all significantly up-regulated in I*1AA treated cells compared to control cells, indicating that insulin significantly 
up-regulated fatty acid biosynthetic gene expression in trout hepatocytes, which is consistent 
with previous demonstrations in trout [27, 43] and mammals [44].
Moreover, mRNA levels of the key enzymes involved in de novo lipogenesis, including ACLY 
(Fig. 2A) and FAS (Fig. 2B), fatty acid bioconversion including Elovl5 (Fig. 2E) and Elovl2 (Fig. 2F), and NADPH production including G6PDH (Fig. 2G) were all significantly higher in 
I*4AA treated cells than in I*1AA treated cells. Furthermore, similar enhancements were 
also observed between I*2AA and I*4AA treated cells for the mRNA levels of ACLY (Fig. 2A), Elovl5 (Fig. 2E) and G6PDH (Fig. 2G). Of note, despite no significant difference was observed 

Fig. 3. Effects of different amino acid levels on the regulation of glucose metabolism-related gene expres-sion in trout hepatocytes. mRNA levels of genes involved in gluconeogenesis including (A) G6Pase I, (B) G6Pase II, (C) FBPase, (D) PEPCKtot and (E) mPEPCK, glucose transport including (F) GLUT2, and glycolysis including (G) GK, (H) 6PF1K and (I) PK in the primary hepatocytes of rainbow trout after 24 h stimulation. 
The experiment was conducted in 48 h-cultured trout hepatocytes. Cells were then stimulated with the me-

diums containing 4×10-9 mol l-1 insulin (I), and one fold (I*1AA), two fold (I*2AA), or four fold concentrated 

amino acids (I*4AA), respectively, while the control cells maintained the basic culture medium (1AA but no insulin). Expression values are first normalized with elongation factor-1 alpha (EF1α)-expressed tran-

scripts then further normalized to the levels of control hepatocytes. Results are means + s.e.m. (N=6) and were analyzed using one-way ANOVA, followed by a Tukey test. Values with different superscript letters are significantly different at P<0.05.
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for the mRNA levels of D6D (Fig. 2C), SCD1 (Fig. 2D) or LXR (Fig. 2I), they all exhibited 
similar patterns as the other examined fatty acid biosynthetic genes, which were positively 
regulated by increased amino acid levels.

High level of AAs up-regulated gluconeogenic and glycolytic gene expressionWe also investigated the effects of different amino acid levels on the regulation of 
gluconeogenic and glycolytic gene expression in trout hepatocytes (Fig. 3). The addition of insulin significantly decreased the mRNA levels of G6Pase I (Fig. 3A), G6Pase II (Fig. 3B), PEPCKtot (Fig. 3D) and GLUT2 (Fig. 3F), and significantly increased GK mRNA level (Fig. 3G), while no significant variations was observed for the mRNA levels of FBPase (Fig. 
3C), mPEPCK (Fig. 3E), 6PF1K (Fig. 3H) and PK (Fig. 3I). Messenger RNA levels of the key enzymes involved in gluconeogenesis (G6Pase I, G6Pase II, FBPase, PEPCKtot and mPEPCK), 

Fig. 4. Effects of differ-

ent amino acid levels on 

the regulation of amino 

acid catabolic gene ex-

pression in trout hepa-

tocytes. mRNA levels 

of genes involved in 

amino acid catabolism 

including (A) SD, (B) 

ALAT2, (C) ASAT1, (D) ASAT2, (E) BCKDE1α, (F) BCKDE2 and (G) 
BCKDK in the primary 

hepatocytes of rainbow 

trout after 24 h stimu-

lation. The experiment 

was conducted in 48 

h-cultured trout hepa-

tocytes. Cells were then 

stimulated with the me-

diums containing 4×10-9 

mol l-1 insulin (I), and 

one fold (I*1AA), two 

fold (I*2AA), or four fold 

concentrated amino ac-

ids (I*4AA), respectively, 

while the control cells 

maintained the basic 

culture medium (1AA 

but no insulin). Expres-sion values are first nor-

malized with elongation factor-1 alpha (EF1α)-
expressed transcripts 

then further normalized 

to the levels of control 

hepatocytes. Results are 

means + s.e.m. (N=6) and were analyzed using one-way ANOVA, followed by a Tukey test. Values with different superscript letters are significantly different at P<0.05.
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glucose transporter (GLUT2), and glycolysis (GK, 6PF1K and PK) were all significantly higher 
in I*4AA treated cells than in I*1AA treated cells, indicating that high level AAs up-regulated 
gluconeogenic and glycolytic gene expression. 

High level of AAs up-regulated AA catabolic gene expression
As shown in Fig.4, the addition of insulin upregulated the mRNA levels of SD (Fig. 4A), 

ASAT1 (Fig. 4C), ASAT2 (Fig. 4D) and BCKDE2 (Fig. 4F), while no changes for the mRNA levels of ALAT2 (Fig. 4B), BCKDE1α (Fig. 4E) and BCKDK (Fig. 4G). Despite no modulation for ASAT1, messenger RNA levels of SD, ALAT2, ASAT2, BCKDE1α and BCKDE2 were all significantly higher in I*4AA treated cells compared to I*1AA treated cells, and BCKDK 
increased in I*4AA treated cells compared to I*2AA treated cells, indicating that high level 
AAs up-regulated AA catabolic gene expression.

Excessive AAs decreased Akt phosphorylation through mTORC1-dependent manner
In order to investigate whether excessive AAs reduced Akt phosphorylation through 

mTORC1/S6K1-induced negative feedback loop involving the phosphorylation of IRS-1 on 
serine residues, we further treated trout hepatocytes with I*4AA in the presence or absence 
of rapamycin. 

As expected, rapamycin partially inhibited the phosphorylation of TOR and 4E-BP1 and 
totally abolished the phosphorylation of S6K1 and S6 as previously observed [27, 32]. More importantly, we observed that rapamycin significantly inhibited the phosphorylation of IRS-
1 on Ser302 and strongly increased the Akt phosphorylation (on Thr308 and Ser473) (Fig. 5). 
p38 phosphorylation was not affected by rapamycin, indicating that the phosphorylation of 
p38 MAPK is mTORC1-independent, which is compatible with previous demonstration [45].

Inhibition of mTORC1 activation resulted in suppressed fatty acid biosynthetic and 
gluconeogenic gene expressionWe further examined the effects of mTORC1 overactivation and inhibition on the 

regulation of fatty acid biosynthetic, gluconeogenic, glycolytic and AA catabolic gene 
expression in trout hepatocytes. Messenger RNA levels of the key enzymes involved in de 

Fig. 5. Effects of mTORC1 overactivation 

(I*4AA) and inhibition (I*4AA+Rapa) on the 

phosphorylation of Akt Ser473, Akt Thr308, TOR, 

S6K1, S6, 4E-BP1, IRS-1 Ser302 and p38 MAPK 

protein in trout hepatocytes. Cells were pre-

incubated for 30 min with or without 100 nM 

rapamycin (Rapa), a TOR inhibitor. The cul-

ture medium was then replaced for 45 min by 

the medium containing 4×10-9 mol l-1 insulin 

(I) and four fold concentrated amino acids (I*4AA). Gels were loaded with 2 µg of total 
protein per lane for Akt/S6/4EBP1, 7 µg for 

TOR/S6K1/p38 MAPK and 17 µg for IRS-1, respectively. Western blots were performed 
on four individual samples and similar results were obtained. This figure includes represen-

tative blots.
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novo lipid synthesis (ACLY, FAS, D6D, Elovl5, Elovl2 and G6PDH), gluconeogenesis (G6Pase 
II, PEPCKtot and mPEPCK) and amino acid catabolism (SD, ASAT1, ASAT2, BCKDE2 and BCKDK) were all significantly reduced by rapamycin (Fig. 6A, 6B and 6C). In addition, three 
transcription factors, SREBP1c and LXR for activating de novo lipid synthesis, and HIF-1α for regulating glycolysis, were significantly reduced by rapamycin (Fig. 6A and 6B). Messenger RNA levels of SCD1, G6Pase I, FBPase, GK, 6PF1K, PK, ALAT2 and BCKDE1α were not significantly affected by rapamycin.

Discussion

Rainbow trout, like the other carnivorous animals consumes diets with relatively 
high protein content compared to humans, rodents and other terrestrial domestic animals 

Fig. 6. Effects of mTORC1 

overactivation (I*4AA) and in-

hibition (I*4AA+Rapa) on the 

regulation of fatty acid bio-

synthetic, gluconeogenic and 

glycolytic gene expression in 

trout hepatocytes. (A) mRNA 

levels of genes involved in de 

novo lipid synthesis including 

ACLY, FAS, D6D, SCD1, Elovl5, Elovl2, G6PDH, SREBP1c and LXR; (B) mRNA levels of genes 
involved in gluconeogenesis including G6Pase I, G6Pase 
II, FBPase, PEPCKtot and 

mPEPCK, glucose transport GLUT2, and glycolysis includ-ing GK, 6PF1K, PK and HIF1-α; 
(C) mRNA levels of genes in-

volved in amino acid catabo-

lism including SD, ALAT2, ASAT1, ASAT2, BCKDE1α, 
BCKDE2 and BCKDK, in the 

primary hepatocytes of rain-

bow trout after 24 h stimula-

tion. Cells were pre-incubated 

for 30 min with or without 

100 nM rapamycin (Rapa), 

then stimulated with the me-

dium containing 4×10-9 mol l-1 

insulin (I) and four fold con-

centrated amino acids (I*4AA) 

for 24 h. Expression values are first normalized with elonga-tion factor-1 alpha (EF1α)-
expressed transcripts then 

further normalized to the lev-

els of I*4AA hepatocytes (N=6). “*” indicates significant difference at P<0.05, “**”indicates P<0.01, “***”in-

dicates P<0.001.
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[23, 46]. Presumably, ingested protein/AAs not only regulate protein metabolism, but also 
modulate glucose and lipid metabolism. The current studies were designed to evaluate the 
effects of different AA levels on the regulation of hepatic fatty acid biosynthetic, glucose 
metabolism-related and amino acid catabolic gene expression, and also to assess the 
potential involvements of Akt/mTORC1 and p38 MAPK signaling pathway in these regulation processes using freshly isolated trout hepatocytes. We demonstrated that high levels of AAs 
up-regulate hepatic fatty acid biosynthetic gene expression through an mTORC1-dependent 
manner, while attenuating insulin-mediated down-regulation of gluconeogenesis through 
elevated IRS-1 phosphorylation on Ser302, which in turn impairs the activation of Akt pathway 
and insulin action.

AAs modulated insulin signaling and gluconeogenesisOur first effort revealed that high levels of AAs attenuated insulin/Akt signaling through 
mTORC1/S6K1-induced feedback loop in rainbow trout hepatocytes. Increased AA levels not 
only elevated the phosphorylation of mTORC1 downstream effectors, S6K1 and S6, but also 
enhanced the phosphorylation of IRS-1 on Ser302 and decreased the phosphorylation of Akt 
on both Ser473 and Thr308. Given that IRS-1 Ser302 phosphorylation is known as a direct target 
of mTORC1 and S6K1 in mammals [14, 47], which disrupts the ability of the phosphotyrosine-
binding domain to interact with activated insulin receptor, thereby decreasing insulin signaling [48], we first inferred that high levels of AAs enhanced IRS-1 Ser302 phosphorylation 
and repressed Akt phosphorylation through mTORC1/S6K1-induced feedback loop. By 
using rapamycin, we further demonstrated that mTORC1 inhibition blunted IRS-1 Ser302 
phosphorylation and restored Akt phosphorylation in excessive (four fold concentrated) AAs-treated hepatocytes, confirming the existence of mTORC1/S6K1-operated negative 
feedback loop decreasing insulin sensitivity under AAs excess conditions in trout. Therefore, 
we indeed demonstrated that increased AA levels promoted mTORC1/S6K1 activation, 
which in turn operated a negative feedback loop toward Akt signaling pathway through, at 
least in part, enhanced IRS-1 phosphorylation on Ser302. This demonstration is in agreement 
with previous in vitro [49-51] and in vivo [52, 53] mammalian investigations.An intriguing finding of the present study is that high levels of AAs elevated hepatic 
gluconeogenic gene expression through attenuating insulin signaling. Consistent with 
previous demonstrations in trout [25, 27], insulin effectively suppressed the gene expression of two key gluconeogenic enzymes, G6Pase and PEPCK. However, increased AA levels 
attenuated these suppressions and increased the gene expression of FBPase, suggesting that 
insulin-mediated down-regulation of hepatic gluconeogenesis was attenuated by increased AA sufficiency. This finding is in agreement with previous in vivo findings in trout and sea 
bass, which reported that higher hepatic gluconeogenic enzyme activities and/or mRNA 
levels were associated with high dietary protein diet/intake compared to low protein diet/
intake [26, 54-58]. Furthermore, the negative relation between Akt phosphorylation and gene expression of G6Pase and PEPCK was consistently observed in all the insulin-, different 
AA levels- and rapamycin-mediated modulations, indicating that hepatic gluconeogenesis 
was negatively controlled by Akt phosphorylation in trout hepatocytes, as in mammals 
[2, 59]. Therefore, we concluded that high levels of AAs attenuated insulin-mediated 
down-regulation of hepatic gluconeogenic gene expression through mTORC1/S6K1-
induced feedback loop toward Akt pathway. Similar inhibitory effects on insulin action as 
a consequence of increased AA supply have also been reported in mammalian hepatocytes 
[50, 60], muscle cells [49] and adipocytes [51, 61, 62], as well as in vivo studies [53, 63, 64].
The present work together with previous study [27] provides strong evidences that increased AA sufficiency up-regulates hepatic gluconeogenesis through insulin/TOR-independent 
manner(s) and as well as impairing insulin action. However further studies are needed 
to test whether AAs (particularly glutamine) also promote glucose production through stimulating hexosamine biosynthetic pathway/O-GlcNAc signaling [65]. Furthermore, 
considering that persistent activation of mTORC1 and S6K1 may promote insulin resistance and glucose intolerance [13, 15], our finding, that high levels of AAs up-regulated hepatic 
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gluconeogenic gene expression through attenuating insulin signaling, indeed highlighted the 
potential role of AAs as an inducer for insulin resistance and impaired glucose homeostasis 
in carnivorous species such as salmonids. However, it is noteworthy that AAs elevation in 
vivo can also stimulate higher insulin secretion [66, 67], which may counteract the effects of 
AAs on glucose production [53]. Thus, whether high protein diet/intake modulates insulin 
action and glucose production in vivo still needs to be investigated in fish. 

AAs regulated fatty acid biosynthesis and glycolysis
Impaired insulin signaling by high levels of AAs partially lost its ability to inhibit hepatic 

gluconeogenesis, yet it retained its ability to promote fatty acid biosynthesis. mTORC1 
inhibition by rapamycin markedly suppressed the expression of genes involved in de novo 
lipogenesis (ACLY and FAS), fatty acid bioconversion (D6D, Elovl5 and Elovl2), NADPH production (G6PDH), and transcriptional factors SREBP1c and LXR, confirming that mTORC1 signaling is essential to stimulate specific metabolic pathways, including de novo lipogenesis, 
fatty acid bioconversion and the oxidative arm of the pentose phosphate pathway (PPP), which 
is consistent with previous demonstration in mammals [68]. Furthermore, we observed that enhanced gene expression of ACLY, FAS, Elovl5, Elovl2 and G6PDH by high levels of AAs, was 
also associated with enhanced mTORC1 activation. Therefore, we concluded that increased 
AA levels up-regulated fatty acid biosynthetic gene expression through an mTORC1-dependent manner. This conclusion is consistent with previous findings in trout [27, 32, 39], 
which showed that mTOR activation is positively related to elevated lipogenic mRNA levels and/or enzyme activities. The results are also consistent with the findings in mammals [69, 70] and in fish [28-30], showing that high protein diets induced higher fatty acid synthetic 
gene expression and/or enzyme activities compared to low protein diets. In contrast, all of 
these results differ from the in vitro findings of Allee et al. [71] and Rosebrough et al. [72], 
who observed that lipogenesis and malic enzyme activity were inversely related to dietary protein levels. Part of these discrepancies may be ascribed to species/tissue specificity or 
varied protein levels. mTORC1 activation regulates fatty acid biosynthetic gene expression probably through the transcription factors, SREBP1c and LXR [6]. Whereas insulin and amino 
acids effectively enhanced the expression of SREBP1c and LXR, we failed to demonstrate their AAs-induced changes at the transcriptional level. Given that both SREBP1c and LXR can 
be regulated transcriptionally and posttranscriptionally [73, 74], we presume that in trout 
hepatocytes high levels of AAs contribute to the posttranscriptional regulation of SREBP1c and LXR, probably through posttranslational modifications including phosphorylation, 
ubiquitinylation, and acetylation.Increased AA availability also elevated glycolytic gene expression. GK, also known as hexokinase IV, plays a pivotal role in blood glucose homeostasis by catalyzing the 
phosphorylation of glucose, providing metabolites for glycolysis, glycogenesis and pentose phosphate pathway in hepatocytes [75]. We observed that insulin significantly up-regulated GK mRNA level in trout hepatocytes, which is consistent with the previous demonstrations in fish [25, 27, 76] and mammals [77-79] but differs from other studies based on intraperitoneal administration of insulin in trout [80, 81]. GK and the other two glycolytic genes, 6PF1K 
and PK, were all up-regulated by increased AA levels. This result is in line with the foresaid 
elevated fatty acids biosynthetic gene expression, as elevated glycolysis can render more 
available substrates to support the enhanced fatty acid biosynthesis and increased NADPH-demanding. Given that glycolysis is known to be positively regulated by the transcription factors HIF-1α and SREBP1c [68, 82], and both HIF-1α and SREBP1c mRNA levels were 
inhibited by rapamycin in the current study, we thus suggest that high levels of AAs up-
regulated hepatic glycolysis through an mTORC1-dependent manner as well. This deduction 
is consistent with the observation of Lansard et al. [27], who observed that insulin combined with AAs activated TOR signaling pathway and up-regulated the expression of GK, 6PF1K and PK. As for GLUT2 gene expression, despite it was significantly decreased by insulin and up-regulated by rapamycin and elevated AAs, all the changes were quite minor, confirming that GLUT2, which has low affinity for glucose, is poorly regulated by metabolic factors [83].
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AAs modulated AA catabolism and p38 MAPK phosphorylation
AAs are not only signaling molecules, but are also glucose and fatty acids precursors, 

which can supply carbon skeleton for hepatic gluconeogenesis and lipogenesis via AA 
catabolism [84]. As expected, increased AA levels markedly elevated the expression of genes related to AA catabolism (SD, ALAT2, ASAT2, BCKDE1α, BCKDE2 and BCKDK), indicating 
that elevated AA levels promoted hepatic fatty acid biosynthesis and glucose metabolism 
not only through modulating relevant signaling pathways, but also serving as gluconeogenic 
and lipogenic substrates by promoting AA catabolism. The present study also demonstrated 
that several AA catabolic genes were controlled by the mTOR pathway. Further studies are 
needed to explore the mechanisms linking these signaling pathways to AA catabolic gene 
expression.

p38 MAPK phosphorylation was not affected by insulin in hepatocytes, which is 
consistent with previous demonstrations showing that insulin-mediated p38 MAPK 
activation mainly occur in adipocytes and skeletal muscle [85]. p38 phosphorylation was 
insensitive to rapamycin, indicating that high levels of AAs decreased p38 phosphorylation 
through an mTORC1-independent manner. The AA-induced decrease of p38 phosphorylation was associated with the up-regulation of hepatic lipogenic, G6PDH and gluconeogenic 
gene expression. These results are compatible with previous reports indicating that p38 MAPK negatively regulates hepatic lipogentic and G6PDH mRNA levels [86, 87]. However, 
they contrast with the other studies reporting that p38 plays a stimulatory role in hepatic 
gluconeogenic gene expression [88, 89]. Nevertheless, we uncovered a new player involved in AA signaling, which confirmed previous deductions by Casas-Terradellas et al. [90] and 
may provide new insights into the understanding of nutrients-mediated intermediary 
metabolism. 

Conclusions and prospects
Taken together, we demonstrated that, in primary trout hepatocytes, increased AA 

levels could (i) up-regulate fatty acid biosynthetic gene expression through an mTORC1-
dependent manner, (ii) attenuate insulin-mediated repression on hepatic gluconeogenesis 
through elevated IRS-1 phosphorylation on Ser302, which in turn impairs the activation of 
Akt pathway and weakens insulin action, (iii) elevate AA catabolic gene expression, and 
(iiii) partly suppress p38 MAPK phosphorylation. The results that, under excessive AAs 
conditions, insulin partially lost its ability to suppress gluconeogenesis but continued to 
promote fatty acid biosynthetic gene expression, resemble the pathological features observed 
in the insulin-resistant state [91, 92], which further highlights the potential of carnivorous fish to be used as a natural model for the study of common mammalian pathologies. Future 
studies are needed to determine which AA truly contributes to mTORC1 activation, and gene expression regulation, and how dietary AA profiles may influence these regulations.
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Supplementary data 

As amino acid response (AAR) pathway is another important pathway involving in AA sensing and also 

related to the regulation of hepatic lipogenesis (Efeyan et al., 2015; Guo and Cavener, 2007), we 

measured the expression of its downstream target genes (SNAT, ASNS, CAT and CHOP) to determine the 

potential roles of AAs in regulating AAR pathway and determine the potential involvement of AAR 

pathway in mediating hepatic lipogenesis. 

Figure S 3 Gene expression of markers of ATF4 downstream target genes 

 
 

Compared to one fold concentrated AA (1AA), higher AA levels (2AA or 4AA) reduced the expression of 

SNAT, ASNS, CAT and CHOP, indicating that increased AA levels significantly down-regulated the 

expression of ATF4 downstream target genes. 



140 
 

Apart from the data we presented in the article, we actually tested greater range of amino acid 

concentrations, different glucose and insulin levels on the regulation of Akt and S6K1 

phosphorylation in rainbow trout hepatocytes. Some highlighted results are shown below. 

Figure S 4 Effects of different insulin, glucose (Glu) and amino acid (AA) levels on the 

phosphorylation of Akt and S6K1 in trout hepatocytes 

 

 

 

 

 

 

 

 

The experiment was conducted in 48 h-cultured trout hepatocytes. Cells were then stimulated for 45 min with 
low/high level of insulin (1×10-9M or 4×10-9M), low/high level of glucose (3 mM or 20 mM) and different levels of 
amino acids (nought point five-fold, one-fold or four-fold concentrated amino acids). Gels were loaded with 10 µg of 
total protein per lane for Akt/Tubulin and 20 µg for TOR, respectively. A representative blot is shown (N=6). AA, 
amino acid; Glu, glucose; L, low Insulin (1×10-9M); H, (high Insuline 4×10-9M); 0.5×, 1× and 4× represent naught point 
five, one and four-fold concentrated amino acids, respectively; 3 and 20 represent low (3 mM) and high (20 mM) level 
of glucose.  

 

Elevated insulin level promoted both Akt and S6K1 phosphorylation irrespective of glucose or AA levels; 

elevated AA levels enhanced S6K1 phosphorylation but suppressed Akt phosphorylation whatever 

insulin levels. 
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What mechanism governs glucose intolerance in fish?  

Role of mTOR signaling pathway 
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Figure 3. 11 Experimental design, procedures and parameters from the fourth article 

 

 

Figure 3. 12 Plasma glucose levels from the fourth article – 0, 2, 4, 6, 8 and 17 h after IP injection of 

250mg D-glucose/kg body weight 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

# Shows significant difference between different times. * Indicates significant difference between the 

injection of vehicle and rapamycin at a given time (P<0.05). I, IP administration of vehicle or rapamycin; 

T, different times; I*T, interaction between I and T. 
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Presentation of the article 

 

Objective 

In mammals, hepatic GK expression is strictly controlled by insulin through PI3-kinase/Akt pathway. 

However, in fish, the regulation of GK gene expression seems to be clearly dependent on 

carbohydrate supply. Nevertheless, our recent data indicated that hepatic GK expression and activity 

require the activation of mTORC1 signaling in trout liver and hepatocytes. In order to better 

understand the mechanism behind fish glucose intolerance and the potential implication of TOR 

signaling pathway, IP administration of rapamycin was performed and followed by an IP injection of 

glucose to investigate the consequences on plasma glucose levels and expression of main genes 

involved in hepatic glucose phosphorylation and production. 

Experiment and Analyses 

72 h fasted juvenile rainbow trout were sedated and treated with a single IP injection of rapamycin 

(0.5 mg/kg) or vehicle (75% DMSO and 25% saline solution, NaCl 0.9%) at 100 µL/100 g body mass. 

Four hours after the first injection, six fish per treatment (vehicle or rapamycin, two fish per tank) 

were sampled, while all remaining fish were sedated and subjected to the second IP administration 

with 250 mg D-glucose/kg body weight. Liver and blood samples were randomly collected 2, 4, 6, 8 

and 17 h after glucose injection (N=6). Post-prandial plasma glucose, phosphorylation of proteins of 

the Akt/TOR signaling pathway, expression of genes related to glucose phosphorylation and 

gluconeogenesis, and activity of some selected enzymes were measured (Figure 3.11). 

Results and Conclusion 

IP administration of glucose induced hyperglymia for both vehicle and rapamycin treatments, which 

peaked at 2 h. Plasma glucose level in vehicle-treated fish was significantly higher than in 

rapamycin-treated fish at 8 and 17 h where it returned to the basal level in rapamycin-treated fish 

(Figure 3.12).  

Glucose administration significantly enhanced the phosphorylation of Akt and S6K1 in vehicle 

treated fish, while rapamycin completely abolished the activation of S6K1 in rapamycin-treated fish, 

without inhibiting the phosphorylation of Akt on Thr308 or Ser473 (Figure 3.13).  

Despite no change for mPEPCK gene expression, mRNA levels of GK, G6Pase I and II, and FBPase was 

reduced by rapamycin 17 h after glucose administration. The inhibitory effect of rapamycin on GK 

and FBPase gene expression was further substantiated at the activity level (Figure 3.14). 
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Figure 3. 13 Result highlights from the fourth article – Phosphorylation of representational proteins 

on Akt/TOR signaling pathway in trout liver 

 

 

 

Figure 3. 14 Result highlights from the fourth article – Gene expression and enzyme activities of 

markers of hepatic glucose utilization and gluconeogenesis 
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 Unlike mammals, we observed that acute rapamycin treatment improved glucose tolerance 

through the inhibition of hepatic gluconeogenesis in rainbow trout. The result highlighted the 

crucial role of hepatic gluconeogenesis in regulating plasma glucose homeostasis. The 

suppression of GK gene expression and activity by rapamycin provided the first in vivo 

evidence in fish that glucose regulates hepatic GK gene expression and activity through a 

mTORC1-dependent manner. 
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Dai W, Panserat S, Terrier F, Seiliez I, Skiba-Cassy S. Acute
rapamycin treatment improved glucose tolerance through inhibition of
hepatic gluconeogenesis in rainbow trout (Oncorhynchus mykiss). Am
J Physiol Regul Integr Comp Physiol 307: R1231–R1238, 2014. First
published August 27, 2014; doi:10.1152/ajpregu.00166.2014.—Our
aim was to investigate the potential role of TOR (target of rapamycin)
signaling pathway in the regulation of hepatic glucose metabolism in
rainbow trout. Fasted fish were first treated with a single intraperito-
neal injection of rapamycin or vehicle and then submitted to a second
intraperitoneal administration of glucose 4 h later. Our results re-
vealed that intraperitoneal administration of glucose induced hyper-
glycemia for both vehicle and rapamycin treatments, which peaked at
2 h. Plasma glucose level in vehicle-treated fish was significantly higher
than in rapamycin-treated fish at 8 and 17 h, whereas it remained at the
basal level in rapamycin-treated fish. Glucose administration significantly
enhanced the phosphorylation of Akt and ribosomal protein S6 kinase
(S6K1) in vehicle-treated fish, while rapamycin completely abolished
the activation of S6K1 in rapamycin-treated fish, without inhibiting
the phosphorylation of Akt on Thr-308 or Ser-473. Despite the lack of
significant variation in phosphoenolpyruvate carboxykinase mRNA
abundance, mRNA abundance for glucokinase (GK), glucose 6-phos-
phatase (G6Pase) I and II, and fructose 1,6-bisphosphatase (FBPase)
was reduced by rapamycin 17 h after glucose administration. The
inhibition effect of rapamycin on GK and FBPase was further sub-
stantiated at the activity level. The suppression of GK gene expression
and activity by rapamycin provided the first in vivo evidence in fish
that glucose regulates hepatic GK gene expression and activity
through a TORC1-dependent manner. Unlike in mammals, we ob-
served that acute rapamycin treatment improved glucose tolerance
through the inhibition of hepatic gluconeogenesis in rainbow trout.

target of rapamycin; rapamycin; gluconeogenesis; glucokinase; glu-
cose homeostasis; rainbow trout

PLASMA GLUCOSE LEVEL IS THE result of glucose intake, utiliza-
tion, and endogeneous production. Regarding the study of
glucose homeostasis, carnivorous animals like salmonids are a
useful model. In their natural habitat, carnivorous animals such
as the cat, mink, trout, salmon, sea bass, and sea bream
consume prey high in protein but low in carbohydrates and are,
therefore, metabolically adapted to lower glucose but higher
protein utilization (4, 26, 73).

The presence of high levels of carbohydrates in fish diet is
highly problematic since carnivorous fish are recognized for
their low efficiency in using digestible carbohydrates and are
typically classified as “glucose-intolerant” (11, 39, 40). Oral,
intravenous or intraperitoneal administration of glucose or a
carbohydrate-rich diet result in persistent hyperglycemia in
various fish species, including rainbow trout (3, 32, 40, 41).

Several parameters may contribute to this phenotype. Glucoki-
nase (GK), also known as hexokinase IV, plays a pivotal role
in blood glucose homeostasis by catalyzing the phosphoryla-
tion of glucose, providing metabolites for glycolysis, glyco-
genesis, and pentose phosphate pathway in hepatocytes (1, 5)
and sensing glucose for insulin secretion in pancreatic �-cells
(35). The rate of gluconeogenesis is mainly controlled by the
activities of unidirectional enzymes, including phosphoenolpy-
ruvate carboxykinase (mPEPCK), fructose-1, 6-bisphosphatase
(FBPase), and glucose-6-phosphatase (G6Pase). G6Pase cata-
lyzes the last step, which is shared by gluconeogenesis and
glycogenolysis. Unlike the cat, a mammalian carnivorous
model, where hepatic GK expression and activity are lacking
(26, 73) and hepatic de novo lipogenesis does not use carbon
backbones from glucose as substrate (71), carnivorous fish
have inducible GK (43) and can use exogenous glucose for de
novo lipogenesis (4). In trout, hepatic GK gene expression and
activity are highly induced by dietary carbohydrates (24, 43) or
glucose (54) instead of insulin; the persistent hyperglycemia is
often associated with low utilization of glucose by the periph-
eral tissues and impaired postprandial downregulation of glu-
coneogenesis in liver (50, 52), similar to those typical features
in human Type 2 diabetes (56).

Recently, the TOR (target of rapamycin) signaling pathway
has emerged as a potential mediator of the regulation of
glucose homeostasis (6). The TOR kinase exists as two phys-
ically and functionally distinct protein complexes, TORC1 and
TORC2, which differ in their regulation, downstream targets,
and sensitivity to the allosteric TOR inhibitor rapamycin (16).
TORC1 integrates signals from growth factors, amino acids,
and cellular energy status, while TORC2 is activated by growth
factors only (6). TORC1 controls cell growth and protein
translation through the subsequent activation of the p70 ribo-
somal S6 protein kinase 1 (S6K1) and the ribosomal protein S6
(74). TORC1 is also involved in the regulation of metabolism-
related gene expression. It enhances lipogenic gene expression
by regulating the expression and processing of sterol regulatory
element-binding protein 1c (SREBP1c) (72, 77) and promotes
the expression of genes that regulate glucose transport and
glycolysis (8, 31). TORC2 responds to the presence of growth
factors such as insulin by phosphorylating several members of
the AGC kinase subfamily such as Akt (30). In the liver,
TORC2 also controls glucose homeostasis via activation of
glycolysis and inhibition of gluconeogenesis (17). TORC2
stimulates glycolysis through activation of GK (17, 27).

Despite the well-studied nature of TOR in mammals, the
physiological role(s) of TOR in the regulation of glucose
utilization and gluconeogenesis in fish remains to be fully
explored. Acute inhibition of TORC1 activity by rapamycin in
trout liver and primary hepatocytes has shown that GK expres-
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sion and activity were controlled by the TOR pathway (7, 29).
However, contradictory results were obtained for genes in-
volved in gluconeogenesis. Experiments performed in primary
cell culture of hepatocytes tend to indicate that the regulation
of expression of G6Pase is dependent upon the TOR pathway
(7, 29), while acute administration of rapamycin in vivo failed
to modify the postprandial expression of G6Pase, FBPase, or
mPEPCK in trout liver (7) despite effective inhibition of
TORC1 activity. Moreover, abundant investigations in fish
indicated that hepatic GK expression and activity are mainly
induced by dietary carbohydrate or glucose (10, 42, 43, 55),
whereas in mammalian liver, GK gene expression is strictly
controlled by insulin (22, 23, 36, 57). Thus, we hypothesized
that dietary carbohydrate/glucose regulates hepatic GK activity
through a TORC1-dependent manner. To test this hypothesis,
we pretreated trout with intraperitoneal administration of rapa-
mycin or not to achieve an acute inhibition of the TORC1
signaling pathway (7) followed by an intraperitoneal injection
of glucose to investigate the consequences on plasma glucose
levels, as well as on the regulation of expression of main genes
involved in hepatic glucose utilization and production, which
were glucokinase (GK) for glucose phosphorylation, glucose-
6-phosphatase (G6Pase) for glucose dephosphorylation, fruc-
tose-1,6-bisphosphatase (FBPase), and phosphoenolpyruvate
carboxykinase (mPEPCK) for gluconeogenesis.

MATERIALS AND METHODS

Experimental and sampling procedure. Juvenile rainbow trout
(Oncorhynchus mykiss) were reared in the Institut National de la
Recherche Agronomique (INRA) experimental facilities at Donzacq
(Landes, France) at a constant water temperature of 17.5 � 0.5°C,
under a natural photoperiod. They were fed a standard trout commer-
cial diet (T-3P classic, Skretting, Fontaine-les-Vervins, France) during
the acclimatization period. Fish (mean body mass 140 g) were
distributed into six tanks (12 fish per 70-liter tank). Prior to the
intraperitoneal administration, fish were food-deprived for 72 h (time
required to ensure the complete emptying of the digestive tract). After
this period, trout were sedated with benzocaine (10 mg/l) and treated
with a single intraperitoneal injection of rapamycin (0.5 mg/kg) or
vehicle (75% DMSO and 25% saline solution, NaCl 0.9%) at 100
�l/100 g body mass. Four hours after the first injection, six fish per
treatment (vehicle or rapamycin, two fish per tank) were sampled,
while all remaining fish were sedated and subjected to the second
intraperitoneal administration with 250 mg D-glucose/kg body wt
based on previous studies in fish (40). Two fish per tank (three tanks
per treatment) were randomly sampled at 2, 4, 6, 8, and 17 h after
glucose injection (n � 6). Trout were anesthetized with benzocaine
(30 mg/l) and killed by a sharp blow to the head. Blood was removed
from the caudal vein into heparinized syringes and centrifuged (3,000
g, 5 min); the recovered plasma was immediately frozen and kept at
�20°C. Livers were dissected and immediately frozen in liquid
nitrogen and kept at �80°C. The experiments were carried out in
accordance with the clear boundaries of European Union legal frame-
works, specifically those relating to the protection of animals used for
scientific purposes (i.e., Directive 2010/63/EU), and under the French
legislation governing the ethical treatment of animals (Decree no.
2001–464, May 29, 2001). The investigators carrying out the exper-
iment had “‘level 1”’ or “‘level 2”’ certification, bestowed by the
Direction Départementale des Services Vétérinaires (French veteri-
nary services) to carry out animal experiments (INRA 2002–36, 14
April, 2002).

Plasma metabolites analysis. Plasma glucose (Glucose RTU, bio-
Mérieux, Marcy l’Etoile, France) levels were determined using com-

mercial kits adapted to a microplate format, according to the recom-
mendations of the manufacturer.

Western blot analysis. Frozen livers (n � 6; 200 mg) from fasted
fish (T0) and 2 h glucose-injected fish (T2) were homogenized on ice
with an ULTRA-TURRAX homogenizer (IKA-WERKE, Staufen,
Germany) in 2 ml of buffer containing 150 mmol/l NaCl, 10 mmol/l
Tris, 1 mmol/l EGTA, 1 mmol/l EDTA (pH 7.4), 100 mmol/l NaF, 4
mmol/l sodium pyrophosphate, 2 mmol/l sodium orthovanadate, 1%
Triton X-100, 0·5% NP-40-Igepal and a protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany). Homogenates were cen-
trifuged at 1,500 g for 15 min at 4°C, and supernatant fractions were
then centrifuged at 20,000 g at 4°C for 30 min. The resulting
supernatant fractions were recovered and stored at �80°. Protein
concentrations were determined using the Bio-Rad protein assay kit
(Bio-Rad Laboratories, Munich, Germany) with BSA as standard.
Lysates (10 �g of total protein for Akt and 20 �g for S6K1) were
subjected to SDS-PAGE and Western blot analysis using the appro-
priate antibody. Anti-phospho-Akt (Ser-473) (no. 9271), anti-phos-
pho-Akt (Thr-308) (no. 9275), anti-carboxyl terminal Akt (no. 9272),
antiphospho-S6 protein kinase 1 (Thr-389) (no. 9205), and anti-S6
protein kinase 1 (no. 9202) were purchased from Cell Signaling
Technologies (Ozyme, Saint Quentin Yvelines, France). All of these
antibodies were successfully cross-reacted with rainbow trout proteins
(7, 60, 62). Membranes were washed and then incubated with an
IRDye Infrared secondary antibody (LI-COR Biosciences, Lincoln,
NE). Bands were visualized by infrared fluorescence using the Odys-
sey imaging system (LI-COR Biosciences) and were quantified by
Odyssey Infrared imaging system software (version 3.0; LI-COR
Biosciences).

Gene expression analysis: real-time PCR. Liver samples (n � 6)
for gene expression were collected from fasted fish (T0) and 17-h
glucose-injected fish (T17), which was chosen on the basis of the
hepatic gene expression peak or trough of rainbow trout (38). Total
RNA was extracted from �80°C frozen livers using TRIzol Reagent
(Invitrogen, Carlsbad, CA), according to the manufacturer’s recom-
mendations, quantified by spectrophotometry (absorbance at 260 nm),
and its integrity was assessed using agarose gel electrophoresis. A
1-�g sample of the resulting total RNA was reverse transcribed into
cDNA using the SuperScript III reverse transcriptase kit (Invitrogen,
Carlsbad, CA) and random primers (Promega, Charbonniéres,
France), according to the manufacturers’ instructions. Target gene
expression abundance was determined by quantitative real-time
(q)RT-PCR, using specific primers (63).

qRT-PCR was carried out on a LightCycler 480 II (Roche Diag-
nostics, Neuilly sur Seine, France) using LightCycler 480 SYBR
Green I Master (Roche Diagnostics, Mannheim, Germany). We used
qRT-PCR analyses to focus on several key enzymes of hepatic
metabolism, which were glucokinase (GK; EC 2.7.1.2) for glucose
phosphorylation, glucose-6-phosphatase (G6Pase; EC 3.1.3.9) for
glucose dephosphorylation, fructose-1,6-bisphosphatase (FBPase; EC
3.1.3.11), and phosphoenolpyruvate carboxykinase (mPEPCK; EC
4.1.1.32) for gluconeogenesis. When different isoforms of a gene
were known in rainbow trout (as for G6Pase), gene expression
analysis was performed on each isoform. Elongation factor-1� (EF1�)
was employed as a nonregulated reference gene, as previously used in
rainbow trout, and it was stably expressed in our investigations (data
not shown).

PCR was performed using 2 �l of the diluted cDNA (76 times
diluted) mixed with 0.24 �l of each primer (10 �M), 3 �l LightCycler
480 SYBR Green I Master (Roche Diagnostics) and 0.52 �l DNase/
RNase/Protease-free water (5 prime, Hamburg, Germany) in a total
volume of 6 �l. The PCR protocol was initiated at 95°C for 10 min for
initial denaturation of the cDNA and hot-start Taq-polymerase acti-
vation, followed by 45 cycles of a three-step amplification program
[15 s at 95°C, 10 s at melting temperature Tm (59–65°C), 4.8 s at
72°C], according to the primer set used. Melting curves were system-
atically monitored (5 s at 95°C, 1 min at 65°C, temperature slope at
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0.11°C/s from 65 to 97°C) at the end of the last amplification cycle to
confirm the specificity of the amplification reaction. Each PCR assay
included quadruplicates for each sample (duplicates of reverse tran-
scription and PCR amplification, respectively) and also negative
controls (reverse transcriptase and RNA free samples). Relative quan-
tification of target gene expression was determined using the ��CT
method by the software of LightCycler 480 (version SW 1.5; Roche
Diagnostics). PCR efficiency, which was assessed by the slope of a
standard curve using serial dilutions of cDNA, ranged between 1.85
and 2.

Enzyme activity analysis. Enzyme activity was measured from liver
samples (n � 6) collected from fasted (T0) and 17-h glucose-injected
trout (T17). Liver samples for GK enzyme activities were homoge-
nized in four volumes of ice-cold buffer [50 mmol/l Tris, 5 mmol/l
EDTA, 2 mmol/l DTT and a protease inhibitor cocktail (Sigma, St.
Louis, MO; P2714), pH 7.4] and centrifuged at 900 g at 4°C for 10
min. GK activities were assayed immediately in the supernatant, as
described elsewhere (13, 43). Livers for G6Pase enzyme activities
were homogenized in eight volumes of ice-cold buffer (as described
for GK), then centrifuged, and the supernatant was assayed following
the protocol of Alegre et al. (2). Samples for FBPase enzyme activities
were homogenized in seven volumes of ice-cold buffer (as described
for GK), centrifuged at 900 g at 4°C for 10 min, and the supernatant
was assayed immediately for FBPase enzyme activity in pre-estab-
lished conditions (65). Enzyme activity is defined as micromoles of
substrate converted to product, per minute, at 37°C and is expressed
per milligram of liver protein.

Statistical analysis. The data for plasma glucose, Western blot,
gene expression, and enzyme activity are expressed as means � SE
(n � 6). The effects of time (T), intraperitoneal administration of
vehicle or rapamycin (I), and their interaction were analyzed using
two-way ANOVA, followed by a Tukey test when the interaction was
significant. In cases where data were nonparametric or not homosce-
dastic, data transformations, such as logarithms, square roots, and
reciprocals, were used to meet ANOVA criteria. Normality was
assessed using the Shaprio-Wilk test, while homoscedasticity was
determined using Levene’s test. For all statistical analyses, the level of
significance was set at P	0.05.

RESULTS

Plasma glucose levels. Plasma glucose levels peaked at 2 h
after the glucose administration and then returned to their

initial level from 4 h until 8 h for both vehicle and rapamycin

treatments (Fig. 1). In vehicle-treated fish, plasma glucose

level measured at 17 h in vehicle treatment was not signifi-

cantly different compared with its peak level, while it stayed

lower than its peak level in rapamycin treatment. As indicated

by the statistical interaction between time and intraperitoneal

administration of vehicle or rapamycin (P 	 0.01), plasma

glucose level in vehicle-treated fish was significantly higher

than in rapamycin-treated fish at 8 h and 17 h after glucose

administration (P 	 0.01).

Akt/TOR signaling pathway. Two-way ANOVA statistical

analysis showed that the phosphorylation of Akt on Thr-308

and Ser-473 was not affected by glucose administration (P 

0.05) or intraperitoneal injection of vehicle or rapamycin (P 

0.05) (Fig. 2, A and B). On the basis of the significant

interaction between glucose administration and injection of

vehicle or rapamycin (P 	 0.05), we further analyzed the data

and found that glucose administration significantly induced the

phosphorylation of Akt on Ser-473 in vehicle-treated fish (P 	
0.05) but not in rapamycin-treated fish. Moreover, rapamycin

significantly increased Akt Ser-473 phosphorylation level be-

fore glucose injection (P 	 0.05). Phosphorylation of S6K1

was significantly enhanced by glucose administration in vehi-

cle treatment, while this enhancement was totally abolished by

rapamycin treatment (P 	 0.01; Fig. 2C).

Messenger RNA levels of target genes. To determine the

potential involvement of the TOR signaling pathway in the

regulation of hepatic glucose metabolism-related gene expres-

sion, we performed qRT-PCR analysis (Fig. 3). GK mRNA

abundance was significantly upregulated by glucose adminis-

tration in vehicle-treated fish, while rapamycin treatment in-

hibited this upregulation (Fig. 3A). As regards gluconeogene-

sis, both glucose administration and rapamycin treatment in-

hibited mRNA abundance of G6Pase I (P 	 0.01) (Fig. 3B)

and G6Pase II (P 	 0.01) (Fig. 3C), whereas only rapamycin

treatment downregulated FBPase gene expression (P 	 0.01)

(Fig. 3D). No significant variation was observed for mPEPCK

mRNA abundance (Fig. 3E).
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Fig. 1. Plasma glucose concentrations in rainbow
trout subjected to intraperitoneal administration
of vehicle or rapamycin (Rapa), 0, 2, 4, 6, 8, and
17 h after intraperitoneal injection of 250 mg
D-glucose/kg body wt (0 corresponds to fasted
fish or non-glucose-injected fish). Data are ex-
pressed as means � SE. (n � 6). The effects of
time (T), intraperitoneal administration of vehi-
cle or rapamycin (I) and their interaction were
analyzed using two-way ANOVA (shown in the
upper right table, P 	 0.05), followed by a
Tukey test when the interaction was significant.
Letters A and B or a and b indicate significant
differences between each time point for vehicle
or Rapa treatment, respectively. *Significant dif-
ference between the injection of vehicle and
rapamycin at a given time (P 	 0.05). LG10
indicates data were transformed and statistically
analyzed with log transforms. “I” represents in-
traperitoneal administration of vehicle or rapa-
mycin, “T” represents different times, and “I*T”
represents interaction between I and T.
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Enzyme activity analysis. To substantiate the results from
gene expression analysis, hepatic enzyme activities of GK,
G6Pase, and FBPase were determined before and 17 h after
glucose injection (Fig. 4). Glucose injection significantly
increased GK enzyme activity in vehicle-treated fish, while
this increase was blocked in rapamycin-treated fish (Fig.
4A). G6Pase enzyme activity remained unchanged regard-
less of time or IP administration of vehicle or rapamycin
(Fig. 4B), whereas FBPase enzyme activity was significantly
decreased by intraperitoneal administration of rapamycin
(P 	 0.01, Fig. 4C).

DISCUSSION

In the present study, we investigated the role of TOR
signaling pathway in the regulation of glycemia in rainbow
trout. For that purpose, we performed intraperitoneal admini-
stration of rapamycin, followed by intraperitoneal administra-
tion of glucose 4 h after the first injection. Glucose adminis-
tration has been reported to cause hyperglycemia in a number
of teleost species (18, 20, 25, 40). In the present experiment,
plasma glucose levels exhibited a biphasic response. Consis-
tent with previous trout observations (18, 32), the first phase
consisted of a peak of plasma glucose occurring 2 h after
glucose injection with a recovery of the basal level (0 h) at least
4 h after glucose injection in both vehicle and rapamycin-
treated fish. It is worthwhile to note that in the second phase,
plasma glucose level in vehicle-treated fish was significantly
higher than in rapamycin-treated fish between 8 and 17 h and
displayed an increasing tendency, whereas it remained at the
basal level in rapamycin-treated fish, indicating that, unlike
mammals (19, 28, 75), acute rapamycin treatment improved
glucose homeostasis in rainbow trout.

Investigation of TOR signaling pathway reveals that glucose
administration significantly enhanced the phosphorylation of
S6K1 in vehicle-treated fish, while rapamycin completely abol-
ished this activation, confirming the efficiency of rapamycin in
inhibiting TORC1 (7). Considering Akt Ser-473, glucose ad-
ministration significantly activates Akt signaling pathway, sug-
gesting efficient induction of insulin secretion (39, 52). How-
ever, because of the high level of Akt phosphorylation in
rapamycin-treated fish before glucose administration, no fur-
ther enhancement of Akt phosphorylation was recorded after
glucose administration. This absence of significant difference
could be due to acute induction of insulin release by rapamycin
treatment (14) or rapamycin inhibition of the S6K1-induced
negative feedback loop on early events of insulin signaling (19,
66, 68–70).

The regulation of GK expression in healthy mammals is
dual: in the pancreatic �-cells, it is controlled by the blood
glucose level, while in the liver, it is strictly controlled by
insulin (22, 36, 57) through PI3-kinase/Akt pathway (34). In
cultured rat hepatocytes, the effect of insulin as an inducer of
GK was shown to be primarily at a transcriptional level, taking
place in glucose-free medium, as well as glucose containing
medium without any synergistic effect of glucose supplement
(21). In fish, the regulation of GK gene expression seems to be
clearly dependent on carbohydrate supplement (10, 42, 43, 49,
55). The present study clearly confirms this feature at both
gene expression and activity levels. The suppression of GK
gene expression and activity by rapamycin provided the first in

0.0

0.5

1.0

1.5

2.0

2.5

Vehicle T0 Vehicle T2 Rapa T0 Rapa T2

P
-A

k
t(

T
3

0
8

)/
 A

k
t

P-AktT308

Akt

A I T I*T

P 0.64 0.11 0.10

0.0

0.3

0.6

0.9

1.2

1.5

1.8

2.1

Vehicle T0 Vehicle T2 Rapa T0 Rapa T2

P
-A

k
t(

S
4

7
3

)/
 A

k
t

P-AktS473

Akt

B LG10 I T I*T

P 0.28 0.31 <0.05

*

#

b

a

b b

0.0

0.3

0.6

0.9

1.2

1.5

1.8

Vehicle T0 Vehicle T2 Rapa T0 Rapa T2

P
- S

6
K

1
/ 
 T

o
ta

l 
S

6
K

1

LG10 I T I*T

P <0.01 <0.01 <0.01

S6K1 Thr 389

S6K1

C
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ylation (C) in rainbow trout subjected to intraperitoneal administration of
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Gels were loaded with 10 �g of total protein per lane for Akt Thr-308/Akt
Ser-473 and 20 �g for S6K1, respectively. A representative blot is shown.
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interaction was significant. *Significant effect of glucose injection in vehicle
fish. #Significant effect of rapamycin administration before glucose injection.
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vivo evidence in fish that glucose regulates hepatic GK gene
expression and activity through a TORC1-dependent manner,
confirming previous data, indicating that GK gene expression
may be inhibited by rapamycin in rainbow trout hepatocytes
(29). Given the key role of GKRP (glucokinase regulatory
protein) in the allosterical regulation of GK activity and sub-
cellular localization (48), further investigations are needed to
explore its potential involvement in the nutritional regulation in
fish.

Hepatic endogenous production of glucose is driven by the
availability of gluconeogenic substrates and the activity of three
key gluconeogenic enzymes: mPEPCK, FBPase, and G6Pase
(10, 15). Among these three enzymes, only G6Pase gene
expression (G6Pase I and II) was reduced by glucose injection
in both rapamycin and vehicle-treated fish, whereas mPEPCK
and FBPase mRNA abundance remained stable. Moreover,
neither G6Pase nor FBPase activities were controlled by glu-
cose. This phenotype is in agreement with the well-known
glucose-intolerant phenotype of carnivorous fish (42, 44, 45,
64), in which carbohydrate-rich diets do not affect the activity
or gene expression of the three hepatic key enzymes of gluco-
neogenesis. While G6Pase is poorly regulated at the activity
level in fish, G6Pase gene expression showed a more sensitive
response to feeding (7, 42), macronutrients composition of the
diets (61), and in vitro insulin treatment (29, 52), even though
its expression is poorly regulated by dietary carbohydrate

levels (46, 47). Thus, it is consistent to record an inhibitory
effect by glucose on hepatic G6Pase at gene expression level
but no regulation at its activity level. This discrepancy between
gene expression and enzyme activity may be attributed to
posttranscriptional regulation. MicroRNAs are small regula-
tory molecules, which posttranscriptionally regulate mRNA
stability and translation. They represent one mechanism that
may finely regulate enzyme activities. Indeed, recent findings
indicate that miR-29a-c can negatively regulate hepatic gluco-
neogenesis in mice through direct targeting of G6Pase mRNA
(33). In trout, the hepatic expression of miR29a has been
shown to be regulated by feeding (37); however, further
experiments are needed to investigate the functional interaction
between miR29 and G6Pase mRNA.

In terms of rapamycin effect, only FBPase was reduced at
both gene expression and activity levels, while G6Pase I and
G6Pase II merely decreased at the expression level and
mPEPCK remained unaffected. Thus, we concluded that acute
administration of rapamycin inhibited hepatic gluconeogenesis
at the level of FBPase by limiting both its gene expression and
activity. This inhibition of gluconeogenesis by rapamycin may
finally explain why plasma glucose level remains at the basal
level in rapamycin-treated fish between 8 and 17 h after
glucose administration. Therefore, the absence of inhibition of
hepatic gluconeogenesis in vehicle-treated fish might lead to
the higher glycemia between 8 and 17 h after glucose admin-
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Fig. 3. Gene expression of selected glycolytic
and gluconeogenic enzymes in the liver of rain-
bow trout subjected to intraperitoneal adminis-
tration of vehicle or rapamycin (Rapa), 0 and
17 h after IP injection of 250 mg D-glucose/kg
body wt (0 corresponds to fasted fish or non-
glucose injected fish). Glucokinase (GK) (A),
glucose-6-phosphatase isoform 1 (G6Pase I)
(B), G6Pase II (C), fructose 1,6-bisphosphatase
(FBPase) (D), and phosphoenolpyruvate car-
boxykinase (mPEPCK) (E) mRNA abundance
were assessed using quantitative real-time
(q)RT-PCR. Expression values are normalized
with elongation factor-1� (EF1�)-expressed
transcripts. Results are expressed as means �
SE. (n � 6) and were analyzed using two-way
ANOVA, followed by a Tukey test when the
interaction was significant. Values with differ-
ent superscript letters (a, b) are significantly
different at P 	 0.05. See Fig. 1 legend for
details.
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istration despite a significant induction of hepatic GK in gene
expression and activity. However, GK activity measured at 17
h after glucose administration was relatively low compared
with the levels that could be reached after glucose administra-
tion in trout (24, 42), suggesting that gluconeogenesis may be
predominant upon glucose utilization at this time point. Inter-
estingly, the effects caused by acute rapamycin treatment in
fish are opposite to the effects caused by chronic rapamycin
treatment in mice (12, 19, 28, 75). While acute rapamycin
treatment in trout improved glucose intolerance through the
downregulation of FBPase, a rate-limiting enzyme of gluco-
neogenesis, chronic administration of rapamycin in mice re-
sulted in glucose intolerance and hyperlipidemia as a result of
insulin resistance and enhanced hepatic gluconeogenesis (19,
28, 75).

Since TORC1 inhibition is the main consequence of acute
rapamycin administration (59), our results support the idea that
TORC1 activity positively contributes to G6Pase gene expres-
sion, which is in line with our previous demonstration in
primary cell culture of hepatocytes (29). The mechanism link-
ing rapamycin to the downregulation of FBPase gene expres-
sion and activity is less clear than for G6Pase, since rapamycin
does not regulate FBPase gene expression in hepatocytes (29).
Notably, rapamycin not only suppressed gluconeogenesis
but also slightly enhanced Akt phosphorylation, these asso-
ciated effects tend to indicate that hepatic gluconeogenesis
and FBPase may be negatively controlled by TORC2 in
rainbow trout, through enhanced phosphorylation of Akt on
Ser473, in agreement with previous in vivo demonstrations in
mice (28).

Perspectives and Significance

The present study highlighted specific features of rainbow
trout glucose homeostasis, including TORC1-dependent regu-
lation of GK regulation and the predominant role of gluconeo-
genesis in the control of glucose homeostasis. In mammals,
TORC1 activation is sufficient to stimulate glucose uptake and
glycolysis through the transcriptional factor HIF1a (9, 76).
Further investigations are now needed to explore the involve-
ment of HIF1a in the TORC1-dependent control of GK in fish.
Furthermore, F-2,6-bisphosphate is known as a potent alloste-
ric activator of 6PF1K and a competitive inhibitor of FBPase
(51, 58). F-2,6-bisphosphatase expression and activity are
warranted to further explore its role as a potential regulator of
FBPase. Moreover, current hyperglycemia and impaired down-
regulation of gluconeogenesis in rainbow trout may be attrib-
uted to defective insulin actions (52, 53). A potential inducer
for insulin resistance is amino acid (AA), which is thought to
play a significant role in the pathogenesis of insulin resistance
by modulating the endocrine function of the pancreas, acting as
gluconeogenic precursors, stimulating hexosamine biosynthe-
sis, or activating the S6K1-induced feedback loop toward
insulin receptor substrate 1 (67). It would be interesting to
perform an in vivo investigation with a pair-feeding method
and two diets containing high-protein/low-carbohydrate
(HPLC) or high-protein/high-carbohydrate (HPHC), or an in
vitro experiment with high amino acid levels and graded
levels of glucose to test this hypothesis in the future.
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This thesis investigated the roles of nutrients, especially dietary protein/amino acids (AAs) on the 

regulation of hepatic intermediary metabolism and further determined the potential involvement of 

relevant signaling pathways (e.g. insulin/Akt, mTORC1 and p38 MAPK) in these regulation processes in 

rainbow trout (Oncorhynchus mykiss), a carnivorous fish and relevant diabetic research model. To 

achieve this goal, we first identified mTORC1 downstream target genes with RT-PCR method in rainbow 

trout liver and primary hepatocytes (Publication 1 and 3). Secondly, we evaluated and compared the 

effects of dietary protein intake/AAs and dietary carbohydrate intake/glucose on the stimulation of 

hepatic lipogenic gene expression during short-term stimulations using both in vivo and in vitro 

approaches (Publication 2). Thirdly, we evaluated the effects of different AA levels on the regulation of 

expression of genes related to hepatic fatty acid biosynthesis, glucose metabolism and AA catabolism, 

and also assessed the potential involvements of Akt/mTORC1 and p38 MAPK signaling pathway in these 

regulations using freshly isolated trout hepatocytes (Publication 3). Finally, we investigated the role of 

mTOR signaling pathway in the regulation of glucose homeostasis (in vivo) (Publication 4). The results 

presented in the previous chapters are developed into a comprehensive discussion as follows:  

4.1 mTOR activation, overactivation and inhibition 

Re-feeding significantly stimulated mTORC1 activation and the phosphorylation of its downstream 

effectors (S6K1, S6 and 4EBP1) in trout liver, while acute inhibition of rapamycin effectively 

suppressed these up-regulations (Figure 4.1 A). 

Investigation on Akt/TOR signaling pathway reveals that administration of rapamycin significantly 

inhibited the postprandial phosphorylation of TOR and its downstream effectors S6K1, S6 and 4E-BP1, 

without affecting the phosphorylation of Akt, FoxO1/FoxO3 or GSK ͵Ƚ/Ⱦ. These results indicate that the 
activation of mTOR pathway induced by refeeding can be successfully blocked by a single injection of 

rapamycin, which is consistent with our previous finding in primary culture of trout hepatocytes 

(Lansard et al., 2010) and other investigations in mammals (Owen et al., 2012; Yang et al., 2012b). 

Unlike the Thr308 residue of Akt, which is phosphorylated by 3-phosphoinositide dependent protein 

kinase 1 (PDK1), Akt Ser473 is directly phosphorylated by mTORC2 (Dibble and Cantley, 2015; 

Shimobayashi and Hall, 2014). Given that postprandial hepatic phosphorylation of Akt Ser473 and its 

downstream effectors FoxO1/FoxO3 and GSK 3Ƚ/Ⱦ are not affected by rapamycin, we conclude that 

acute administration of rapamycin in rainbow trout only inhibited the phosphorylation of TORC1, 

without affecting TORC2. It is also worth to note that administration of rapamycin in trout reduced but 

did not totally abolish 4E-BP1 phosphorylation even though S6K1 and S6 phosphorylation were fully 

inhibited, implicating that rapamycin only incompletely inhibits mTORC1 target phosphorylation as 

previously demonstrated in mammals (Benjamin et al., 2011). Recent work conducted in Sabatini's 
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Figure 4. 1 mTOR activation, overactivation and inhibition by rapamycin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A) Re-feeding significantly stimulated mTORC1 activation and the phosphorylation of its downstream effectors (S6K1, S6 and 4EBP1) in trout liver, while acute 
inhibition of rapamycin effectively suppressed these up-regulations (article 1). (B) In trout liver, high protein intake (HP) induced higher TOR activation compared to 
low protein intake treatment (LP) regardless of carbohydrate intake; similarly, in trout hepatocytes,  high level of AAs (HAA) induced enhanced mTOR activation 
compared to low level of AAs (LAA) irrespective of glucose levels (article 2). (C) a|  Insulin together with normal AAs led to mTORC1 activation; b| Excessive AAs induced 
mTORC1 overactivation and attenuated insulin signaling through mTORC1-induced feedback loop; c| Under excessive AAs conditions, rapamycin effectively inhibited 
mTORC1 activation and its inhibition effect on insulin signaling, leading to restored or enhanced insulin-PI3K-Akt signaling (article 3). Rapa, rapamycin; HP/LC, high 
protein/low carbohydrate; HPHC, high protein/high carbohydrate; LPHC, low protein/low carbohydrate; HAA, high AAs; LAA, low AAs; HG, high glucose; LG, low glucose; 
AAs, amino acids. 
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laboratory has highlighted how the Thr37/46 residues of 4E-BP1 are good substrates for mTORC1 but 

are resistant to rapamycin (Chiarini et al., 2015), which probably explains the poorly inhibited 4EBP1 

phosphorylation observed in the current thesis. 

High protein intake/AAs levels induced enhanced mTORC1 activation regardless of carbohydrate 

intake/glucose levels 

We observed that high protein intake induced higher phosphorylation of TOR and 4EBP1 compared to 

low protein intake regardless of dietary carbohydrate intake. Despite no statistical difference for the 

phosphorylation of S6K1 and S6, it also showed elevated mean values in high protein intake treatments 

compared to low protein intake treatment, similar as TOR and 4EBP1 results. In vitro data further 

confirmed the in vivo observations showing that high level of AAs induced enhanced S6K1 and S6 

phosphorylation compared to low level of AAs irrespective of glucose levels. Therefore, we conclude that 

high protein intake/AAs levels enhanced mTORC1 activation regardless of carbohydrate intake/glucose 

levels in rainbow trout (Figure 4.1 B). This finding is in agreement with previous in vivo findings in trout, 

which reported that diet rich in protein and low in carbohydrates induced higher S6 phosphorylation in 

liver and elevated S6K1, S6 and 4EBP1 phosphorylation in muscle compared to high carbohydrates low 

protein diet (Seiliez et al., 2011a). It is also consistent with studies in rat demonstrating that high 

protein intake/AAs elevated the phosphorylation of mTOR and 4EBP1 compared with low protein 

intake/AAs (Chotechuang et al., 2009).  

Although IP administration of glucose activated the mTOR pathway in vivo (Dai et al., 2014), we assume 

that this was due to an indirect instead of a direct effect of glucose. Glucose administration has been 

reported to cause hyperglycemia in a number of teleost species (Harmon et al., 1991; Ince and Thorpe, 

1974; Khanna and Rekhari, 1972; Moon, 2001), and hyperglycemia can, in turn, induce 

hyperinsulinemia through stimulating insulin release (Mommsen and Plisetskaya, 1991). Furthermore, 

under low nutrient conditions, autophagy-mediated protein catabolism results in the production of free 

amino acids that provide building blocks for protein synthesis and serve to maintain intracellular amino 

acid pools (Kaur and Debnath, 2015). Given that we recorded increased glycemia and enhanced Akt 

phosphorylation, which is mainly stimulated by insulin, we deduce that IP administration of glucose 

activated mTOR activation through a combination effect of hyperglycemia-induced insulin release and 

autophagy-produced AAs. However, this deduction needs further verification. 

Excessive AAs induced overactivation of mTORC1 and attenuated insulin/Akt signaling through 

enhancing mTORC1/S6K1-induced feedback loop 
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Using trout primary hepatocytes, we further demonstrated that increased AA levels not only elevated 

the phosphorylation of mTORC1 downstream effectors, S6K1 and S6, but also enhanced the 

phosphorylation of IRS-1 on Ser302 and decreased the phosphorylation of Akt on both Ser473 and Thr308. 

One potential mechanism that can link these observed results is the mTORC1/S6K1-induced feedback 

loop. Namely, enhanced mTOR and S6K1 phosphorylation probably suppressed Akt phosphorylation via 

enhancing mTORC1/S6K1-mediated phosphorylation of IRS-1 on serine residues, which dampens the 

function of IRS-1 and leads to insulin desensitization (Boura-Halfon and Zick, 2009; Dann et al., 2007; 

Efeyan and Sabatini, 2010). By using rapamycin, we further observed that mTORC1 inhibition blunted 

IRS-1 Ser302 phosphorylation and restored Akt phosphorylation in excessive (four fold concentrated) 

AAs-treated hepatocytes, confirming the existence of mTORC1/S6K1-operated negative feedback loop, 

which decreases insulin sensitivity under AAs excess conditions in rainbow trout hepatocytes. Therefore, 

we indeed demonstrated that increased AA levels promoted mTORC1/S6K1 activation, which in turn 

operated a negative feedback loop toward Akt signaling pathway through, at least in part, enhanced IRS-

1 phosphorylation on Ser302 (Figure 4.1 C). This demonstration is in agreement with previous in vitro 

(Patti et al., 1998; Takano et al., 2001; Tremblay and Marette, 2001) and in vivo (Layman et al., 2003; 

Tremblay et al., 2005b) mammalian investigations. Considering that Akt phosphorylation on Ser473 is 

known to be mainly regulated by mTORC2 (Dibble and Cantley, 2015; Masui et al., 2014), which is 

stimulated by insulin via its association with ribosomes in a PI3K-dependent manner (Shimobayashi and 

Hall, 2014), we presume that mTORC2 phosphorylation was also repressed by mTORC1 overactivation-

enhanced feedback loop as in mammals (Masui et al., 2014; Zoncu et al., 2011), probably via inhibiting 

the phosphorylation of Rictor on Thr1135 and mSIN1 on Thr86 and Thr398 (Masui et al., 2014). 

Akt phosphorylation was enhanced by increased insulin level but suppressed by elevated AA level 

As shown in Figure 1.19, both Akt phosphorylation and mTORC1 activation can be regulated by insulin 

and amino acids. Insulin can positively regulate Akt phosphorylation through IRS-PI3K and mTORC2 

dependent manners, while elevated AA availability attenuates insulin signaling and decreases insulin-

mediated Akt phosphorylation via enhancing mTORC1/S6K1-induced feedback loop on IRS1 serine 

residues (Manning and Cantley, 2007; Masui et al., 2014; Zoncu et al., 2011). Consistent with mammals, 

we observed in rainbow trout that Akt phosphorylation was significantly enhanced by higher insulin 

concentration irrespective of glucose or AA levels, while it was markedly suppressed by elevated AA 

levels via enhanced mTORC1 activation-induced feedback inhibition effect (Figure S4, unpublished data). 

To our knowledge, this is the first demonstration in carnivorous fish showing that increased insulin level 

positively regulates Akt phosphorylation. Therefore, we conclude that elevated insulin level promotes 

both Akt phosphorylation and mTORC1 activation, while elevated AA levels enhance mTORC1 activation 

but repress the activation of insulin signaling and Akt phosphorylation. 
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4.2 mTORC1 activation regulates hepatic intermediary metabolism 

The work performed in current thesis allows us to identify some mTORC1- and Akt-controlled 

downstream target genes related to several metabolic pathways, including lipid and glucose metabolism, 

and AA catabolism. 

mTORC1 activation stimulates hepatic fatty acid biosynthesis 

Our in vivo results demonstrated that mTORC1 inhibition impairs postprandial induction of FAS gene 

expression and enzyme activity, as well as the expression of SREBP1c (Dai et al., 2013), a transcription 

factor that activates all the genes needed to produce fatty acids and triglycerides in liver (Horton et al., 

2002). Similarly, in vitro data also shown that mTORC1 inhibition suppressed the expression of FAS, 

ACLY and SREBP1c (Dai et al., 2015b), which is totally consistent with our previous demonstration in 

trout hepatocytes (Lansard et al., 2010). Thus, we conclude that mTORC1 activation promotes hepatic de 

novo lipogenesis in rainbow trout, in agreement with previous demonstrations in mammals (Duvel et al., 

2010). Furthermore, mTORC1 inhibition also markedly suppressed the expression of genes involved in 

fatty acid bioconversion (D6D, Elovl5 and Elovl2), NADPH production (G6PDH) and transcriptional 

factor LXR in trout hepatocytes, indicating that mTORC1 signaling is essential in stimulating fatty acid 

bioconversion and the oxidative arm of the pentose phosphate pathway (PPP), which is consistent with 

previous demonstration in mammals (Duvel et al., 2010). Given that lipid synthesis is one of the most 

NADPH-demanding metabolic pathways, its co-regulation with the oxidative PPP by mTORC1 and 

SREBP1c is likely to help satisfy this requirement. LXR is another important transcriptional factor 

involves in the control of lipogenesis in the liver (Schultz et al., 2000), and is required by insulin-

dependent SREBP1c transcriptional regulation (Shao and Espenshade, 2012). Based on our 

demonstration, we therefore conclude that the expression of SREBP1c and LXR is controlled by the 

mTOR pathway and mTORC1 promotes fatty acid biosynthesis through the transcription factor of 

SREBP1c- and LXR-dependent manner. 

mTORC1 activation promotes glycolysis 

Lansard et al. (Lansard et al., 2010) first revealed the link between mTOR signaling and glycolytic gene 

expression in carnivorous fish using cultured liver cells, showing that mTOR inhibition by rapamycin 

markedly suppressed the expression of genes involved in glycolysis (GK, 6PF1K and PK). We further 

confirmed in vivo that mTORC1 inhibition suppressed GK at both gene expression and enzyme activity 

levels (Dai et al., 2013; Dai et al., 2014), as well as the expression of 6PF1K (Dai et al., 2013). Moreover, 

our latest investigation recorded that mTORC1 inhibition also suppressed the expression of HIF-1Ƚ and 

SREBP1c (Dai et al., 2015b), two transcriptional factors known to positively regulate the expression of 
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Figure 4. 2 mTORC1-mediated downstream target genes 

 

 

 

 

 

 

 

 

 

 

 

 

Gene name with italic format represents its expression is either affected by mTORC1 inhibition or altered mTORC1 activation. 
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glucose transporters and glycolytic enzymes and promote a switch from mitochondrial oxidative 

metabolism to glycolysis (Duvel et al., 2010; Laplante and Sabatini, 2013). Thus, our data strongly 

suggest that mTORC1 promotes hepatic glycolysis through HIF-1Ƚ and SREBP1c-dependent manner. 

mTORC1 activation stimulates AA catabolism 

Additionally, we observed that SD and AS expression were intimately regulated by mTORC1 activation in 

vivo (Figure S1). Furthermore, studies using trout hepatocytes demonstrated that acute inhibition of 

rapamycin not only inhibited SD expression (Dai et al., 2015b; Lansard et al., 2010) but also markedly 

suppressed the expression of other AA catabolic genes, including ASAT1, ASAT2, BCKDE2 and BCKDK 

(Dai et al., 2015b). Taken together, these results indicate that mTORC1 positively regulates hepatic 

amino acid catabolic gene expression in rainbow trout. It is well known that AAs are not only signaling 

molecules, but are also glucose and fatty acids precursors, which can supply carbon skeleton for hepatic 

gluconeogenesis and lipogenesis via AA catabolism (Berg et al., 2010). Thus, this observation is in line 

with foresaid demonstrations as elevated AA catabolism by mTORC1 activation can render more 

available substrates to support the other enhanced anabolic pathways, including fatty acid biosynthesis 

and NADPH-demanding. Moreover, this regulation also seems logical and reasonable when we take the 

poor glucose utilization in carnivorous fish into consideration. In mammals, dietary carbohydrate/ 

glucose provide substrates and NADPH to feed the demanding of the anabolic pathways but its efficiency 

in carnivorous fish is relatively poor compared to terrestrial mammals. 

mTORC1 activation negatively regulates β-oxidation 

CPT1 is considered as a rate-limiting enzyme of fatty acid β-oxidation (Lu et al., 2014; Tocher, 2003). We 

observed that mTORC1 inhibition markedly up-regulated the expression of CPT1a and CPT1b, indicating 

that mTORC1 may negatively regulate hepatic β-oxidation, consistent with previous demonstrations in 

mammals (Ricoult and Manning, 2013). This demonstration can well-explain our previous observations 

showing that the expression of CPT1a, CPT1b (in liver and muscle) and HOAD (in muscle) was 

negatively associated with mTOR activation in rainbow trout liver and muscle (Seiliez et al., 2011a). This 

is also consistent with our previous in vivo observation that insulin markedly suppressed the expression 

of CPT1a and CPT1b as insulin together with AAs can effectively stimulates mTOR signaling in trout 

(Lansard et al., 2011; Lansard et al., 2010; Plagnes-Juan et al., 2008).  

mTORC1 negatively controls hepatic autophagy 

It is well-known in mammals that mTORC1 potently inhibits autophagy via multiple steps (Dibble and 

Manning, 2013; Shimobayashi and Hall, 2014). In line with these demonstrations, we observed that 

mTORC1 inhibition induced elevated expression of Atg4b in trout liver. Thus, we presume that mTORC1 
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negatively controls hepatic autophagy in rainbow trout as in mammals. Consistent with this deduction, 

we observed that refeeding markedly down-regulated the expression of Atg4b, LC3B and gabarapl1, 

which was associated with enhanced mTORC1 activation (Figure S1). Furthermore, Belghit et al. (Belghit 

et al., 2013) demonstrated that refeeding not only enhanced the phosphorylation of S6K1 but also 

suppressed the phosphorylation of LC3II (lapidated form of LC3b) in trout muscle. Moreover, Seiliez et 

al. (Seiliez et al., 2011a) reported that high protein/low carbohydrate diet induced higher S6K1, S6 and 

4EBP1 phosphorylation in trout muscle, as well as lower LC3II phosphorylation (Belghit et al., 2013) 

compared to a low protein/high carbohydrate diet. These results are all in line with current deduction. 

Phosphorylated Akt negatively regulates hepatic gluconeogenesis 

Acute administration of rapamycin effectively inhibited excessive AAs-induced mTORC1 overactivation 

(Dai et al., 2015b). Associated with this inhibition, the expression of genes related to gluconeogenesis 

(G6Pase II, PEPCKtot and mPEPCK) was markedly reduced, indicating that mTORC1 positively regulates 

hepatic gluconeogenesis. It is well-known in mammals that gluconeogenesis is negatively regulated by 

insulin mainly through Akt-dependent manner (Accili and Arden, 2004; Li et al., 2007), and mTORC1 

overactivation can attenuate this insulin/Akt-mediated regulation on gluconeogenesis through 

mTORC1/S6K1-induced feedback loop (Figure 1.19 B) (Manning and Cantley, 2007; Masui et al., 2014; 

Zoncu et al., 2011). Furthermore, as shown in Figure 4.1 C, we indeed recorded mTORC1 overactivation- 

and inhibition-induced down-regulation and up-regulation of Akt phosphorylation, respectively. 

Therefore, we presume that in rainbow trout as in mammals mTORC1 positively regulates hepatic 

gluconeogenesis through weakening Akt phosphorylation. Consistent with this deduction, our in vivo 

study also shown that elevated Akt phosphorylation on Ser473 by rapamycin (probably through 

inhibiting mTORC1/S6K1-induced feedback loop or stimulating insulin secretion) was associated with 

suppressed expression of G6Pase I, G6Pase II and FBPase, and enzyme activity of FBPase (Dai et al., 

2014). Furthermore, in another in vivo study, hepatic gluconeogenic gene expression (G6Pase 1, FBPase 

and PEPCK) remained unaffected when Akt phosphorylation was unchanged although rapamycin 

effectively inhibited refeeding-induced mTORC1 activation (Dai et al., 2013). Moreover, the negative 

association between Akt phosphorylation and gluconeogenic gene expression was repeatedly observed 

in the insulin- and different AA levels-mediated modulations in rainbow trout both in vivo and in vitro 

(Dai et al., 2015b; Plagnes-Juan et al., 2008). Therefore, we conclude that Akt negatively regulates 

hepatic gluconeogenesis in rainbow trout. 

In summary, mTORC1 activation stimulates hepatic fatty acid biosynthetic, glycolytic and amino 

acid catabolic gene expression, but inhibits the expression of genes related to β-oxidation and 

autophagy. Akt negatively regulates hepatic gluconeogenic gene expression (Figure 4.2). 
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4.3 Nutritional regulation of hepatic fatty acid biosynthesis in rainbow trout 

Hepatic fatty acid biosynthesis is more responsive to dietary protein intake/AAs than dietary 

carbohydrate intake/glucose in rainbow trout 

Our in vitro data (Dai et al., 2015a) clearly showed that the expression of genes related to hepatic DNL 

(FAS and ACLY), fatty acid bioconversion (Elovl5, Elovl2, D6D and SCD1), NADPH production (G6PDH 

and ME) and transcription factor SREBP1c were coordinately up-regulated by high level of AAs, while 

high level of glucose only elevated the expression of ME, indicating that in rainbow trout hepatocytes, 

fatty acid biosynthetic gene expression is more responsive to AAs than glucose. In line with these 

observations, in vivo data also showed that high protein intake induced higher Elovl2 gene expression 

regardless of carbohydrate intake, while high carbohydrate intake suppressed the expression of ACC 

and Elovl5. Notably, despite the absence of statistical significance, the expression of FAS, ACLY and D6D 

exhibited higher mean mRNA levels in high protein intake groups. Therefore, we conclude that hepatic 

fatty acid biosynthetic gene expression in rainbow trout is more responsive to dietary protein 

intake/AAs than dietary carbohydrate intake/glucose during acute stimulations.  

The finding that dietary protein/AAs is a more potent stimulator for hepatic fatty acid biosynthesis 

compared to dietary carbohydrate/glucose is in agreement with previous in vitro observations 

demonstrating that increased AA levels up-regulated fatty acid biosynthetic gene expression (Dai et al., 

2015b) and in vivo observations reporting that high protein low carbohydrate diets stimulated lipogenic 

gene expression (FAS and SREBP1) and enzyme activity (FAS, G6PDH and ME) compared to low protein 

high carbohydrate diets in rainbow trout and blackspot seabream, respectively (Figueiredo-Silva et al., 

2009; Seiliez et al., 2011a). However, these results are in contrast with the demonstrations in rodents, 

chickens or humans reporting that high protein (HP) diets induce down-regulations of fatty acid 

biosynthesis in liver at both gene expression and enzymatic levels (Abu-Elheiga et al., 2012; Allee et al., 

1971; Pichon et al., 2006; Rietman et al., 2014a; Uebanso et al., 2009). Data in mouse have shown that an 

increased flux of AAs reaching the hepato-portal area in HP diet conditions promotes AA catabolism and 

acetyl-CoA synthesis, however, it was suggested that the synthesized acetyl-CoA is either channeled into 

TCA cycle or used for β-hydroxybutyrate (BHB) production, but not converted to fatty acids through 

unknown reasons (Rietman et al., 2014a; Schwarz et al., 2012; Wu, 2009). Therefore, DNL rates might be 

lower or even absent after an HP diet (Schwarz et al., 2012). Based on our results, we reason that, unlike 

rodents or humans, protein/AAs is a more potent mediator for stimulating hepatic lipogenesis 

compared to carbohydrate/glucose in rainbow trout, confirming the surmise of Tocher (Tocher, 2003), 

who suggested that AAs are the preferred carbon source for lipogenesis in trout. Future work with 

tracer method is needed to further confirm this conclusion at nutrient flux level. It is of interest to note 
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that current observation in rainbow trout is similar as in domestic cat, a terrestrial carnivorous animal, 

in which acetate is the predominant carbon source for DNL in both liver and adipose tissue instead of 

glucose which is the main carbon source for DNL in human and rodents (Richard et al., 1989; Robert and 

Backus, 2008; Verbrugghe and Bakovic, 2013). However, unlike trout, human or rodents where liver is 

the primary site for DNL (Bergen and Mersmann, 2005; Tocher, 2003), in cats, adipose tissue serves this 

function, followed by liver, mammary glands and muscle (Robert and Backus, 2008; Verbrugghe and 

Bakovic, 2013). 

The results that high carbohydrate intake/glucose failed to stimulate hepatic lipogenic gene expression 

but up-regulated ME (in vitro) are consistent with previous studies reporting that high carbohydrate 

diets/glucose failed or only had limited effects in stimulating lipogenic gene expression and enzyme 

activities in rainbow trout (Hemre and Kahrs, 1997; Jin et al., 2014a; Seiliez et al., 2011a). Notably, 

similar demonstrations were reported in cat and mink (Rouvinen-Watt et al., 2012; Verbrugghe and 

Bakovic, 2013), showing that fatty acids are not synthetized from glucose, probably due to the absence 

of glucokinase in feline liver (Macdonald et al., 1984; Schermerhorn, 2013). The results also confirmed 

the presumption of Hemre et al. (Hemre et al., 2002) that carbohydrate is needed to stimulate lipid 

biosynthesis not so much through delivery of carbon backbones, but rather via increased availability of 

cytosolic reducing equivalents, and are consistent with some other demonstrations in carnivorous fish 

(Barroso et al., 2001; Enes et al., 2008a; Fynnaikins et al., 1992; Suarez et al., 1995). However, this is in 

contrast with mammals where diets high in simple carbohydrates led to elevated expression of enzymes 

involved in DNL, MUFA synthesis (SCD1) and PUFA synthesis (Elovl2, Elovl5 and D6D) (Chong et al., 

2008; Girard et al., 1997; Jump, 2011; Kersten, 2001; Towle et al., 1997). The poor induction of hepatic 

lipogenic/fatty acid biosynthetic gene expression by dietary carbohydrate intake/glucose during acute 

stimulations provides one clear and reasonable explanation for the poor dietary carbohydrate 

utilization in rainbow trout confirming the presumption of Panserat et al. (Panserat et al., 2013).  

In human and other mammalian species, consumption of high dietary protein can induce hyper-TOR 

activation, which may in turn induce suppressed autophagy, thereby promoting ER stress and, 

chronically, causing mitochondrial dysfunction and insulin resistance (Arruda et al., 2014; Lowell and 

Shulman, 2005; Senft and Ronai, 2015; Yang et al., 2010). Furthermore, high dietary protein stimulates 

insulin hypersecretion and overactivation of mTORC1 that can blunt insulin sensitivity via 

mTORC1/S6K1-induced negative feedback loop, which will further increase demand of insulin secretion. 

The increased demand for insulin biosynthesis in turn increases demand in the ER, gradually leading to 

ER stress, increased protein misfolding, activation of unfolded protein response (UPR) and dysregulated 

mitochondria function. Collectively, these adverse events may eventually cause insulin resistance 

(Codogno and Meijer, 2010; Hummasti and Hotamisligil, 2010; Jung and Lee, 2010; Lynch and Adams, 
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2014; Rietman et al., 2014b; Senft and Ronai, 2015; Yang et al., 2010). Considering that rainbow trout 

possesses high dietary protein consumption and acute stimulation with excessive AAs induces 

overactivation of mTORC1, which in turn attenuates insulin-mediated repression of gluconeogenesis via 

mTORC1/S6K1-induced negative feedback loop (Dai et al., 2015b), we presume that the poor 

carbohydrate utilization in rainbow trout is possibly due to a combination of mitochondrial dysfunction, 

ER stress, hypo-autophagy, accumulation of misfolded proteins and altered UPR as in mammals (Muoio 

and Newgard, 2008; Zoncu et al., 2011). Interestingly, in line with this presumption, recent investigation 

in zebrafish reported that fructose treatment of larval zebrafish induced hepatic lipid accumulation, 

which was associated with mTORC1 activation, inflammation and oxidative stress (Sapp et al., 2014). 

Therefore, future work are needed to investigate the parameters related to inflammatory stresses and 

mitochondrial functions as they may account for the low utilization efficiency of dietary 

carbohydrate/glucose and poorly inhibited hepatic gluconeogenesis in rainbow trout as in mammals. 

Dietary protein/AAs stimulates hepatic fatty acid biosynthesis through mTORC1 dependent manner 

In vitro data showed that elevated fatty acid biosynthetic gene expression by high level of AAs was 

associated with the enhanced phosphorylation of S6K1 and S6 (Dai et al., 2015a; Dai et al., 2015b), and 

the elevated fatty acid biosynthetic gene expression was markedly suppressed by mTORC1 inhibition 

(Dai et al., 2015b). In vivo data also showed that high protein intake not only induced higher TOR and 

4EBP1 phosphorylation but also induced higher Elovl2 gene expression regardless of carbohydrate 

intake. Although not statistically significant, the expression of FAS, ACLY and D6D exhibited similar 

patterns as the phosphorylation of S6K1 and S6, showing that high protein intake induced higher mean 

mRNA levels. Furthermore, mTORC1 inhibition suppressed the expression of FAS, ACLY, ACC, Elovl2, 

Elovl5, D6D and G6PDH, indicating that the regulation of hepatic fatty acid biosynthetic gene expression 

is mTORC1-dependent, which is consistent with our latest demonstrations in trout hepatocytes (Dai et 

al., 2015b). Therefore, our data clearly demonstrate that dietary protein intake/AAs stimulate fatty acid 

biosynthetic gene expression through an mTORC1-dependent manner. Consistent with this observation, 

recent investigation in zebrafish also shown that mTORC1 activation is required for hepatic lipid 

accumulation as rapamycin reverses hepatic lipid accumulation and associated gene expression changes 

(lipogenic, inflammatory, oxidative stress and ER stress genes) (Sapp et al., 2014). 

GCN2 and p38 MAPK pathway probably also involve in the AAs-mediated regulation of hepatic fatty 

acid biosynthesis 

The mTOR signaling pathway probably is not the only cellular signaling pathway that regulates hepatic 

lipogenesis in rainbow trout. It is of interest to note that AA-induced decrease of p38 phosphorylation 

was associated with the up-regulation of hepatic lipogenic (ACLY and FAS) and G6PDH gene expression, 
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which are compatible with previous reports in mammals indicating that p38 MAPK negatively regulates 

mRNA levels of hepatic lipogenic genes and G6PDH (Talukdar et al., 2005; Xiong et al., 2007b). 

Furthermore, as shown in Figure S3, increased AA levels significantly down-regulated the expression of 

ATF4 downstream target genes, including SNAT, ASNS, CAT and CHOP, implicating that GCN2-ATF4 

pathway was down-regulated by elevated AA levels. Given that GCN2 can also regulate the expression of 

lipogenic genes through controlling SREBP-1c gene expression (Guo and Cavener, 2007), we presume 

that, apart from mTORC1 signaling pathway, both GCN2 and p38 MAPK pathway participate in the AAs-

mediated regulation of hepatic fatty acid biosynthesis. Further experiments are needed to confirm it in 

the future. 

 

In summary, AAs promote hepatic lipogenesis via at least three manners: 1. enhancing mTORC1 

activation, thereby up-regulating hepatic lipogenic gene expression; 2. promoting AA catabolic 

gene expression via mTORC1-dependent manner; 3. down-regulating GCN2 and p38 MAPK 

pathway, thereby stimulating hepatic lipogenesis (need to be confirmed) (Figure 4.3).  
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Figure 4. 3 Amino acids promote hepatic lipogenesis via multiple manners 

 

 

 

 

 

 

 

Amino acids (AAs) promote hepatic lipogenesis via at least three manners: 1. Enhancing mTORC1 activation, thereby up-
regulating hepatic lipogenesis through the transcriptional factor SREBP1c; 2. Promoting AA catabolism via mTORC1-
dependent manner; 3. Down-regulating GCN2 and p38 MAPK pathway, thereby stimulating hepatic lipogenesis (need to 
be confirmed). Green colour means protein function or relevant pathway is enhanced; red colour means relevant 
pathways are suppressed; question mark represents the regulation needs to be confirmed in the future. 

 

Figure 4. 4 Excessive amino acids up-regulate hepatic gluconeogenesis via multiple manners 

 

 

 

 

 

 

 

 

Excessive amino acids (AAs) induce mTORC1 overactivation, which in turn promotes hepatic gluconeogenesis via: (1) 
attenuating insulin-mediated repression on hepatic gluconeogenesis through elevated IRS-1 phosphorylation on Ser302, 
which in turn impairs the activation of Akt pathway and weakens insulin action; (2) elevating AA catabolic gene 
expression. Elevated hepatic gluconeogenesis, in turn, increases blood glucose levels. Green colour means protein 
function or relevant pathways that are enhanced; red colour means protein activation that is significantly suppressed. 
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4.4 The regulation of hepatic gluconeogenesis 

AAs attenuate insulin-mediated repression of gluconeogenesis through elevating IRS-1 Ser302 

phosphorylation, which in turn impairs Akt phosphorylation and weakens insulin action 

An intriguing finding of the current thesis is that high levels of AAs elevated hepatic gluconeogenic gene 

expression through attenuating insulin signaling. Consistent with previous demonstrations in trout 

(Lansard et al., 2010; Plagnes-Juan et al., 2008), insulin effectively suppressed the gene expression of 

two key gluconeogenic enzymes, G6Pase and PEPCK. However, increased AA levels attenuated these 

suppressions and increased the gene expression of FBPase, suggesting that insulin-mediated down-

regulation of hepatic gluconeogenesis was attenuated by increased AA sufficiency. This finding is in 

agreement with previous in vivo findings in trout and sea bass, which reported that higher hepatic 

gluconeogenic enzyme activities and/or mRNA levels were associated with high dietary protein 

diet/intake compared to low protein diet/intake (Cowey et al., 1977; Enes et al., 2006; Hilton and 

Atkinson, 1982; Kamalam et al., 2012; Kirchner et al., 2003; Walton, 1986). Furthermore, the negative 

relation between Akt phosphorylation and gene expression of G6Pase and PEPCK was consistently 

observed in all insulin-, AA levels- and rapamycin-mediated modulations, confirming that hepatic 

gluconeogenesis was negatively controlled by Akt phosphorylation in trout hepatocytes, as in mammals 

(Cheng and White, 2012; Manning and Cantley, 2007). Therefore, we concluded that high levels of AAs 

attenuated insulin-mediated down-regulation of hepatic gluconeogenic gene expression through 

mTORC1/S6K1-induced feedback loop. Similar inhibitory effects on insulin action as a consequence of 

increased AA supply have also been reported in mammalian hepatocytes (Khamzina et al., 2005; Patti et 

al., 1998), muscle cells (Tremblay and Marette, 2001) and adipocytes (Haruta et al., 2000; Takano et al., 

2001; Tremblay et al., 2005a), as well as in vivo studies (Linn et al., 2000; Rossetti et al., 1989; Tremblay 

et al., 2005b). 

The present work together with previous study (Lansard et al., 2010) provides strong evidences that 

increased AA sufficiency up-regulates hepatic gluconeogenesis through mTOR-dependent and 

independent manners, respectively. However future studies are needed to test whether AAs 

(particularly glutamine) also dampen insulin signaling and promote glucose production through 

stimulating hexosamine biosynthetic pathway/O-GlcNAc signaling (Slawson et al., 2010). Furthermore, 

considering that persistent activation of mTORC1 and S6K1 may promote insulin resistance and glucose 

intolerance in mammals (Lynch and Adams, 2014; Tremblay et al., 2007), our finding that high levels of 

AAs up-regulated hepatic gluconeogenic gene expression through attenuating insulin signaling, indeed 

highlighted the potential role of AAs as casual factor for poorly inhibited postprandial gluconeogenesis 

and ǲglucose intolerantǳ phenotype in carnivorous species such as salmonids. However, it is noteworthy 
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that AAs elevation in vivo can also stimulate higher insulin secretion (Floyd et al., 1966; Mommsen and 

Plisetskaya, 1991), which may counteract the effects of AAs on glucose production (Tremblay et al., 

2005b). Thus, whether high protein diet/intake impairs insulin action and induces elevated glucose 

production in vivo still needs to be investigated in fish through prolonged in vivo studies in the future. 

Moreover, given that insulin signaling is required for mitochondrial function and metabolism (Cheng et 

al., 2010), we reason that impaired insulin action may have dysregulated mitochondrial functions as 

well, which may account for the unstrained hyperglycemia through reducing insulin responsiveness in 

skeletal muscle and liver and decreasing glucose-stimulated insulin secretion by pancreatic β cells 

(Cheng et al., 2010; Lowell and Shulmanz, 2005; Senft and Ronai, 2015; Szendroedi et al., 2012). As 

proposed by Lowell and Shulman (Lowell and Shulman, 2005), a decrease in mitochondrial fatty acid 

oxidation, caused by mitochondrial dysfunction and/or reduced mitochondrial content, produces 

increased levels of intracellular fatty acyl CoA and diacylglycerol. These molecules activate novel protein 

kinase C, which in turn activates a serine kinase cascade [possibly involving inhibitor of nuclear factor ɈB kinase ȋ)KKȌ and c-Jun N-terminal kinase–1], leading to increased serine phosphorylation of IRS-1. 

Increased serine phosphorylation of IRS-1 on critical sites (e.g., IRS-1 Ser307) blocks IRS-1 tyrosine 

phosphorylation by the insulin receptor, which in turn inhibits the activity of PI3K. This inhibition 

results in suppression of insulin-stimulated glucose transport, thereby inducing insulin resistance in 

skeletal muscle and hyperglycemia. Furthermore, mitochondrial dysfunction may also disrupt insulin secretion from pancreatic Ⱦ cells. These potential mechanisms merit future investigations in fish. 

AAs provide substrates for gluconeogenesis through elevating AA catabolism 

AAs are not only signaling molecules, but are also glucose and fatty acids precursors, which can supply 

carbon skeleton for hepatic gluconeogenesis and lipogenesis via AA catabolism (Berg et al., 2010; 

Walton and Cowey, 1982). As we observed that increased AA levels markedly elevated the expression of genes related to AA catabolism ȋSD, ALATʹ, ASATʹ, BCKDEͳȽ, BCKDEʹ and BCKDKȌ, we presume that 

elevated AA levels promote hepatic fatty acid biosynthesis and glucose metabolism not only through 

modulating relevant signaling pathways, but also by serving as gluconeogenic and lipogenic substrates 

through promoting AA catabolism (Figure 4.3 and 4.4).  

AAs either from dietary sources or from catabolism of body proteins are believed to be an important 

source of gluconeogenic substrates in rainbow trout (Walton and Cowey, 1982), but their true 

contribution remains unclear as the proportion of protein/AAs diverted into gluconeogenesis has not 

been measured. In healthy human or rats, it was reported that the amount of AA-derived carbon 

skeletons used for gluconeogenesis is very limited and this pathway cannot cope with the excess of 

incoming AA even under optimal gluconeogenic conditions (Fromentin et al., 2013; Schwarz et al., 2012). 
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However, unlike human or omnivorous animals where maximal gluconeogenesis only occurs in the post-

absorptive state or during prolonged fasting stimulations, gluconeogenesis is more or less permanently 

"switched on" in carnivorous animals, including cat and rainbow trout (Legate et al., 2001; Macdonald et 

al., 1984). Furthermore, in carnivores, their natural diet contains little carbohydrate; therefore, a 

significant proportion of protein must be diverted into gluconeogenesis to supply the needs of the brain 

and the other glucose-requiring tissues (Eisert, 2011; Robert and Backus, 2008). Thus, we presume that 

the persistent high rate of gluconeogenesis in these glucose-requiring tissues is supplied by AAs, and the 

amount of AA-derived carbon skeletons used for gluconeogenesis in rainbow trout should be higher 

than in herbivores and omnivores. Further investigations are needed to assess this in the future. 

Poorly inhibited hepatic gluconeogenesis maybe account for the prolonged hyperglycemia  

It is also worthy to note that rapamycin significantly decreased plasma glucose levels 8 h after 

controlled-feeding and suppressed the expression of G6Pase I and G6Pase II (Figure S2), which is in line 

with our previous finding showing that acute rapamycin administration reduced the hyperglycemia 

induced by IP glucose injection via inhibiting hepatic gluconeogenesis at both gene expression and 

enzyme activity levels in rainbow trout (Dai et al., 2014). Interestingly, rapamycin also significantly 

enhanced plasma free amino acid levels 8 h after controlled-feeding. This elevated free AA level was 

negatively associated with the reduced glycemia, which is consistent with previous observations in trout 

(Polakof et al., 2008; Polakof et al., 2012b; Seiliez et al., 2011a; Skiba-Cassy et al., 2013). Given that AAs, 

especially gluconeogenic AAs, can promote glucose production through hepatic gluconeogenic pathway 

(Berg et al., 2010; Dai et al., 2015b), we presume that both the elevated free AA levels and the reduced 

glycemia by rapamycin may be related to the suppressed hepatic gluconeogenesis as we previously 

demonstrated (Dai et al., 2014), implicating the important role of hepatic gluconeogenesis in modulating 

glucose homeostasis. Notably, consistent with this deduction, recent work using stable tracer method by 

Viegas et al. (Viegas et al., 2015) revealed that supplementation of digestible starch resulted in a 

significant reduction of gluconeogenic contributions to systemic glucose appearance in seabass. Based 

on our demonstrations, it is attractive to postulate that poorly inhibited hepatic gluconeogenesis is 

account for the prolonged hyperglycemia and glucose intolerance phenotype in rainbow trout. 

 

In summary, excessive AAs induce mTORC1 overactivation, which in turn promotes hepatic 

gluconeogenesis via (1) attenuating insulin-mediated repression on hepatic gluconeogenesis 

through elevated IRS-1 phosphorylation on Ser302, which in turn impairs the activation of Akt 

pathway and weakens insulin action; (2) elevating AA catabolic gene expression (Figure 4.4).  
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4.5 The regulation of AA catabolism 

AAs promote AA catabolic gene expression via mTORC1-dependent manner 

In vitro results demonstrated that increased AA levels markedly elevated the expression of genes related to AA catabolism ȋSD, ALATʹ, ASATʹ, BCKDEͳȽ, BCKDEʹ and BCKDKȌ as well as mTORC1 activation. 

Acute administration of rapamycin not only inhibited mTORC1 activation but also suppressed the 

elevated hepatic AA catabolic gene expression (Dai et al., 2015b). Therefore, we conclude that AAs 

promote AA catabolic gene expression through mTORC1-dependent manner. Indeed the positive 

association between mTOR activation and hepatic AA catabolic gene expression has been previously 

reported (Dai et al., 2013; Lansard et al., 2011; Lansard et al., 2010; Seiliez et al., 2011a; Skiba-Cassy et 

al., 2009), supporting our current conclusion. For instance, insulin together with AAs up-regulate SD 

gene expression in trout hepatocytes through an mTOR-dependent manner (Lansard et al., 2011; 

Lansard et al., 2010). Though refeeding failed to stimulate SD mRNA level in vivo, mTORC1 inhibition 

significantly suppressed its expression (Figure S1). Furthermore, a diet rich in protein and low in 

carbohydrate not only induced higher mTOR activation but also upregulated the expression of SD and 

BCKD E2 in liver and the expression of BCKD E2 in muscle (Seiliez et al., 2011a). Thus, it is not 

surprising to see that insulin also up-regulated AA catabolic gene expression (SD, ASAT1, ASAT2, 

BCKDE2, GDH1 and GDH3 (GDH1 and GDH3 data are not presented in the paper)) as the addition of 

insulin stimulated mTORC1 activation (Dai et al., 2015b). 

Current observation that mTORC1 activation positively regulates hepatic AA catabolic gene expression 

in rainbow trout merits our attention. In human and rats, after feeding a high protein diet, the activities 

of the AA catabolic enzymes in the liver and kidney are increased, facilitating disposal of excess nitrogen. 

The opposite is true; if a lower than normal level of protein is fed, the amino acid catabolism decreases, 

enabling the animal to preserve amino acids (Verbrugghe and Bakovic, 2013). Normally, AA catabolism 

increases when the supply of circulating AAs augments by fasting or after the consumption of an excess 

of dietary protein (Contreras et al., 2015), which is promoted by glucagon (Solloway et al., 2015). 

However, different with these demonstrations, we observed that AA catabolic gene expression was 

stimulated by mTORC1 activation and insulin in rainbow trout. This discrepancy may be due to the 

metabolic differences between carnivorous and omnivorous animals. Indeed, previous investigations in 

vivo had demonstrated that when fish are fed a high protein/low carbohydrate (HP/LC) diet compared 

to a low protein/high carbohydrate (LP/HC) diet, the enzymes which initiate amino acid catabolism are 

barely affected (Cowey and Walton, 1989; Kirchner et al., 2003), as in cats where hepatic AA catabolism 

is poorly inhibited even when fed a low protein diet (Macdonald et al., 1984). Considering that refeeding, 

even with a low protein diet may induce mTORC1 activation and, in turn, stimulate AA catabolism, our 
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observation, to same extend, is in line with these demonstrations (mTOR activation has not been 

analyzed in these studies). This observation is also consistent with the foresaid elevated fatty acids 

biosynthetic and gluconeogenic gene expression as elevated AA catabolism can render more available 

substrates to support these enhanced anabolic pathways. It is worthy to point out that if this conclusion 

is true it would possess significant importance as it may account for the high protein requirement 

(Macdonald et al., 1984; Robert and Backus, 2008), poor inhibition of postprandial hepatic 

gluconeogenesis (Robert and Backus, 2008), poor glucose utilization in peripheral tissues, as well as 

some other metabolic particularities in rainbow trout or general carnivores, which demands further 

explorations. However, to our knowledge, no equivalent counterpart has been reported yet, even in 

mammals or cat. Thus, we still need to be cautious about this conclusion and future studies are needful 

to further confirm current conclusion. 
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Limitations of the thesis 

1. Due to the constraints in measuring piscine insulin, plasma insulin levels have not been 

measured in the in vivo experiments (publication 2 & 4) 

In publication 2, we observed that hepatic fatty acid biosynthesis was more responsive to dietary 

protein intake compared to dietary carbohydrate intake. In rainbow trout, insulin has been proven a 

potent mediator for stimulating mTOR signaling and anabolic pathways, including glycolysis and lipid 

synthesis (Dai et al., 2015b; Plagnes-Juan et al., 2008; Saltiel and Kahn, 2001). Given that AAs are more 

potent insulin secretagogues compared to carbohydrates in most fish species (Mommsen and 

Plisetskaya, 1991), one potential explanation for the elevated lipogenic gene expression in high dietary 

protein diet conditions can be due to the higher insulin secretion induced by the HP diets. However, due 

to the constraints in measuring piscine insulin (Plisetskaya, 1998), we were unable to check this 

hypothesis in vivo. 

Similarly, in publication 4, the elevated phosphorylation of Akt on Ser473 could be due to elevated insulin 

release induced by acute administration of rapamycin (Fuhrer et al., 2001) or rapamycin inhibition 

improved insulin sensitivity as rapamycin can interrupt mTORC1/S6K1-induced negative feedback loop 

on insulin signaling (Houde et al., 2010; Tremblay et al., 2005a; Tremblay and Marette, 2001; Tzatsos 

and Kandror, 2006; Um et al., 2006). Since we cannot measure plasma insulin levels, we were unable to 

verify these potential underlying mechanisms. 

2. Controlled-feeding method probably induced high variations for the in vivo molecular 

parameters 

With controlled-feeding method, the amount of nutrient intake for each tank/treatment can be well 

controlled. However, whether each individual fish ingests the average amount of feed is not guaranteed, 

which may induce high variations and affect the statistical significance. In our experiment, despite the 

clear confirmations from plasma parameters, statistical analysis shown that some more sensitive 

molecular parameters, including the phosphorylation of S6K1 and S6, gene expression of FAS, ACLY, 

D6D and G6PDH, were not affected by different nutrient intake. This lack of statistical significance was 

probably due to the uneven nutrient intake between fish, which may have caused high variations and 

ruined the statistical significance. Due to this limit, we were not able to give a very solid conclusion as 

we expected. Indeed, a controlled-feeding method associated with force-feeding might be considered to 

overcome the above limits induced by controlled-feeding method alone. However, this would also bring 

other limits linked to stress whose effect on glycemia has been already demonstrated in fish (Plagnes-

Juan et al., 2008).  
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3. In experiment four, no muscle samples 

It is well known that fish displays prolonged hyperglycemia after consuming a carbohydrate rich meal 

or after a glucose tolerance test (Moon, 2001), but it is unclear whether the persistent hyperglycemia in 

fish is due to poor glucose uptake (glucokinase or glycolysis), low utilization of glucose by the peripheral 

tissues or lacking suppression of endogeneous production of glucose or a combinations of all. We 

suspected that the poor inhibition of postprandial hepatic gluconeogenesis could be the major 

responsible factor and thus tested this hypothesis in vivo (publication 4). As expected, we observed that 

decreased plasma glucose levels were associated with suppressed hepatic gluconeogenesis at both gene 

expression (G6Pase I, II and FBPase) and enzyme activity (FBPase) levels, and inhibited hepatic glucose 

utilization (GK was inhibited at both expression and activity levels) (Dai et al., 2014). Presumably, 

glucose uptake in muscle might have also been suppressed as rapamycin can inhibit Glut4 through 

mTORC1-dependent manner (Duvel et al., 2010; Laplante and Sabatini, 2013). Thus, presumably, 

suppressed hepatic gluconeogenesis was the major factor that accounted for the decreased glucose 

levels, however, without muscle samples and relevant data on the contribution of glucose utilization in 

muscle, we were unable to give a certain conclusion although our results were quite promising.  

4. The setting of 1AA as low AA level and 4×10-9 mol l-1 insulin as normal insulin level in the in vitro 

trials may be a little too high 

To keep consistent conditions with previous published cell culture experiments in the lab, we used one 

fold concentrated AAs and 4×10-9 mol l-1 as low AA level and insulin level, respectively. That was a safe 

choice and we also successfully obtained the results as we hypothesized/expected. However, our later 

tests (Figure S4, unpublished data) indicated that setting 0.3 or 0.5 fold concentrated AAs as low AA 

level and 1×10-9 mol l-1 as normal insulin level should be adequate, and would have provided more clear 

and significant results than that we presented in current thesis. This is not a strict ǲlimitationǳ for 

current thesis, but it should be considered in future studies. 
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Chapter 5  

CONCLUSIONS AND PERSPECTIVES
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The present study permits the following conclusions: 

1. Re-feeding stimulates mTORC1 activation and the phosphorylation of its downstream effectors (S6K1, 

S6 and 4EBP1) in trout liver, while acute inhibition of rapamycin suppresses these up-regulations; 

2. High protein intake/AAs levels induce enhanced mTORC1 activation regardless of carbohydrate 

intake/glucose levels; 

3. Excessive AAs induce overactivation of mTORC1 and attenuate insulin/Akt signaling through 

enhancing mTORC1/S6K1-induced feedback loop; 

4. Akt phosphorylation is enhanced by increased insulin but suppressed by elevated AA levels; 

5. mTORC1 activation promotes hepatic fatty acid biosynthesis, glycolysis and amino acid catabolism, 

but inhibits β-oxidation and autophagy; Akt negatively regulates hepatic gluconeogenesis; 

6. Hepatic fatty acid biosynthesis is more responsive to dietary protein intake/AAs than dietary 

carbohydrate intake/glucose in rainbow trout; 

7. AAs promote hepatic fatty acid biosynthesis via at least two manners: (1) enhancing mTORC1 

activation, thereby up-regulating fatty acid biosynthetic gene expression; (2) promoting AA catabolism 

via mTORC1-dependent manner;  

8. AAs promote hepatic gluconeogenesis via: (1) attenuating insulin-mediated repression on hepatic 

gluconeogenesis through elevated IRS-1 phosphorylation on Ser302, which in turn impairs the activation 

of insulin/Akt pathway; (2) providing substrates for gluconeogenesis through elevating AA catabolism; 

9. Hepatic gluconeogenesis probably plays a major role in controlling glucose homeostasis, which maybe 

account for the prolonged hyperglycemia and glucose intolerance phenotype of carnivorous fish. 
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Figure 5. 1 Hypothetical mechanisms linking chronic feeding of high protein/high fat diet and hyperglycemia in rainbow trout 

 

 

 

 

 

 

 

 

 

(A) In healthy mammals, feeding a diet with normal level of protein and lipids raises nutrient concentration (amino acids (AAs) and glucose), which, in turn, 
elevates insulin levels in the bloodstream. Released insulin through activating insulin signaling inhibits gluconeogenesis in liver. Ingested AAs induce normal 
mTORC1 activation, thereby stimulating hepatic lipogenesis and AA catabolism, whereas suppressing autophagy directly and attenuating insulin signaling 
through mTORC/S6K1-induced feedback loop.  

(B) A hypothetical model suggesting how chronic feeding of high protein/high fat diet induces hyperglycemia in rainbow trout. In carnivorous fish, like rainbow 
trout, chronic feeding of high protein/high fat diet leads to enhanced mTORC1 activation, which in turn promotes elevated lipogenesis and AA catabolism, 
suppresses autophagy, and enhance mTORC1/S6K1-induced feedback loop, thereby impairing insulin signaling. Furthermore, excessive AAs, especially 
glutamine stimulate hexosamine biosynthetic pathway (HBP)/O-linked β-N-acetylglucosamine (O-GlcNAc), which attenuates insulin action. Moreover, chronic 
mTORC1 activation promotes fat accumulation through elevated hepatic lipogenesis; in turn, ectopic fat deposition also has a role in dampening insulin 
signaling. Collectively, these effects may lead to a worsening of the hyperglycaemia and hyperinsulinaemia. Presumably, mTORC1 promoted or poorly 
regulated AA catabolism provides substrates for the elevated hepatic gluconeogenesis. Other factors not shown here may also play a role in attenuating insulin 
action or inducing elevated glycemia, including mitochondrial dysfunction, ER stress, hypo-autophagy, accumulation of misfolded proteins and altered unfolded 
protein response (UPR). 
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Remaining questions and perspectives 

1. Does high dietary protein and high protein diet-induced hyper-TOR activation account for the 

persistent hyperglycemia and poor glucose utilization in rainbow trout?  

It is well-known that the impairment of PI3K-Akt signaling in the liver promotes gluconeogenesis and 

contributes to the hyperglycemia and hyperinsulinemia observed in insulin resistance and type 2 

diabetes (Laplante and Sabatini, 2012). Given we have demonstrated in vitro that acute stimulation with 

excessive AAs induces overactivation of mTORC1, which in turn, promotes hepatic lipogenesis and 

attenuates insulin-mediated repression of gluconeogenesis through elevating IRS-1 Ser302 

phosphorylation, thereby weakening Akt activation and insulin action (Dai et al., 2015b), we presume 

that chronic feeding of high protein diet maybe account for the postprandial persistent hyperglycemia in 

rainbow trout as it may cause insulin resistance, attenuate insulin action or induce elevated glycemia via 

at least five potential manners below (Figure 5.1): 

Hyper-mTORC1 activation-induced feedback loop 

Chronic feeding of high protein diet may lead to sustained activation of mTORC1 and enhance 

mTORC1/S6K1-induced feedback loop, which elevates the phosphorylation of IRS-1 on serine residues, 

dampening the function of IRS-1 and preventing the IRS-1 mediated recruitment of key downstream 

effectors to IR, thereby leading to insulin desensitization and impairment of PI3K-Akt signaling (Dann et 

al., 2007; Efeyan and Sabatini, 2010; Tremblay et al., 2007; Um et al., 2006).  Notably, this may also 

result in diminished mTORC2 activation (Masui et al., 2014; Shimobayashi and Hall, 2014; Zoncu et al., 

2011), which can also lead to increased gluconeogenesis and glucose release by the liver (Zoncu et al., 

2011). Chronically, high blood levels of AAs will keep mTORC1 at work, driving the S6K1-IRS1 loop and, 

consequently, insulin resistance and hyperglycemia. Although it has been well-demonstrated in vitro in 

rainbow trout (Dai et al., 2015b), future studies are needed to demonstrated this cellular mechanism in 

vivo using long-term feeding trials. 

Activate hexosamine biosynthetic pathway (HBP) 

The HBP combines various metabolic inputs to ultimately serve in the synthesis of UDP-GlcNAc, the 

donor substrate for the enzyme of O-GlcNAc transferase (OGT). Approximately 2–3% of cellular glucose 

is funneled into the HBP (Slawson et al., 2010). There are evidences that high levels of circulating 

glucose and free fatty acids bring about insulin resistance, a hallmark of type 2 diabetes (T2D), via the 

HBP (Ruan et al., 2013; Teo et al., 2010). Furthermore, excessive AAs, especially glutamine also 

attenuate insulin action by stimulating HBP pathway (Figure 1.20) (Issad et al., 2010; Ruan et al., 2013; 
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Slawson et al., 2010). Moreover, increased acetyl-CoA can be funneled into the HBP causing an increase 

in HBP flux and consequently increasing O-GlcNAcylation as well (Slawson et al., 2010). Given that 

persistent hyperglycemia, high availability of AAs and acetyl-CoA all occur in rainbow trout, it is 

attractive to postulate that hyper- or overexpression of OGT-dampened insulin signaling exists in 

rainbow trout. 

Ectopic fat deposition  

Chronic mTORC1 activation mediates excess fat deposition in WAT, liver and muscle and ectopic fat 

deposition has a role in the insurgence of insulin resistance (Perry et al., 2014; Zoncu et al., 2011). 

Hepatic triglyceride synthesis is the sum of two main processes: (i) DNL of fatty acids from acetyl CoA 

and (ii) esterification of fatty acids from all sources (DNL, fatty acids from adipose lipolysis or 

chylomicron lipolysis, and re-esterification of intrahepatic lipid) (Vatner et al., 2015). For the first 

component, whereas insulin fails to suppress hepatic glucose production, it continues to stimulate DNL, 

promoting the synthesis of TAGs and perhaps cholesterol, which are incorporated into VLDL for 

transport to peripheral tissues (Brown and Goldstein, 2008). The second component is primarily 

dependent on substrate delivery and largely independent of hepatic insulin action (Vatner et al., 2015). 

Given that marine fish and rainbow trout not only consume high dietary protein but also high content of 

lipids, and are capable of efficiently digest, assimilate and deposit large quantities of oil in their body 

tissues (Tocher, 2003), we assume that ectopic fat deposition, if any, contributes to the potential insulin 

resistance and hyperglycemia. In line with this hypothesis, Figueiredo-Silva et al. (Figueiredo-Silva et al., 

2012) demonstrated that high levels of dietary fat impair glucose homeostasis in rainbow trout. 

ER stress and mitochondria dysfunction 

As we previously discussed in 4.3, we reason that the poor carbohydrate utilization in rainbow trout is 

possibly due to a combination of mitochondrial dysfunction, ER stress, hypo-autophagy, accumulation of 

misfolded proteins and altered unfolded protein response (UPR) as in obesity or diabetes (Codogno and 

Meijer, 2010; Hotamisligil, 2010; Jung and Lee, 2010; Lynch and Adams, 2014; Rietman et al., 2014b; 

Senft and Ronai, 2015), which can be possibly caused by chronic feeding of high protein/high fat diet, 

sustained activation of mTORC1 and/or ectopic lipid accumulation. Interestingly, consistent with this 

presumption, recent investigation in zebrafish reported that fructose treatment of larval zebrafish 

induced hepatic lipid accumulation, which was associated with mTORC1 activation, inflammation and 

oxidative stress (Sapp et al., 2014). Thus, it is worth to investigate the parameters related to 

inflammatory stresses and mitochondria functions as they may be the key factors for understanding the 

low efficiency of glucose utilization and poorly inhibited hepatic gluconeogenesis in trout as in mammals. 
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mTORC1 activated AA catabolism 

As demonstrated in current thesis, AA catabolism is positively controlled by mTORC1 activation in trout 

hepatocytes (Dai et al., 2015b). It is reasonable to postulate that sustained activation of mTORC1 by 

chronic feeding high protein diets will keep AA catabolism at work, thereby providing steady substrates 

for poorly inhibited hepatic gluconeogenesis. The above four manners probably cause poor inhibition of 

hepatic gluconeogenesis, while AAs seem to provide substrates to satisfy the unstrained gluconeogenic 

pathway through elevating AA catabolism, thereby inducing hyperglycemia in vivo. Future work is 

needed to measure the contribution of AAs for glucose production through in vivo investigations. 

Collectively, these above potential factors induced by chronic feeding of high protein/high fat diets may 

account for low efficiency of glucose utilization and poor inhibition of hepatic gluconeogenesis in 

rainbow trout. Therefore, future work is needed to investigate these aspects in vitro and in vivo. 

Prolonged feeding trials and other feeding methods, like nutrient restriction (NR) should be considered. 
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Figure 5. 2 The potential roles of glutamine in stimulating mTORC1 activation and inhibiting insulin signaling pathway in rainbow trout 

 

 

 

 

 

 

 

 

 

(A) Under normal amino acid (AA) levels, insulin inhibits hepatic gluconeogenesis through insulin/Akt signaling pathway; insulin together with AAs activate 
lipogenesis (a model in healthy mammals); 

(B) Under excessive AAs conditions, overactivated mTORC1 attenuates insulin action on hepatic gluconeogenesis, thereby up-regulating gluconeogenesis; however, 
through unknown reasons, insulin remains its ability to enhance lipogenesis despite insulin partially losses its ability to inhibit gluconeogenesis (a potential 
model in carnivorous fish); 

(C) A hypothetical model suggesting how mTORC1 activation could drive both lipogenesis and gluconeogenesis under excessive AAs conditions. Different from the 
other AAs, glutamine probably can directly inhibit AMPK, which in turn promote TSC complex, thereby negatively controlling Rheb to activate mTORC1. 
Furthermore, high level of glutamine probably also attenuate insulin action by stimulating hexosamine biosynthetic pathway (HBP). 
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2. The potential roles of glutamine in stimulating mTORC1 activation and attenuating insulin 

signaling via HBP 

In mammals, glutamine is well-known as a functional AA, playing important roles in regulating key 

metabolic pathways that are necessary for maintenance, growth, reproduction and immunity (Wu, 

2009), but its roles are still poorly explored in fish. Our intense interests towards glutamine mainly 

come from three aspects described below:  

Glutamine stimulates mTORC1 activation 

In mammals, leucine, arginine and glutamine are three particularly important AAs in stimulating 

mTORC1 activation (Dibble and Manning, 2013; Jewell and Guan, 2013). In fish, we demonstrated that 

unlike lysine or methionine, leucine combined with insulin partially stimulated mTOR activation in 

primary cell culture of rainbow trout hepatocytes (Lansard et al., 2011). However, it remains unclear 

whether arginine and glutamine can contribute to mTORC1 activation in trout as in mammals, which 

requires further investigations. Furthermore, one big remaining question following current thesis is 

how excessive AAs kept mTORC1 and hepatic lipogenesis active under the condition where early events 

of insulin signaling was impaired by mTORC1/S6K1-induced feedback loop. Indeed, this question is very 

much similar to the long-standing paradoxical phenomenon of selective hepatic insulin resistance in 

T2D, in which impaired insulin signaling partially lost its ability to inhibit hepatic gluconeogenesis yet it 

retained its ability to promote hepatic lipogenesis (Laplante and Sabatini, 2010; Vatner et al., 2015). 

Recent study in yeast shown that glutamine, the preferred nitrogen source, activates mTORC1 

independently of Gtr/Rag (Stracka et al., 2014), which may explain the paradox and the above question. 

Moreover, it is known that excessive AAs down-regulate AMPK, thereby activating mTORC1 and in turn 

may induce insulin resistance (Saha et al., 2013). This can be another potential explanation that needs to 

be explored. We presumed that excessive glutamine contributes to this AMPK down-regulation, and our 

preliminary results seem consistent with this presumption (unpublished data). Therefore, due to these 

three aspects, it is worth to investigate the role of glutamine in stimulating mTORC1 in rainbow trout. 

Metformin, an antidiabetic drug, which activates AMPK (Hardie et al., 2012; Ouyang et al., 2011), should 

be considered for performing this potential investigation in the future. 

Glutamine activates HBP pathway 

As discussed previously, excessive glutamine may also attenuate insulin action by stimulating HBP 

pathway (Issad et al., 2010; Ruan et al., 2013; Slawson et al., 2010). And, to our knowledge, this pathway 

remains unexplored in any fish species yet. 
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Glutamine abundance 

Generally, glutamate and glutamine represent 20% of AA in animal proteins. Concerning fish, glutamine 

is synthesized from glutamate by ATP-dependent glutamine synthetase, which is abundant in brain, 

intestine, liver, red muscle, gill/kidney, white muscle and heart (Li et al., 2009). Glutamate is 

transaminated by many amino acids and the liver is the main site for such a transformation (Guillaume 

et al., 2001). Furthermore, carnivorous fish consume high dietary protein and possess consistently high 

rate of AA catabolism (Walton and Cowey, 1982). Thus, not surprisingly, glutamine is one of the most abundant free Ƚ-AA in fish plasma and muscle (Li et al., 2009). Presumably, abundant glutamine plays 

important functional and physiological roles in regulating metabolic pathways in trout. 

Due to these three major reasons above, we propose that it is worthy to explore the role(s) of glutamine 

in rainbow trout in the future. However, due to the complexity in vivo, especially the metabolite 

exchange between organs and hormonal effects, we suggest that it is better to carry out the potential 

experiments in vitro. 

3. The control of AA catabolism needs further investigations 

The observation that mTORC1 activation promotes hepatic AA catabolic gene expression would possess 

significant importance as it may account for the high protein requirement (Macdonald et al., 1984; 

Robert and Backus, 2008), poor inhibition of postprandial hepatic gluconeogenesis (Robert and Backus, 

2008), poor glucose utilization in peripheral tissues, as well as some other metabolic particularities in 

rainbow trout or general carnivores. Future work is highly required to investigate the mechanism(s) by 

which mTORC1 regulates AA catabolic gene expression/enzymes in rainbow trout. Furthermore, as no 

equivalent counterpart has been reported yet (even in mammals or cat) and rapamycin indeed can also 

affect some other proteins (like Akt, PI3K) through inhibition the mTORC1/S6K1-induced feedback loop 

(Benjamin et al., 2011), future work with other more specific mTOR inhibitors (i.e. Torin1 and PP242) or 

other manners (i.e. diets with different protein levels or using controlled-feeding method to provide 

varied protein intake) are needful to further confirm current conclusion.  

4. Measure the contribution of AA and AA catabolism to hepatic fatty acid biosynthesis and 

gluconeogenesis using tracer method 

Different from the demonstrations in rodents, chickens or humans (Abu-Elheiga et al., 2012; Allee et al., 

1971; Pichon et al., 2006; Rietman et al., 2014a; Uebanso et al., 2009), we observed that hepatic fatty 

acid biosynthetic gene expression in rainbow trout is more responsive to dietary protein intake/AAs 

than dietary carbohydrate intake/glucose during acute stimulations (Dai et al., 2015b). This
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demonstration is supported by previous investigations in fish (Figueiredo-Silva et al., 2009; Hemre et al., 

2002; Panserat et al., 2013; Seiliez et al., 2011a; Tocher, 2003). Therefore, we reason that, unlike rodents 

or humans, protein/AAs is a more potent mediator for stimulating hepatic lipogenesis compared to 

carbohydrate/glucose in rainbow trout, and AAs are probably used as substrates for hepatic lipogenesis. 

Furthermore, as we previously discussed in chapter 4.4, we presume that the persistent high rate of 

gluconeogenesis in rainbow trout is fed by AAs, and the amount of AA-derived carbon skeletons used for 

gluconeogenesis should be higher in trout than in herbivores and omnivores. Therefore, to further 

confirm the above two presumptions at nutrient flux level, future work with tracer method is needed to 

measure the true contributions of AAs and AA catabolism to fat and glucose synthesis. 

5. Explore more mTOR downstream target genes in rainbow trout using RNA-sequencing method 

We have demonstrated in current thesis that mTORC1 activation positively regulates AA catabolism 

gene expression (Dai et al., 2015b), which receives no equivalent reports in current available 

demonstrations in mammals. This discrepancy may due to the differences between mammals and fish or 

the differences between omnivores and carnivores. Hence, we propose to use RNA-sequencing or 

microarray method to go on exploring more mTOR downstream target genes in rainbow trout in the 

future in order to futher explore the role of mTOR in the regulation of fish physiology and perhaps 

identify parameters that may explain the metabolic features of carnivores (RNA-seq experiments have 

been performed on primary cell culture of hepatocytes, but data processing needs to be completed). 
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Amino acids regulate hepatic intermediary metabolism-related gene expression via mTORC1-
dependent manner in rainbow trout (Oncorhynchus mykiss) 

Abstract: During my doctoral study, we used rainbow trout, a representative carnivorous fish and relevant 
diabetic model, to study the mechanisms underlying the regulation of hepatic intermediary metabolism by 
nutrients (amino acids (AAs) and glucose), and determine the potential involvement of insulin/Akt and 
mTORC1 signaling pathways in these regulations. Using acute administration of rapamycin, a 
pharmacological inhibitor of TOR, we first identified that mTORC1 activation promotes the expression of 
genes related to fatty acid biosynthesis, glycolysis and amino acid catabolism, while Akt negatively regulates 
gluconeogenic gene expression in rainbow trout liver and primary hepatocytes. Furthermore, we 
demonstrated hepatic fatty acid biosynthetic gene expression is more responsive to dietary protein 
intake/AAs than dietary carbohydrate intake/glucose during acute stimulations in vivo and in vitro. Moreover, 
we further showed that high levels of AAs up-regulate hepatic fatty acid biosynthetic gene expression through 
an mTORC1-dependent manner, while excessive AAs attenuate insulin-mediated repression of 
gluconeogenesis through elevating IRS-1 Ser302 phosphorylation, which in turn impairs Akt phosphorylation 
and dampens insulin action. Finally, using glucose tolerance test and acute inhibition of rapamycin, we 
concluded that hepatic gluconeogenesis probably plays a major role in controlling glucose homeostasis, 
which maybe account for the prolonged hyperglycemia and glucose intolerance phenotype of carnivorous fish. 
The present thesis brings forward our understandings about the roles of protein/AAs in the regulation of 
hepatic intermediary metabolism in trout and identifies relevant cellular signaling pathways mediating the 
action of amino acids on metabolism. It also clarifies some nutritional characteristics of the trout. 

Key words: amino acids, insulin, lipogenesis, gluconeogenesis, glycolysis, amino acid catabolism, mTOR, Akt, 
liver, rainbow trout 

 

Les acides aminés régulent l'expression des gènes du métabolisme intermédiaire chez la truite 
par le biais de  mTORC1 (Oncorhynchus mykiss) 

Résumé: Au cours de ma thèse, nous avons utilisé la truite arc-en-ciel, un poisson carnivore et modèle 
potentiellement pertinent du diabète, pour étudier des mécanismes de régulation du métabolisme 
intermédiaire hépatique par les nutriments (acides aminés (AA) et le glucose). Nous nous sommes plus particulièrement intéressés aux voies de signalisation de lǯinsuline et des acides aminés ȋAkt et mTORCͳȌ. Grâce à lǯutilisation de rapamycine, un inhibiteur pharmacologique de mTORCͳ, nous avons montré que 
l'activation de mTORC1 stimule l'expression de gènes de la lipogenèse, de la glycolyse et du catabolisme des 
acides aminés, tandis que la voie de signalisation Akt inhibe celle des gènes impliqués dans la néoglucogenèse. 
Ces études ont été conduites dans le foie de truite ou en culture primaire dǯhépatocytes de truite arc-en-ciel. 
En outre, nous avons démontré lors de stimulations à court terme in vivo et in vitro que l'expression hépatique des gènes de la lipogenèse est plus sensible à l'apport de protéines alimentaires ou dǯAA quǯà l'apport de glucides  ou de glucose. De plus, nous avons observé que des taux élevés dǯAA conduisent, par le biais de lǯactivation de la voie de signalisation mTORC1, à une augmentation de l'expression des gènes lipogéniques mais surtout à une répression de lǯinhibition de lǯexpression des gènes de la néoglucogenèse induite par lǯinsuline. Cet effet sǯaccompagne dǯune augmentation de la phosphorylation de IRS-1 sur le résidu 
Ser302 qui pourrait être responsable de la baisse de phosphorylation d'Akt et par conséquent dǯune inhibition de lǯaction de l'insuline. Enfin, en réalisant un test de tolérance au glucose chez des truites préalablement 
traitées avec de la rapamycine, nous avons conclu que la néoglucogenèse hépatique joue un rôle 
probablement majeur dans le contrôle de l'homéostasie glucidique chez la truite. Ainsi, une absence dǯinhibition de la néoglucogenèse pourrait contribuer au maintien de l'hyperglycémie prolongée et au phénotype dǯintolérance au glucose caractéristique des poissons carnivores. Cette thèse met en avant le rôle 
des protéines/AA dans la régulation du métabolisme intermédiaire de la truite et identifie certaines voies de 
signalisation cellulaire sollicités par les acides aminés pour réguler le métabolisme. Elle permet ainsi dǯéclaircir certaines particularités nutritionnelles de la truite. 
Mots clés : acides aminés, insuline, lipogenèse, néoglucogenèse, glycolyse, catabolisme des acides aminés, 
mTOR, Akt,  foie, truite arc-en-ciel 
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