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Abstract: Tryptophan (Trp), Isoleucine (Ile) and valine (Val) play important roles on 

variety of physiological processes, but their mechanisms of action on regulation of growth 

and nutrients metabolism are not fully understood. The objective of study 1 was to assess 

the effect of dietary Trp on glucose and fat metabolism in a low birthweight piglet model. 

Seven-day-old piglets were assigned to 4 treatments: normal birthweight-0%Trp, Low 

Birth Weight-0%Trp (LBW-T0), LBW-0.4%Trp, and LBW-0.8%Trp for 3 weeks. The 

results of study 1 showed that Trp improved the hepatic lipid and glucose metabolism by 

reducing the lipogenesis, gluconeogenesis, and glucose efflux and increasing the lipolysis 

and glycolysis in LBW piglets. The objective of study 2 was to investigate the effect of a 

mixture of Val above and Ile at NRC levels on growth, nutrient digestibility and gut 

microbiota in pigs fed with very low protein (VLP) diets. Forty, three-week-old weaned 

piglets were randomly assigned to following dietary groups (8 pigs/group) for 5 weeks: 

positive control (PC): normal protein diet; negative control (NC): VLP diet with first four 

limiting amino acids  (FFL, i.e., Lys, Met, Thr, and Trp) at NRC levels; VA: NC with Val 

above NRC; IL: NC with Ile at NRC level; VAIL: NC with Val above and Ile at NRC 

levels. In this study we showed that VAIL partially improved the growth performance 

which is likely linked with alterations in gut microbiota composition. The objective of 
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NRC; 4) HI: NC with Ile above NRC; 5) HVI: NC with both Val and Ile above NRC. The 

results of study 3 demonstrated that a combination of dietary Val and Ile improved the 

growth, feed intake, and glucose clearance and decreased the rate of lipogenesis induced 

by VLP diets. 
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CHAPTER I 
 

 

INTRODUCTION 

 

1.1. Large neutral amino acids (LNAA) 

Amino acids (AA) were fundamental elements for the formation of early life. The existence of AA 

in extraterrestrial sources like meteorites [1] supported the fact that a significant evolutionary step 

resulted in ability to combine AA to form peptides and eventually proteins, which regulate 

biological processes [2]. Each AA has a carbon atom connected to a carboxyl group and an amino 

group as well as a distinct side chain, which confers various biological qualities and abilities [3]. 

Initially, 10 AA were suggested as proteinogenic AA including alanine, aspartate, glutamate, 

glycine, branched-chain AA (BCAA; isoleucine, leucine, valine), proline, serine, and threonine 

(Thr) [4]. Later, the sulfurous (methionine (Met)) and aromatic AA (tryptophan (Trp) and 

phenylalanine (Phe)) emerged [5]. Despite hundreds of AA in nature, mammals can only use 20 

AA for protein synthesis [6]. The 20 proteogenic AA are categorized into essential AA, which 

cannot be sufficiently synthesized in the body and must be obtained through the diet, and non-

essential AA which can be sufficiently synthesized in the body, depending on physiological 

conditions [2, 6, 7]. 
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Among essential AA, Trp, BCAA, Phe, Thr, Met, histidine (His) and from conditionally essential/non-

essential AA tyrosine (Tyr) are classified as a large neutral AA (LNAA) [8]. LNAA compete for their 

transporters and imbalance between these AA can lead to a reduction in feed intake [9, 10]. LNAA are 

not only crucial for protein synthesis and growth in both humans and animals, but also, they are 

involved in the metabolism of proteins, lipids, and carbohydrates. 

1.2. Role of LNAA on metabolic health and growth 

Tryptophan is one of the LNAA that is crucial for growth in animals [11-15] and humans [15-17]. 

Tryptophan plays variety of roles in physiologic and pathophysiologic processes and has complex 

impact on health [18]. Tryptophan is necessary for the production of biogenic amines, proteins, and the 

metabolism of energy. The majority of Trp metabolites have several local and systemic functions and 

are physiologically and chemically active. Therefore, Trp dysregulation has been linked to a number of 

pathologic conditions, such as diabetes, inflammatory bowel diseases, cancer, cardiovascular diseases, 

and central nervous system diseases [18].  

Similar to Trp, BCAA are important for the growth [19]. Branched chain AA signals have the power 

to directly or indirectly control a range of metabolic processes, including appetite, energy production, 

AA uptake, and immunity [20]. The balance of AA, particularly the balance of BCAA, is crucial for 

the healthy growth of humans and other animals because these AA play a key function in regulating 

signal pathways and cell metabolism [21]. 

Amino acids Phe and Tyr are required for the growth as well [22, 23]. The liver and kidneys can 

irreversibly hydroxylate Phe to produce Tyr, and the Phe supply activates the phenylalanine 

hydroxylase enzyme that catalyzes the conversion [24]. Tyrosine serves as a precursor for thyroid 

hormones, catecholamines, and melanin as well as being involved in protein synthesis [25]. Tyrosine 

is regarded as a conditionally essential amino acid since a Tyr shortfall can happen if the dietary Tyr 

supply is low or if there is not enough dietary Phe to synthesize Tyr [25]. The minimal and maximal 
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Phe requirements for humans have been established, e.g., when the diet is Tyr-free, the Phe requirement 

is the highest, and some of the Phe must be converted to Tyr to meet the Tyr requirement. In contrast, 

when the Tyr requirement is met, the Phe requirement is minor [23, 26]. Phenylalanine has been also 

reported as a necessary amino acid for the formation of neurotransmitters (norepinephrine, epinephrine, 

and dopamine), and regulates cholecystokinin secretion [27].  

Histidine is an indispensable amino acid in poultry, mammals, fish, and in some studies reported in 

ruminants [3, 28, 29]. Histidine has various roles in the histaminergic system, erythropoiesis, reactive 

oxygen, and nitrogen species scavenging, metal ion chelation, and proton buffering [30]. The 

antioxidant, anti-inflammatory, and anorexigenic characteristics of His might be beneficial for treating 

the metabolic syndrome. Histidine has been reported to decrease oxidative stress and generation of 

inflammatory cytokines, reactive oxygen species per reactive nitrogen species, and advanced glycation 

end products per advanced lipoxidation end products [30]. Histidine has beneficial effects on 

neurological disorders, atopic dermatitis, metabolic syndrome, diabetes, uraemic anaemia, ulcers, 

inflammatory bowel diseases, malignancies, and muscle performance during strenuous exercise [30]. 

Threonine or α-amino-β-hydroxybutyric acid was shown to be the third limiting amino acid in corn-

soybean meal-based diets for broilers and the second limiting amino acid for finishing pigs fed a corn-

soybean meal-based diet [31, 32]. The Thr has a key mediating role in the processes of protein synthesis, 

energy metabolism, and nutrition absorption [32-34]. Appropriate levels of dietary Thr have been 

shown to support animal growth, improve immunological function, and preserve intestinal health [35, 

36].  

Methionine is a sulfur containing AA which is the second or third limiting amino acid in corn-soybean 

meal diets for pigs and the first limiting amino acid in diets for poultry in maize-soybean based diets 

[37-39]. Methionine is involved in protein synthesis, methyl donation [40], antioxidant properties [41, 
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42], and serves as a precursor to bioactive substances including glutathione and taurine [40] which are 

critical to animal development and health status [43, 44].  

Animals' growth, development, and health are influenced by the interactions of all nutrients with one 

another [45]. LNAA may enhance the health, survival, growth, and development of animals through 

alterations in carbohydrate, lipid, and protein metabolism. 

1.3. LNAA: effects on glucose, lipid, and protein metabolism 

Tryptophan has been demonstrated to control the insulin and incretin secretion in animal studies [46]. 

The intragastric infusion of Trp with a glucose load lowers the blood glucose levels, most likely due to 

increased concentration of insulinotropic polypeptide [47]. Moreover, it has been demonstrated that 

Trp metabolite, 3-hydroxyanthranilic, reduce plasma lipid levels including triglycerides, total 

cholesterol, and very-low-density lipoprotein (VLDL) [48]. Tryptophan has been shown to reduce the 

protein degradation and improve the N utilization efficiency in pigs [49].  

Branched chain amino acids have a significant role in the regulation of lipid metabolism, insulin 

sensitivity and the mTOR (mammalian target of rapamycin) pathway [21]. Prior studies have shown 

that BCAA, particularly Leu, can suppress the intracellular lipid accumulation in adipocytes via 

stimulating mitochondrial biogenesis [50]. Multiple studies have shown that BCAA stimulate insulin 

secretion and upregulate the glucose transporters. Paradoxically, it has been shown high dietary BCAA 

levels increase the hyperphagia and obesity due to relative changes in the ratio of other AA specifically 

Trp and Thr [20]. Furthermore, recent studies indicate that each BCAA has varied impacts on glucose 

utilization and insulin sensitivity [51]. Further investigation is required to fully understand the effects 

of BCAA on glucose and lipid metabolism. 

Methionine, Phe, and Val stimulate the leptin secretion from adipocytes [48] and influence the fat 

metabolism [52]. Phenylalanine ingestion led to higher levels of glucagon and insulin and had an impact 

on glucose metabolism [53]. In AML12 hepatocytes, Ile, Phe, and His may change the extracellular 
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acidification rates, which is an indirect indicator of glycolysis [54]. Tyrosine metabolism has an impact 

on endogenous lipid synthesis pathway since its end products such as fumarate and acetoacetate are 

significant sources to convert to acetyl-CoA [55]. Through methylation, His controls both biological 

function and gene expression of proteins [3]. It has been demonstrated that rats fed with an excess 

dietary His lowered the blood cholesterol more than those fed with basal diet [56]. Dietary His reduced 

hepatic triglyceride and cholesterol as well as lipogenesis and cholesterol metabolism [57]. 

Additionally, His supplementation has been shown to increase the insulin sensitivity and reduce the 

hyperinsulinemia [58, 59].  

Threonine has been shown to enhance the serum lipid profile which shows the role of Thr on regulation 

of lipid metabolism. Threonine lowered the serum glucose, triacylglycerols, total cholesterol, and low-

density lipoprotein (LDL)-cholesterol concentrations relative to high fat diets [60]. Methionine's effect 

on lipid metabolism has also been addressed, primarily as a strategy for lowering insulin resistance, 

obesity, and type 2 diabetes [61]. Among LNAA, inconsistent results have been reported in the 

literature for the effect of Trp, Val and Ile on lipid, glucose and protein metabolism and that requires 

further research to be fully understood. 
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CHAPTER II 
 

 

 REVIEW OF LITERATURE 

 

Among LNAA, Trp, Ile and Val play important roles on variety of physiological processes 

including lipid, carbohydrate, and protein metabolism. Therefore, the objective of this literature 

review is to summarize the 1) digestion, absorption, and metabolism of fats, carbohydrates, and 

proteins, 2) role of Trp, Val and Ile on protein, carbohydrate, and lipid metabolism. 

2.1. Digestion, absorption, and metabolism of fats 

2.1.1. Fat digestion 

Triglycerides, phospholipids, cholesterol, and cholesterol esters are the main dietary lipids; 

nevertheless, triglycerides are nearly 90% of total dietary lipids [1]. Triglycerides need to be broken 

down into free fatty acids and monoglycerides in order to be absorbed [2, 3]. Lingual lipase of 

saliva and gastric lipase synthesized by the chief cells of stomach are involved in initial steps of 

fats digestion [2]. Fats emulsification in the small intestine facilitates the function of pancreatic 

lipase on fat droplets [1]. During emulsification large lipid globules are split into smaller droplets 

with a high surface area to volume ratio [1]. The primary emulsifiers are bile acids and the 

phospholipid lecithin, both of which are produced in the liver and secreted through bile duct into 

small intestine [1, 2]. 
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Although gastric lipase is released into the stomach, its role in fat digestion is secondary to the 

enzymatic processes that take place in the small intestine in association with bile salts [2, 3]. 

Enteroendocrine cells in the duodenal epithelium detect the release of chyme into the duodenum 

and produce hormones that direct processes leading to lipid breakdown [3]. The release of secretin 

from enteroendocrine S-cells is initiated by the chyme's acidity. When secretin acts on the 

pancreatic ducts, bicarbonate-rich secretions are released, which increase the pH of the duodenal 

contents for optimal function of digestive enzymes. Cholecystokinin (CCK) is released into the 

circulation by enteroendocrine I-cells in response to lipids in the lumen, and this is the main signal 

for pancreatic acinar cells to secrete their digestive enzymes. Moreover, CCK causes gallbladder 

contraction, which releases bile salts into the lumen, delays gastric emptying for the optimum lipid 

digestion, and activates the CCK1 receptor on afferent vagal neurons. Although gastric and lingual 

lipases continue to function in the small intestine and work in concert with pancreatic lipase, up to 

70% of the hydrolysis of triglycerides is carried out by pancreatic lipase, the main enzyme involved 

in triglyceride digestion [3]. The protein colipase stabilizes lipase against surface denaturation and 

improves its attaching to lipid emulsions; therefore, it is necessary for pancreatic lipase activity [2-

5]. Further, pancreatic cholesterol esterase breaks down cholesterol esters and produce fatty acid 

and cholesterol and the pancreatic phospholipase A2 disassembles phospholipid into its fatty acid 

and phosphate group attached to glycerol backbone [1]. 

2.1.2. Fat absorption and metabolism 

In the state of health, the digestive tract effectively absorbs 95% of the consumed fat; the remaining 

5% is expelled in feces [3]. After being broken down by pancreatic lipase, a part of the triglycerides 

and fatty acids may condense into vesicles before transport to the intestinal mucosa [6]. As free 

fatty acids are formed, they combine with the bile salts to form micelles with a diameter of around 

2 nm [3]. Micelles facilitate fatty acids absorption in the small intestine by bringing hydrophobic 

lipid digestion products close enough to the brush border [1]. Through the enterocyte membrane, 
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micelles and fatty acids are absorbed by passive diffusion, facilitated diffusion, and active transport 

[7]. Bile salts mainly reabsorbed in the terminal ileum and then transferred to the liver 

(enterohepatic recirculation) [3]. Fatty Acid Transporter 4 and cluster of differentiation 36 (CD36), 

two proteins that are known to transport fatty acids, are expressed apically in jejunal enterocytes, 

which may enhance the transfer of fatty acids from the lumen into the epithelium [3]. 

In the bloodstream, large concentrations of free fatty acids and cholesterol are toxic, therefore, they 

must be converted to triglycerides and cholesterol esters in the cytoplasm of enterocytes [1]. Fatty 

acids bind to a protein called fatty-acid binding protein in the cytosol, which moves them from the 

cell membrane to the smooth endoplasmic reticulum (ER) to form triglycerides and phospholipids 

from fatty acids and monoglycerides [7]. Triglycerides and apolipoproteins then combined in rough 

ER to form chylomicrons, which are transported to the Golgi apparatus to exit with secretory 

vesicle out of the cell [2, 3, 7]. Chylomicrons are solubilized by apolipoprotein component, but due 

to their size, they cannot penetrate capillaries and must instead enter the systemic circulation 

through the lymphatics. Shorter chain lipids are soluble in the blood in the absence of 

apolipoprotein, and they simply transferred into capillaries [3].  

Triacylglycerol is delivered by chylomicrons mostly to peripheral tissues where it is stored or used 

as fuel and the remaining lipid is delivered to liver [2]. Triacylglycerol must go through lipolysis 

by lipoprotein lipase (LPL) within blood vessels before its uptake [8]. Lipoprotein lipase controls 

plasma triacylglycerol concentration through hydrolyzing VLDL and chylomicrons [9]. LPL is 

expressed in the heart, skeletal muscle, brown adipose tissue, and white adipose tissue that oxidize 

or store substantial amounts of fatty acids. The protein GPI-anchored protein HDL binding protein 

transfers LPL and then binds it to the capillary endothelium [10, 11]. The hydrolytic cleavage of 

triglycerides into fatty acids and glycerol is catalyzed by LPL [12]. Free fatty acid and 

diacylglycerol absorbed by tissues [2]. The part of chylomicron that is left is called chylomicron 

remnant which is removed from circulation by hepatocytes [2].  
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The absorbed glycerol in tissues is used through glycolysis for energy and gluconeogenesis for 

glucose production. Fatty acids are first activated by acyl-CoA synthase by formation of fatty acyl-

CoA. Short chain fatty acids pass through mitochondria without carriers while long chain fatty 

acids pass to mitochondrial matrix via carnitine palmitoyltransferase 1 (CPT1), carnitine 

palmitoyltransferase 2 (CPT2) and translocase. Then, fatty acyl-CoA goes through beta oxidation 

and produce acetyl-CoA [2]. Hormone sensitive lipase (HSL) is a key enzyme for lipolysis that is 

stimulated by epinephrine, norepinephrine, adrenocorticotropic hormone (ACTH), thyroid 

stimulating hormone, glucagon and growth hormone while insulin inhibits its activity [2]. 

Lipogenesis is a metabolic process by which acetyl-CoA carboxylase (ACC) first converts acetyl 

CoA into malonyl-CoA, and then fatty acid synthase (FAS) uses acetyl-CoA, malonyl-CoA, and 

NADPH to create fatty acids [13]. In the last step of lipogenesis, three free fatty acids and one 

glycerol are combined to form a triglyceride with diacylglycerol acyltransferase [13]. There are 

several regulators controlling the lipogenesis process. For example, the membrane-bound 

transcription factor sterol regulatory element-binding proteins (SREBPs) significantly upregulate 

the genes involved in the generation and absorption of fatty acids [14]. Additionally, nuclear 

receptor peroxisome proliferator-activated receptors (PPARs) enhance fatty acid synthesis by 

stimulating the expression of acyl-CoA synthetase and fatty acid transport protein [15].  

2.2. Digestion, absorption, and metabolism of carbohydrate 

2.2.1. Carbohydrate digestion 

Carbohydrate digestion starts from oral cavity with the function of salivary amylase, which is 

secreted by the parotid and submandibular glands, and breaks starch into simpler disaccharides and 

trisaccharides. Salivary amylase is inactive at the stomach's acidic pH. Pancreatic α-amylase 

hydrolyzes the residual polysaccharides upon passage into the duodenum to produce disaccharides 

and trisaccharides [1-3]. Maltose, maltotriose (isomaltose), trisaccharides, oligosaccharides, and α-

limit dextrins are formed as a result of the breakdown of complex carbohydrates by pancreatic α-
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amylase [16]. Prior to the absorption, di-, tri-, and oligosaccharides are digested by brush border 

enzymes [17]. Maltase, a member of the brush-border membrane enzyme family, hydrolyzes the 

α-1,4-glycosidic links between the glucose molecules in maltose [16]. Limit dextrinase, also 

referred as isomaltase, hydrolyzes α-1,6-glycosidic bonds at the branch points of certain limit 

dextrins and α-1,4-glycosidic links in maltose and maltotriose [17]. Sucrase breaks sucrose by 

hydrolyzing the α-1,2-glycosidic bonds between glucose and fructose. Glucosyl-ceramidase breaks 

β-glycosidic bonds between hydrophobic residues like those in the glycolipid’s glucosylceramide 

and galatosylceramide and glucose or galactose. Lactase breaks the β-1,4 bonds between glucose 

and galactose [16]. 

2.2.2. Carbohydrate absorption and metabolism 

Epithelial cells can only absorb monosaccharides like glucose, galactose, and fructose. These 

molecules are absorbed in intestine through two primary transporter proteins, sodium-glucose 

transport protein-1 (SGLT1) and glucose transport protein-5 (GLUT5). Galactose and glucose are 

both absorbed by SGLT-1, which is powered by the energy of a strong extracellular Na+ gradient. 

Two Na+ are transferred for every glucose or galactose molecule. The Na+/K+-ATPase pumps in 

the membrane of enterocytes, which pump Na+ back out of the cell, keep the gradient. Further, 

fructose is transported by GLUT5 without the need for sodium gradient [2, 3]. The glucose transport 

protein-2 (GLUT-2), a cotransporter for all three monosaccharides, then allows monosaccharides 

to exit the cell basolaterally and reach the bloodstream [1-3]. The portal vein and hepatic artery 

carry glucose, galactose and fructose to the hepatic cells from the intestine and the systemic 

circulation, respectively [18]. 

In many cell types, such as the brain and epithelial layers, GLUT-1 is in charge of supplying a basic 

level of glucose. GLUT-2, which is mostly present in liver and kidney cells, in addition to absorbing 

glucose, may also transport glucose into the blood when plasma concentrations are low [19]. The 
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perfect synchronization of glucose utilization and endogenous glucose synthesis or dietary glucose 

intake is necessary to maintain a normal plasma glucose level [20]. Three processes regulate blood 

glucose level including glycogenolysis, gluconeogenesis, and intestinal absorption of dietary 

carbohydrates. Glucose takes several pathways in cells including storage as glycogen, conversion 

to pyruvate during glycolysis, and release into the bloodstream by the liver and kidneys. Liver and 

kidney are the organs that contains the enzyme glucose-6-phosphatase required for the release of 

glucose into the bloodstream [20]. Plasma glucose concentration is regulated by the rate of glucose 

entering the circulation (glucose appearance) and the rate of glucose removal from circulation 

(glucose disappearance) [21]. Glucoregulatory hormones including insulin, glucagon, amylin, 

glucagon like peptide-1, gastric inhibitory peptide (GIP), epinephrine, cortisol and growth hormone 

contribute to maintain circulating glucose concentration [22]. Insulin is an anabolic hormone that 

is secreted from pancreatic β cell in response to high blood glucose and AA in the fed state. Insulin 

receptors in many cells such as fat, liver, and muscle regulate postprandial glucose levels by 

stimulating glucose disappearance [22]. 

Liver is one of the main organs that regulates glucose metabolism through glycogenesis, and 

glycolysis in fed state, and gluconeogenesis, and glycogenolysis in fast state [2]. Inside liver cells 

free glucose is phosphorylated to glucose 6-phosphate (G6P) by glucokinase (GCK) [23]. Multiple 

metabolic actions can use glucose 6-phosphate, including oxidation to start the pentose phosphate 

pathway and synthesis of uridine diphosphate (UDP)-glucose and fructose 6-phosphate. UDP-

glucose is used to generate the glycogen, UDP-glucuronate, and UDP-galactose [18]. After meals, 

the majority of the glucose that enters the hepatocyte is converted to glycogen via glycogenesis and 

stored as a supply of energy that can be used during fasting [24]. There are two rate limiting 

enzymes for glycogenesis including GCK, and glycogen synthesis which is stimulated by insulin 

[2]. A series of metabolic pathways, including glycolysis in the cytosol, the tricarboxylic acid 

(TCA) cycle, and the respiratory chain in the mitochondrial network, convert glucose to carbon 
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dioxide. In the cytosol, glycolysis converts glucose into pyruvate while also generating a small 

quantity of ATP and NADH. Glycolysis is regulated by 3 rate limiting enzymes including GCK or 

hexokinase, phosphofructokinase-1 (PFK-1) and pyruvate kinase (PK). GCK is upregulated by 

insulin and negatively regulated by glucose-6-phosphate (G6P). Phosphofructokinase-1 is 

allosterically inhibited by ATP, citrate and is activated by AMP, fructose1,2 bisphosphates. 

Pyruvate kinase is allosterically activated by AMP and fructose1,6 bisphosphates and is inhibited 

by ATP, alanine and acetyl-CoA and covalently regulated by glucagon [2, 18]. Glycogenolysis, or 

the breakdown of glycogen, and de novo glucose synthesis or gluconeogenesis are the sources of 

hepatic glucose. As the glycogen storage is exhausted, glycogenolysis reduces, making 

gluconeogenesis the body's main source of glucose [25]. In glycogenolysis pathway glycogen 

phosphorylase is a rate limiting enzyme which allosterically inhibited by ATP, G6P and is activated 

by AMP and covalently is activated by glucagon and catecholamine. In gluconeogenesis, the initial 

process from lactate and alanine takes place inside the mitochondria and involves the carboxylation 

of pyruvate into oxaloacetate by pyruvate carboxylase (PC) which is allosterically inhibited by 

ADP and is activated by acetyl-CoA. Then, oxaloacetate is converted to phosphoenolpyruvate 

through the action of the enzyme phosphoenolpyruvate carboxykinase (PEPCK) which is 

allosterically inhibited by ADP, and PC [2]. Phosphoenolpyruvate is converted into fructose 1,6-

bisphosphate, which can then be turned into fructose 6-phosphate by fructose 1,6-bisphosphatase.  

Fructose 1,6-bisphosphatase is allosterically inhibited by AMP, fructose 2,6 bisphosphate and is 

activated by citrate. Glucose 6-phosphate can be produced from fructose 6-phosphate and glucose 

6 phosphatase can convert glucose 6-phosphate into glucose [2, 26]. Glucose-6-phosphatase is 

negatively regulated by its substrate, which is glucose-6-phosphate [2]. 

2.3. Digestion, absorption, and metabolism of proteins 

2.3.1. Protein digestion 
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Salivary secretions do not contain proteolytic enzymes; thus, stomach is the first site for protein 

digestion. Pro-enzyme pepsinogen, which is released by the gastric chief cells is activated to pepsin 

in a low pH environment of stomach. Although pepsin breaks down proteins and polypeptides into 

smaller peptides; the majority of ingested proteins pass to the small intestine in the form of 

polypeptides [1, 3]. The release of free AA in the stomach triggers the production of gastric acid, 

CCK, and secretin and stimulates the emptying of the stomach's contents into the duodenum. In the 

neutral pH of the small intestine, where pancreatic acinar proteases are the primary enzymes for 

proteolysis, gastric pepsin becomes inactive [1, 7, 27]. The majority of protein digestion is carried 

out in the small intestine by pancreatic digestive enzymes. The brush-border enzyme enterokinase 

is responsible for activating pancreatic trypsinogen. When activated, trypsin can convert 

trypsinogen to trypsin through an autocatalytic process [1, 7, 27]. Trypsin also converts the other 

proenzymes of pancreas to their active form. Following their activation, the pancreatic enzymes 

trypsin, chymotrypsin, elastase, and carboxypeptidase break polypeptides into oligopeptides, which 

are short chains of several AA [1, 7, 27]. In the small intestine epithelium's brush border, the last 

phase of protein digestion takes place where oligopeptides are completely broken down by 

membrane-bound peptidases into single AA, dipeptides, or tripeptides [1-3, 7]. 

2.3.2. Protein absorption and metabolism 

Electrochemical gradients including Na+ and, occasionally, Cl- facilitate AA absorption to 

enterocytes. Further, a Na+/H+ exchanger expressed on the luminal enterocyte membrane provides 

an H+ concentration gradient that drives the transport of dipeptides and tripeptides. The peptide 

transporter 1, is in charge of the intestinal peptide transport system. The jejunum has been 

demonstrated to absorb di- or tripeptides more quickly than free AA. Cytosolic peptidases cleave 

the dipeptides and tripeptides into individual AA once they enter the enterocytes. Single AA are 

passively transported from the basolateral membrane into the portal system that will take them to 

liver or peripheral tissues [1-3, 7, 28]. Uptake of the AA into liver and other tissues take place by 
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the similar transporters found in intestinal cell membranes such as sodium dependent system 

SLC7A5, SLC16A, SLC36A, and SLC38A [2, 29]. Liver is the first place for uptake and 

catabolism of AA except for BCAA which are mainly utilized by muscle and heart [2]. 

In normal condition at a specific developmental stage, the metabolic pool of free AA in organs, 

cells, and intracellular organelles remains stable which reflects the delicate balance between the 

exogenous and endogenous availability of AA and their utilization [28]. The concentrations of AAs 

in the plasma and tissues do not significantly change during the postabsorptive state [28, 30]. It is 

notable that free AA concentrations in the plasma and tissues differ depending on the species, stage 

of development, nutritional status, endocrine status, level of physical activity, time of day, and 

presence of diseases [31-34]. 

It is crucial to discuss protein metabolism, including the processes for synthesis and break down of 

proteins as well as the regulatory mechanisms [35]. Protein synthesis is the process of translating 

mRNA into protein, carried out by the ribosomes. Through the formation of peptide bonds, the 

ribosomes catalyze the connection of AA in the new synthesized protein. The three main stages of 

protein synthesis—initiation, elongation, and termination—are regulated by the phosphorylation or 

dephosphorylation of several protein factors. Eukaryotic initiation factors (eIFs) are proteins that 

mediate important steps in initiation of the translation, including the recruitment of the mRNA to 

the small (40S) ribosome subunit (eIF4) and the recruitment of the initiator methionyl-tRNA (Met-

tRNA) which identifies the start codon at the onset of the coding region [36, 37]. Preinitiation 

complex (40S subunit and Met-tRNA), through a procedure known as scanning, checks 5’-

untranslated regions of mRNA for a proper start codon. Eukaryotic elongation factors (eEF1) and 

eEF2, are necessary for elongation in mammalian cells. The function of eEF2 is to facilitate the 

ribosome moves by one codon, then the peptidyl-tRNA migrates from the A site to the P site of the 

ribosome after the formation of a new peptide bond [37, 38]. The terminating codon (e.g., UGA, 

UAG, or UAA) on the mRNA, detects the end of polypeptide chain elongation in the A site after 
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several cycles of elongation [28]. Several elements engaged in the initiation and elongation phases 

of translation are under the regulation of mTOR. Rapamycin prevents insulin, growth hormones, 

and other growth-promoting agonists from rapidly activating protein synthesis, indicating that 

mTOR signaling is crucial for stimulating the translational machinery. It has been shown that 

mTOR signaling regulates the cell's ability to translate via the short- and long-term (minutes and 

hours, respectively) activation of translation, which leads to increase in the number of ribosomes 

and other translational components [37]. mTOR or FK506 binding protein 12-rapamycin associated 

protein 1 has been shown as a principal cell signaling cascade that controls protein synthesis, 

cytoskeleton remodeling, and autophagy-mediated intracellular protein degradation and is an 

utmost conserved serine/threonine protein kinase [39, 40]. mTOR is formed by two distinct 

complexes which are structurally and functionally different in cells including mTOR complex 1 

(mTORC1) and mTOR complex 2 (mTORC2) [41]. mTORC1 promotes protein synthesis and other 

anabolic activities to support cellular growth and proliferation as well as inhibition of autophagy 

by phosphorylating eIF4E-binding protein-1 (4E-BP1) and ribosomal protein S6 kinase-1 (S6K1) 

[27]. mTORC2 also has been shown to control cell proliferation, differentiation, migration, and 

cytoskeletal rearrangement by phosphorylating protein kinase B/Akt [42]. Insulin and AA, which 

activate mTOR, can also activate elongation. The majority of the substantial energy required for 

protein synthesis is expended during elongation; therefore, inhibiting mTOR through AMPK would 

phosphorylate and activate eEF2 kinase to slow down the elongation and save energy [43, 44]. In 

eukaryotic cells, there are two primary pathways for the degradation of proteins: one for cytosolic 

and nuclear proteins (ubiquitin-proteasome pathway), and another for proteins found in or as a 

component of major intracellular structures such as vesicles and organelles (lysosomal proteolysis) 

[35]. 

Ammonia is a product of protein and AA metabolism which can be toxic for organelles [45-47]. 

Urea cycle is a critical pathway for detoxifying ammonia in mammals [46, 48]. There are 5 rate 
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limiting enzymes and two carriers in urea cycle including carbamoyl phosphate synthetase-I 

(CPS1), ornithine transcarboxylase (OTC), arginosuccinate synthetase (ASS), arginosuccinate 

lyase (ASL), arginase (ARG1), mitochondrial ornithine transporter 1 (ORNT1), and the 

mitochondrial aspartate/glutamate transporter (citrin) [47, 49, 50]. The initial step of urea cycle 

begins with the transfer of ammonia to a phosphorylated molecule of bicarbonate by carbamoyl 

phosphate synthase [47, 51]. The synthesis of citrulline from carbamoyl phosphate and ornithine is 

catalyzed by OTC [52]. ASS converts citrulline to arginosuccinate, the precursor of arginine [53]. 

ASL converts arginosuccinate to fumarate and arginine [54] and ARG catalyzes the conversion of 

arginine into ornithine and urea [55]. Deficiency in urea cycle enzymes or transporters results in 

urinary cycle disorders [50]. Nitrogen balance in the body is regulated by urea generation [56, 57]. 

Although mammalian tissues are unable to further utilize urea, urea significantly limits ureagenesis 

as a form of negative feedback regulation [58]. 

2.4. Tryptophan: effects on glucose, lipid, and protein metabolism 

2.4.1. Tryptophan structure 

Tryptophan is the sole AA found in proteins derived from indole, a bicyclic ring constituted from 

a benzene and a pyrrole group which is connected to an α-carbon by a -CH2-group. In comparison 

to other AA, Trp has the highest level of hydrophobic properties due to the indole ring present in 

its chemical composition. Tryptophan is assumed to have the simplest structure among all potential 

indole AA, which leads to retain in protein of living organisms. Tryptophan has the highest carbon 

atoms (C11); hence the addition of further carbon atoms is not required. The benefit of preserved 

indole in biological chemistry comes from the ability to use its C11 skeleton in metabolism or from 

the ability to use it as a -R residue in proteins and peptides to support and stabilize their structure 

[59]. Tryptophan -R groups must be present in specific domains for a protein to be stable to the 

phospholipid bilayer, such as the transmembrane domains of membrane-bound proteins (Figure 

2.1) [60]. Tryptophan residues in the AA sequence of small bioactive peptides can function as 
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melanocortin peptides, innate immune system defensive antimicrobial peptides, or endogenous 

anti-inflammatory or antiobesity peptides [61, 62]. 

 

Figure 2.1. Tryptophan and other indole-containing compounds [59] 

2.4.2. Tryptophan functions 



26 
 

As an essential AA, Trp is involved in numerous physiological functions [63]. Under health and 

disease conditions Trp and its metabolites have therapeutic benefits. In addition to being 

incorporated into body proteins, Trp serves as a precursor for the synthesis of serotonin, niacin 

CO2, and kynurenic and xanthurenic acids. Tryptophan controls immune response during 

infections, inflammations and pregnancy and known to influence mood disorders [63]. 

2.4.3. Tryptophan metabolism 

After absorption, Trp can enter either to the protein metabolism and synthesis or multiple metabolic 

pathways. Tryptophan metabolism can be split into two primary pathways. First, pathways that 

maintain the integrity of the indole ring to produce messengers such as serotonin (5-

hydroxytryptamine (5-HT)), N-acetyl-5-HT, and melatonin as well as the trace amine tryptamine 

and derivatives. Roughly 3-10 % of Trp goes to this pathway. Second, pathways that breaks the 

indole ring to produce the kynurenine path, kynurenines, nicotinic acid, and the synthesis of 

nicotinamide adenine dinucleotide (NAD+). About 90% of Trp goes to this pathway (Figure 2.2) 

[59]. 
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Figure 2.2. Tryptophan metabolic routes in humans [64] 

Serotonin, a Trp derivatives, is an essential neuromediator that controls gastrointestinal processes, 

mood, appetite, and hemodynamics. The conversion of Trp to serotonin includes the synthesis of 

5-hydroxytryptophan by the tryptophan hydroxylase and decarboxylation of 5-hydroxytryptophan 

into serotonin using vitamin B6 as a cofactor. It is important to highlight that tryptophan 

hydroxylase exists in two distinct isoforms, tryptophan hydroxylase-1 in enterochromaffin cells 

and tryptophan hydroxylase-2 in neurons (Figure 2.3) [63]. 
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Figure 2.3. Tryptophan metabolism: serotonin pathway [64] 

The kynurenine (KNY) pathway, which is a key catabolic pathway for Trp, is crucial for the 

production of nicotinic acid (niacin), quinolinic acid, kynurenic acid, and xanthurenic acid [65]. 

The initial phase of Trp breakdown, the synthesis of N-formyl kynurenine, is catalyzed by 

tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenases (IDO-1 and IDO-2). These 

enzymes differ from one another in their tissue location, structure, substrate selectivity, cofactor 

need, and activity. They also differ in how they catalyze the identical oxidation reaction involving 

the breakdown of the pyrrole ring to generate N-formylkynurenine [63, 64]. TDO is primarily found 

in the liver, while it can also be expressed in the brain [66, 67]. This enzyme is stimulated by its 

substrate Trp, glucocorticoids and the cofactor heme [68-71]. Further, IDO-1 is present in many 

tissues, but IDO-2 is mostly found in the kidney, liver, and brain [64]. Pro-inflammatory cytokines, 

interferon, bacteria lipopolysaccharides, viruses, and tumor cells all control IDO enzymes [72-74]. 

Moreover, N-formylkynurenine formamidase transforms N-formyl kynurenine to KYN once it has 

formed. The enzymes KYN aminotransferase and kynureninase transform KYN into kynurenic 

acid and anthranilic acid, respectively. In addition, kynurenine 3-monooxygenase converts KYN 

into 3-hydroxykynurenine, which is then transaminated to xanthurenic acid. Then kynureninase 

converts xanthurenic acid to to 3-hydroxyanthranilic acid. Moreover, nicotinic acid and quinolinic 

acid can be produced from 3-hydroxyanthranilic acid via 3-hydroxyanthranilate 3,4-dioxygenase. 
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Then quinolinic acid is converted to picolinic acid. Further, nicotinic acid, the precursor for the 

NAD coenzyme, is produced through decarboxylation of quinolinic acid (Figure 2.4) [64]. 

 

Figure 2.4.Tryptophan metabolism: kynurenine pathway [64] 

2.4.4. Effect of Trp on lipid metabolism 
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Previous research demonstrated that liver lipid content considerably decreased when Trp was 

increased in the diet of growing broiler chicks suggestive of a potential link between Trp and lipid 

metabolism [75]. Intragastric administration of Trp to rats reduced the fat deposition, unsaturated 

lipids, LDL, VLDL, and triglycerides concentrations in the serum and increased the ratio of 

acetoacetate and hydroxybutyrate, the two main byproducts of fatty acid oxidation in the rat liver 

[76, 77]. Moreover, a study demonstrated that Trp degradation by indoleamine 2, 3-dioxygenase 

enhanced the fatty acids beta oxidation in CD4+ T cells of human mixed lymphocyte reactions by 

activating CPT1. In support of this view, malonyl-CoA is reduced by Trp which allosterically 

control CPT1 [78]. Further, the other study showed that Trp metabolite, melatonin, prevents the 

oxidative stress resulting in lower hyperglycemia and hyperlipidemia during type 1 diabetes 

mellitus [79]. Further research is needed to better understand the molecular pathways for lipid 

metabolism regulated by Trp. 

2.4.5. Effect of Trp on glucose metabolism 

There are controversial data on the effect of Trp on glucose metabolism. Some studies reported that 

Trp might stimulate glucagon secretion which stimulates the glycogenolysis and gluconeogenesis 

[80]. In contrast, other studies have shown that Trp reduces the circulating glucose concentration 

via different pathways [81]. Tryptophan may reduce the glucose absorption in small intestine 

through reducing the protein abundance of SGLT1 [81]. Further, tryptamine, a Trp metabolite, was 

found to increase the rate of glucose uptake in adipocytes by stimulation of insulin [81]. In addition, 

tryptamine-induced insulin may result in hypoglycemia in normal mice [82]. Another Trp 

metabolites is melatonin which can enhance the insulin action and pancreatic beta cells functions 

[83]. In rats, removing the pineal gland increased glucose [84] and glucagon and lowered insulin 

levels to baseline level [85]. It has been demonstrated that pinealectomized rats develop hepatic 

insulin resistance and increase gluconeogenesis and PEPCK expression [86]. An insulin-resistant 

mouse model demonstrated an enhancement in glucose metabolism after treatment with melatonin 
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[87]. Moreover, serotonin, has been found to increase glucose absorption in skeletal muscle and 

liver, followed by glycogen synthase, by activating cyclin dependent kinase 5 [88-90]. Niacin is 

another Trp metabolite which is important for glucose metabolism [91]. According to several 

studies, Trp administration in normal and adrenalectomized rats reduced PEPCK activity [92]. Of 

note, some studies showed the paradoxical effect of Trp on PEPCK activity in rat and mice [93, 

94]. Another process that Trp may have a role, is glycolysis which glucose is converted to pyruvate 

by producing energy. Tryptophan either had no effect on GCK expression in rats [95] or decreased 

GCK expression in blunt snout bream [96]. 

2.4.6. Effect of Trp on protein metabolism 

A particular aminoacyl-tRNA synthetase is activated during the production of proteins and uses 

ATP hydrolysis to transfer Trp to the appropriate tRNA. This enzyme has two isoforms in the 

cytoplasm and mitochondria [97]. Tryptophanyl-tRNA synthetases isoforms serve important roles 

in protein synthesis, innate immunity control, angiogenesis, and IFN- signaling. They are formed 

through alternative splicing and proteolytic cleavage [98]. Regarding protein degradation, plasma 

nitrogen is used as criteria for the protein utilization efficiency. Plasma urea nitrogen in pigs fed 

with dietary Trp was decreased which indicates that protein degradation was reduced or utilization 

of nitrogen was improved [99]. Consistent with other studies, increased dietary Trp reduced the 

excreted nitrogen and urinary nitrogen, and increased the protein deposition in pigs fed with Trp-

limiting diets [100]. The reduction in plasma urea nitrogen might be due to effect of Trp on 

reduction of gluconeogenesis via PEPCK. It has been shown that Trp reduced both the activity and 

mRNA expression of PEPCK resulting in an increased oxaloacetate and other metabolites of citric 

acid cycle. Therefore, transamination of glutamate into alpha ketoglutarate was promoted which 

resulted in using ammonia and reducing plasma nitrogen. On the other hand, local CO2 production 

in the liver was reduced as a result of partial suppression of oxaloacetate decarboxylation, leading 

to carbamoyl phosphate accumulation. Therefore, citrulline formation and urea production 
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decreased. Moreover, Trp metabolites could reduce the rate of oxidative phosphorylation, in which 

causes a lower carbamoyl phosphate synthetase activity [101]. 

2.5. Isoleucine: effects on glucose, lipid, and protein metabolism 

2.5.1. Isoleucine structure 

The unsubstituted aliphatic chain with the branched 

alkyl group in BCAA makes them among the most 

hydrophobic AA [102]. Leucine and Ile both have 

isobutyl groups as their side chains, and their 

branching occurs on the γ- and β-carbons, 

respectively (Figure 2.5) [103]. When a side chain is 

aliphatic, it solely has hydrogen and carbon atoms. In 

contrast to other AA, which only have one non-

hydrogen substituent connected to their Cβ carbon, 

Ile and Val have two of them which means these AA preferred 

to lie in β-sheets rather than α-helical conformation [104]. 

Isoleucine prefers to be in the hydrophobic cores of proteins because of its hydrophobic properties. 

Moreover, BCAA are essential for globular shape of proteins and the interaction of phospholipid 

bilayers with transmembrane domains [102]. 

2.5.2. Isoleucine functions 

Isoleucine is considered as both glucogenic and ketogenic [105] and plays a crucial role in 

physiological processes, including growth, immunity, protein metabolism, fatty acid metabolism, 

and glucose transport. The immune system, including immune cells, organs, and reactive 

chemicals, can be enhanced by Ile. A host's innate and adaptive immunity can be regulated by 

defense peptides, such as β-defensins, which their expression can be regulated by Ile [106]. 

Figure 2.5. Isoleucine chemical 

structure from shutterstock.com. 
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2.5.3. Isoleucine metabolism 

The majority of BCAA are readily available for metabolism in skeletal muscle and other tissues, 

except liver. However, after being transformed into α-ketoacids in other tissues, BCAA ketoacids 

enter into the liver for further metabolism [107]. BCAA are catabolized into branched-chain α-

ketoacids by the enzyme branched-chain aminotransferase (BCAT). Isoleucine is converted into α-

keto-β-methylvalerate by the removal of its amino group by BCAT. In the following step, 

branched-chain α-ketoacid dehydrogenase (BCKD), decarboxylates α-keto-β-methylvalerate 

which after series of reactions, acetyl-CoA and succinyl-CoA formed to fuel TCA cycle or other 

metabolic pathway (Figure 2.6) [2, 108]. 
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Figure 2.6. Isoleucine and Val catabolism pathway [109] 

2.5.4. Effect of Ile on lipid metabolism 
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Isoleucine (α-amino-β-methylvaleric acid) is a multifunctioning BCAA which plays a role in lipid 

metabolism. Isoleucine affects adipose tissue hormones such as leptin and adiponectin, leading to 

reduced adiposity in white adipose tissue. Isoleucine can decrease leptin and increase adiponectin 

hormones in obese mice [110]. It has been shown that high level of leptin during high fat diet-

induced obesity is decreased by dietary Ile in mice [111]. Moreover, Ile can reduce triglyceride 

concentration in skeletal muscle and liver presumably via the action of adiponectin [111]. In diet-

induced obese mice, Ile reduces adiposity via mobilization of lipid without affecting the food intake 

[111]. It has been reported that Ile has no effect on the expression of brown adipose tissue 

uncoupling protein 1 (UCP-1), suggesting that reduction in adiposity by Ile may be regulated by 

mechanisms other than brown adipose tissue energy expenditure [112, 113]. 

Liver and skeletal muscle are the main organs for fatty acid oxidation. Free fatty acid uptake into 

the tissues is dependent upon on the level of key regulators such as PPAR-α, UCP-2, UCP-3 and 

fatty acid translocase (FAT)/ CD36. PPAR-α controls the expression of several genes involved in 

lipid and lipoprotein metabolism. UCP-2 and UCP-3 are proteins located in mitochondria that may 

regulate energy expenditure by uncoupling respiration from ATP production. As a long chain fatty 

acid transporter in mitochondria, FAT/CD36, enhanced fatty acid oxidation ability. Isoleucine has 

been shown to increase PPAR-α expression in liver and skeletal muscle of mice which enhances 

the fatty acid oxidation and prevents the development of obesity and insulin resistance. It appears 

that Ile stimulates PPAR-α activation and expression, leading to a lower adiposity. The effect of Ile 

on the increased expression of hepatic UCP-2 and muscle UCP-3 is regulated by PPAR-α. It has 

been demonstrated that UCP-2 and UCP-3 regulate fatty acid oxidation. Moreover, Ile increases 

the FAT/CD36 expression in mice skeletal muscle and liver indicating that Ile might accelerate 

fatty acids uptake. Therefore, Ile promotes free fatty acid uptake and oxidation in the liver and 

skeletal muscle via PPAR-α and UCPs at the same time [111]. 
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In hybrid catfish, dietary Ile alters the fatty acid and amino acid composition of the muscle by 

regulating the lipid metabolism and autophagy [114]. Some studies mentioned that Ile plays a role 

in lipogenesis in Murine 3T3-L1 pre-adipocytes [115]. Extra dietary Ile increased the intramuscular 

fat deposition and monounsaturated fatty acid synthesis in skeletal muscle via upregulation of 

lipogenic enzymes such as ACC in pigs [116]. Further research on the effect of Ile on lipid 

metabolism and the underlying mechanisms is required. 

2.5.5. Effect of Ile on glucose metabolism 

Isoleucine has been shown to improve glucose utilization and consumption in animals and humans. 

The fact that Ile stimulates glucose uptake without requiring insulin suggests that phosphoinositide 

3-kinase and protein kinase C, but not mTOR, are involved in Ile-mediated glucose uptake 

enhancement in muscle cells [117]. Based on previous studies, Ile reduced the plasma glucose 

concentration even greater than Leu or Val in both animals and humans which shows hypoglycemic 

effect of Ile [118]. Moreover, Ile decreased the AMP content and the AMP to ATP ratio in rat 

skeletal muscle, indicating that Ile improves the ATP availability in skeletal muscle and thus 

enhances the cellular energy state. In addition, glucose oxidation was increased in Ile-administered 

rats which had no effect on glycogen synthesis, implying that blood glucose levels were decreased 

[118]. Of note, Ile improves glucose uptake mainly in skeletal muscle rather than liver or adipose 

tissue, indicating that skeletal muscle is the primary organ involved in Ile-induced hypoglycemia 

mediated by GLUT-1 and GLUT-4 [119]. Further, Ile reduced the mRNA expression and activity 

of PEPCK and glucose-6-phosphatase, two gluconeogenic rate-limiting enzymes that are inhibited 

under insulin-free conditions. Isoleucine can prevent glucose production by inhibiting alanine 

transportation, a neutral glucogenic substrate in liver, due to having same transporter [118]. 

2.5.6. Effect of Ile on protein metabolism 
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Several studies have shown that dietary Ile supplementation lowers the plasma urea concentration 

and plasma urea nitrogen. For example, in pigs fed with an Ile-deficient diet, supplementation of 

Ile reduced the plasma urea nitrogen levels [120]. Another study in pigs found that increasing 

dietary Ile level reduced the plasma urea and postulated that Ile utilization and protein synthesis 

were improved [121]. Furthermore, higher dietary Ile has been demonstrated to raise plasma 

concentrations of ammonia, citrulline, and ornithine. The rise in ammonia was related to increased 

deamination of AA in the liver or a decrease in carbamoyl phosphate production [122]. An increase 

in plasma citrulline and a decrease in plasma ornithine, which both are key substrates of the urea 

cycle, lead to a reduction in ureagenesis [122]. In support of this notion, Ile and Val catabolism 

generate propionyl-CoA which is a competitive substrate of N-acetylglutamate synthetase to form 

N-propionylglutamate rather than N-acetylglutamate. N-propionylglutamate acts as a poor 

activator of carbamylphosphate synthetase which converts ammonia to carbamyl phosphate [123-

125]. 

2.6. Valine: effects on glucose, lipid, and protein 

metabolism 

2.6.1. Valine structure 

Valine or α-aminoisovaleric acid is classified among the most 

hydrophobic AA due to the unsubstituted aliphatic chain with the 

branched alkyl group [28, 102]. Valine specifically has a side chain 

of isopropyl group (Figure 2.7) [2, 28, 103]. 

2.6.2. Valine functions 

Valine is a glucogenic AA [105] that contributes to variety of physiological and metabolic 

processes, as well as the growth of animals [126-128]. Valine has been regarded as one of the 

limiting AA in poultry and pigs and it can enhance the lactation of breeding animals [27, 129]. 

Figure 2.7. Valine chemical structure 

from shutterstock.com. 
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Neither mTOR phosphorylation nor muscle protein turnover are affected by the Ile and Val [130, 

131]. Moreover, Val has been shown to improve the host immunity and stimulate the macrophage 

phagocytosis [132]. 

2.6.3. Valine metabolism 

In the first step of Val metabolism, BCAT converts Val into α-ketoisovalerate. Then, after a series 

of reactions, succinyl-CoA as the final product enters to the TCA cycle (Figure 2.6) [2, 108]. 

2.6.4. Effect of Val on lipid metabolism 

According to the previous studies Val has strong influence on lipid metabolism [133-136]. It has 

been reported that fat synthesis is affected by plasma Val concentrations in rats and gilts [136, 137]. 

A study showed that Val elevated the expression and activity of ACC, FAS, fatty acid binding 

protein 3, and diacylglycerol O-acyltransferase 1 in porcine mammary epithelial cells, indicating 

an increased rate of lipid synthesis [133]. While Val deprivation reduced fat loss in mice [135], 

others showed that Val supplementation into the drinking water increased fat deposition and serum 

triglyceride and worsened the glucose and insulin tolerance [138]. Based on metabolomic analysis, 

the plasma level of polyunsaturated fatty acids was reduced in rats fed with diets supplemented 

with Val [139, 140]. This might be due to stimulation of insulin secretion via the lipoxygenase 

pathway [138]. Moreover, supplemented Val increased the PPARβ mRNA transcript, which could 

mitigate the hepatic steatosis by accelerating fatty acid oxidation and increasing the mRNA 

expression of CPT1α in liver [138, 141]. Further, Val suppresses fibroblast growth factor 21 

(FGF21), which can stimulate fatty acid oxidation, improve insulin resistance and steatosis in obese 

mice and activate the secretion and expression of adiponectin [142-145]. In view of the foregoing, 

it was speculated that Val supplementation downregulates FGF21-adiponectin axis [138]. 

Additionally, dietary supplementation of Val increased the odd chain fatty acid levels in liver and 

blood of rats through alpha oxidation (by activation of PPARα). Valine catabolism supplies 
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propionyl-CoA which plays a role in de novo lipogenesis [146]. It has been shown that reduced 

incidence of type-2-diabetes mellitus is linked with increased levels of blood odd-chain fatty acids 

[147]. Moreover, another Val catabolite, 3-hydroxyisobutyrate (3-HIB), enhances fatty acids 

uptake in muscle in vivo and promotes lipid deposition in muscle, resulting in insulin resistance in 

mice [148]. Further investigation is required to determine the effect of Val on lipid metabolism and 

the mechanisms involved. 

2.6.5. Effect of Val on glucose metabolism 

The plasma glucose was increased by oral administration of Val in rats suggestive of a role for Val 

in glyconeogenesis in liver [117]. Valine, on the other hand, was reported to have no effects on 

glucose uptake in skeletal muscle and glycolysis, although it did increase the glycogen synthesis in 

rats [117]. Intrahypothalamic infusion of Val in rats reduced the blood glucose which presumably 

occurs through lowering hepatic glucose synthesis during a euglycemic pancreatic clamp [149]. It 

has been demonstrated that circulating Val levels might be a unique biomarker for type 2 diabetes 

and targeting Val metabolism might be a therapeutic strategy for type 2 diabetes and high-fat diet 

fed mice [150]. Val has also been shown to stimulate the secretion of glucagon,[151]. Further 

studies are required on the effect Val on glucose metabolism. 

2.6.6. Effect of Val on protein metabolism 

Among BCAA, Val has the least effect on phosphorylation of 4E-BP1 or S6K1 [152]. Besides, the 

role of Val metabolite, propionyl-CoA, in decreasing the carbamoyl phosphate [123, 125], it has 

been demonstrated that norvaline, an unbranched Val isomer, can inhibit ornithine 

transcarbamylase [153]. Further, norvaline with ammonia infusion reduced the ureagenesis and 

stimulated glycogen synthesis. It has been shown that norvaline can activate glycogen synthesis in 

the presence of ammonia [154, 155]. In contrast, a study showed that intraperitoneal injection of 
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Val to rat, increased the ornithine content through inhibition of ornithine-keto acid transaminase 

resulted in urea cycle activation [156]. 

2.7. Pig as a model for nutrients metabolism studies 

In both healthy and diseased conditions, rodents have been extensively employed as models for 

human nutrition, physiology, and pathophysiology; however, rodents in most cases fall short of 

accurately simulating human conditions [157]. Pigs more closely resemble humans in terms of their 

biochemistry, cell biology, anatomy, physiology, and pathophysiology as compared to rodents 

[157]. The pig exhibits a significant degree of chromosomal and DNA similarities with human 

beings [158]. Pigs are monogastric omnivores, and as such, their nutritional needs, digestion, and 

nutrient absorption physiology are quite similar to that of humans [159]. Pigs have served as a 

research model for studying human energy metabolism and nutritional sciences and metabolic 

syndromes such as obesity [160]. Additionally, the pig’s metabolic and cardiovascular systems, as 

well as its roughly equivalent organ sizes, are similar to human [160]. Adipocytes or stromal 

vascular cells can be subjected to several assays in pigs due to adequate size of their fat depots 

[160]. The subcutaneous fat of pigs is similar in anatomy to humans, which is the largest fat depot 

in both species [161]. Pigs’ pancreas is similar to the human pancreas in size, shape, and blood 

circulation, and pig has become a popular diabetes model since insulin is secreted by the pancreatic 

islet cells [162]. Using gene editing and transgenic procedures for generating pigs with interrupted 

insulin signaling, pigs have served as essential research models for understanding the development 

of diabetes [163, 164]. The Gottingen, Yucatan, and Ossabaw swine breeds have been employed 

frequently for research on obesity and cardiovascular diseases, although the Ossabaw breed seems 

to be a particularly suitable model [160]. Importantly, it has been demonstrated that pigs can be 

used as model for amino acid metabolism of humans [165]. Further, pigs have been suggested as 

suitable animal models for studying dietary modulation of the human gut microbiota [166, 167]. 
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CHAPTER III 
 

 

 DIETARY TRYPTOPHAN SUPPLEMENTATION ALTERS FAT AND GLUCOSE 

METABOLISM IN A LOW-BIRTHWEIGHT PIGLET MODEL 

 

This Chapter is based on: Parniyan Goodarzi, Mohammad Habibi, Kennedy Roberts, Julia Sutton, 

Cedrick Ndhumba Shili, Dingbo Lin and Adel Pezeshki. Dietary Tryptophan Supplementation 

Alters Fat and Glucose Metabolism in a Low-Birthweight Piglet Model. Nutrients, 13, 2561. 2561. 

https://doi.org/ 10.3390/nu13082561 

3.1. Abstract 

Low birthweight (LBW) is associated with metabolic complications, such as glucose and lipid 

metabolism disturbances in early life. The objective of this study was to assess: (1) the effect of 

dietary tryptophan (Trp) on glucose and fat metabolism in an LBW piglet model, and (2) the role 

peripheral 5-hydroxytryptamine type 3 (5HT3) receptors in regulating the feeding behavior in LBW 

piglets fed with Trp-supplemented diets. Seven-day-old piglets were assigned to 4 treatments: 

normal birthweight-0%Trp (NBW-T0), LBW-0%Trp (LBW-T0), LBW-0.4%Trp (LBW-T0.4), 

and LBW-0.8%Trp (LBW-T0.8) for 3 weeks. Compared to LBW-T0, the blood glucose was 

decreased in LBW-T0.8 at 60 min following the meal test, and the triglycerides were lower in 

LBW-T0.4 and LBW-T0.8. Relative to LBW-T0, LBW-T0.8 had a lower transcript and protein 

abundance of hepatic glucose transporter-2, a higher mRNA abundance of glucokinase, and a lower 

transcript of phosphoenolpyruvate carboxykinase. 
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LBW-T0.4 tended to have a lower protein abundance of sodium-glucose co-transporter 1 in the 

jejunum. In comparison with LBW-T0, LBW-T0.4 and LBW-T0.8 had a lower transcript of hepatic 

acetyl-CoA carboxylase, and LBW-T0.4 had a higher transcript of 3-hydroxyacyl-CoA 

dehydrogenase. Blocking 5-HT3 receptors with ondansetron reduced the feed intake in all groups, 

with a transient effect on LBW-T0, but more persistent effect on LBW-T0.8 and NBW-T0. In 

conclusion, Trp supplementation reduced the hepatic lipogenesis and gluconeogenesis, but 

increased the glycolysis in LBW piglets. Peripheral serotonin is likely involved in the regulation of 

feeding behavior, particularly in LBW piglets fed diets supplemented with a higher dose of Trp. 

3.2. Introduction 

Newborns who fail to reach an estimated fetal biometric by a certain gestational age (i.e., below 

the 10th percentile for gestational age) are considered small for gestational age [1]. The incidence 

of low-birthweight (LBW) infants, weighing less than 2500 g at birth, is 8.31% in the United States, 

with one third of these infants being recognized as intrauterine growth retarded (IUGR) [2–4]. The 

LBW is not only associated with a higher risk of mortality and morbidity and the development of 

complications, such as insulin resistance, cardiovascular disease, hypertension, adverse lipid 

metabolism, dyslipidemia, and obesity in the long term [5–8], but also related with metabolic 

disturbances of glucose and lipid metabolism in the short term [9,10]. IUGR rats show alterations 

in the expression of genes involved in hepatic energy production [11] and exhibit hyperglycemia 

due to an increased gluconeogenesis as a result of impaired mitochondrial oxidative 

phosphorylation and pyruvate oxidation in the liver [12]. Similarly, LBW infants [13] and IUGR 

pigs [14,15] develop hyperglycemia in early life. In addition to impairment in glucose metabolism, 

the utilization of circulating triglycerides is compromised in LBW infants [16]. Further, a Nutrients 

2021, 13, 2561. https://doi.org/10.3390/nu13082561 https://www.mdpi.com/journal/nutrients 

Nutrients 2021, 13, 2561 2 of 22 lower insulin sensitivity and less optimized lipid metabolism in 

early postnatal life have been reported in LBW infants [9]. Similarly, a low activity for hepatic 
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lipoprotein lipase has been shown in IUGR piglets in comparison to their normal-weight 

counterparts [17]. Therefore, there is evidence that glucose and lipid metabolism is impaired in 

LBW neonates during early life, which may ultimately lead to the occurrence of metabolic disorders 

in the short term and long term. Hence, efficient strategies need to be developed to improve the 

glucose and lipid metabolism in LBW infants during the early postnatal period. Nutrition is one of 

the important factors that can influence the glucose and lipid metabolism during the fetal and 

postnatal periods [8]. In particular, early postnatal nutrition is crucial for the optimal growth [8] 

and health of LBW infants. Further research is warranted to identify the role of supplemental amino 

acids (AA), which can improve the growth and glucose and lipid metabolism in LBW infants. Due 

to limitations regarding the ethical use of LBW infants for nutritional research, animal models are 

used to study the effect of nutritional interventions on metabolism in LBW offspring. LBW 

neonatal pigs have significant similarities with LBW infants in the structure and function of the 

gastrointestinal tract and nutrient metabolism and hence are used as models for LBW infants [18–

21]. Tryptophan (Trp) is a neutral essential amino acid, which, due to its role in the regulation of 

various physiological functions, may potentially be used for developing therapeutics for preventing 

and treating chronic diseases [22]. Dietary Trp supplementation has been shown to reduce the 

serum lipids in rats [23] and the hepatic lipids in laying hens and broilers [24,25]. Further, dietary 

Trp suppress the hyperglycemia in rodents [22,26]. To our knowledge, no study has assessed the 

glucose and lipid metabolism of LBW neonates fed with milk-based diets supplemented with 

different doses of Trp. Trp, as a precursor of central serotonin, has been shown to have anorexigenic 

effects [27–30]. However, little is known on the role of peripheral serotonin in the regulation of 

feeding behavior. The effects of serotonin on appetite regulation are mediated by multiple receptor 

subtypes, including 5-hydroxytryptamine type 3 (5HT3) receptors [28,31]. It is unknown whether 

peripheral 5HT3 receptors are essential for feed intake regulation in LBW pigs fed with Trp-

enriched diets. Therefore, the objective of this study was to investigate: (1) the effect of two 

different doses of dietary Trp on blood glucose and triglyceride concentrations and the mRNA and 
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protein expression of key markers related to lipid and glucose metabolism in an LBW piglet model, 

and (2) the role peripheral 5HT3 signaling in regulating the feeding behavior in LBW piglets fed 

with Trp-supplemented diets. Further, the effect of supplemental Trp on feed intake, growth 

measurements, thermal radiation, plasma metabolites, gut development, and hormones was 

assessed. 

3.3. Materials and methods 

3.3.1. Animals and housing 

The experimental procedures used in this study were in accordance with the FASS Guide for the 

Care and Use of Agricultural Animals in Research and Teaching [32] and were approved by 

Oklahoma State University’s Institutional Animal Care and Use Committee (IACUC; Animal Care 

and Use Protocol-IACUC-19-71). Seven-day-old male piglets were selected from twelve sows 

(Duroc sire line and Large White X Landrace dam; Seaboard, Hennessey, OK, USA) with a similar 

range of parity (2–4) and litter size (14–18). All piglets received the intramuscular injection of iron 

dextran complex (200 mg/mL) on day 3 postpartum (1 mL; 100 mg/kg body weight). The piglets 

were individually housed in plastic floor pens (0.86 × 0.79 × 0.81 m), equipped with milk replacer 

drinkers and a heat mat. The lighting program was based on a 16:8 h light: dark cycle [33], with 

lights on at 0900 and off at 0100 during the first week and then lights on at 0800 and off at 0000 in 

weeks 2 and 3 of the study, respectively. The room temperature was set at 30, 29, and 28 ◦C during 

week 1, 2, and 3 of the study, respectively. 

3.3.2. Experimental Design and Diets 

The body weight (BW) at day 7 postpartum was used as a criterion for considering pigs as LBW 

or normal birthweight (NBW). Seven-day-old piglets with a BW < 2 kg were considered as LBW, 

and piglets with a BW ≥ 2 kg were considered as NBW, in accordance with previous studies 

[34,35]. NBW was included in the experimental design as a control for the LBW animal model 
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used, regardless of the levels of Trp supplemented. The average BW of LBW and NBW piglets at 

arrival (i.e., day 7 after birth) were 1.66 ± 0.24 and 2.75 ± 0.47 kg, respectively. Prior to starting 

the experimental diets, following 3 days of adaptation, one NBW and three LBW piglets from each 

litter were assigned to one of following treatments, while maintaining the mean BW consistent for 

LBW pigs (2.93 ± 0.49 kg): (1) NBW-T0 (4.39 ± 0.45 kg, n = 8), NBW piglets fed a basal diet 

without supplemented Trp; (2) LBW-T0 (n = 8), LBW piglets fed a basal diet without supplemented 

Trp; (3) LBW-T0.4 (n = 7), LBW piglets fed a basal diet supplemented with 0.4% Trp; and (4) 

LBW-T0.8 (n = 8), LBW piglets fed a basal diet supplemented with 0.8% Trp for 3 weeks 

(Supplemental Table 3A.1). The experimental timeline is illustrated in Figure 3.1. 

 

Figure 3.1. The experimental timeline. 

Seven-day-old male piglets arrived on day zero and were assigned to low birthweight (LBW) or 

normal birthweight (NBW) groups, according to their body weight. Following three days of 

adaptation, LBW pigs were weight-matched, and then NBW and LBW pigs were subjected to one 

of four dietary treatments, including: NBW-T0, normal-birthweight piglets fed a basal diet without 

supplemented L-tryptophan (Trp); LBW-T0, low-birthweight piglets fed a basal diet without 

supplemented Trp; LBW-T0.4, low-birthweight piglets fed a basal diet supplemented with 0.4% 
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Trp; and LBW-T0.8, low-birthweight piglets fed a basal diet supplemented with 0.8% Trp. 

Following overnight fasting, all pigs received injections of ondansetron and saline on day 17 and 

20, respectively. The feed intake was measured 5 times/day during the first week and 4 times/day 

during the last two weeks of the study. The body weight, growth parameters, thermal images, and 

rectal temperature were recorded biweekly throughout the study. After an overnight fast at week 

three, the pigs were allowed to consume their respective diets for 1 h (meal test). Blood samples 

were then collected at baseline and then at 60 and 120 min after the meal test. Following blood 

collection at 120 min after the meal test, all pigs were euthanized, and tissue samples were 

collected. 

 

Milk replacer powder was formulated for piglets (Supplemental Table 3A.1), according to the 

nutrient requirements suggested by previous publications for neonatal pigs [36,37]. For the diet 

formulations, the chemical composition of the analyzed ingredients in this study (i.e., Arg, His, 

Phe, whey powder, and whey protein concentrate; Supplemental Tables 3A.2 and 3A.3) and our 

previous study was used [38]. Except for L-Trp, the amount of ingredients used across all three 

diets were kept consistent, and all diets were prepared as isonitrogenous and isocaloric by adding 

L-alanine and dextrose, respectively. A liquid diet was prepared by mixing 1 kg of milk replacer 

powder (dry matter: 95.6%) with 4.15 L of warm water (40 °C) to obtain a milk replacer with a 

similar dry matter to sow’s milk, with 18.6% dry matter [39]. Fresh liquid milk replacers were 

prepared daily and stored at 4 °C throughout the day. Prior to feeding, the milk replacers were 

transferred to plastic bottles, warmed in a water bath (40 °C), and then offered to pigs in milk 

replacer feeders. Liquid milk was offered 5 times/day at 0900, 1400, 1900, 0000, and 0500 during 

the first week and then 4 times per day at 0800, 1400, 2000, and 0200 during weeks 2 and 3 of the 

study (Figure 3.1). The piglets had ad-libitum access to their diets during each meal and were 

provided a minimum 60 g dry matter/kg BW/day of milk replacer, as previously suggested [39,40]. 
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3.3.3. Feed Intake and Growth Measurements 

The milk replacer intake for each offering was measured by recording the volume of added milk to 

feeders and the leftover milk in the feeders, prior to the next feeding. Body weight and growth 

measurements, including heart girth, body length, and wither size, were recorded biweekly. The 

average daily gain (ADG; gained weight divided by experimental days), average dry matter intake 

(ADMI; consumed dry matter during feeding period divided by experimental days), average daily 

protein intake (ADPI; analyzed CP% × dry matter intake (DMI)/experimental days), gain:feed ratio 

(G:F; ADG divided by ADMI), and gain:protein ratio (G:P; ADG divided by ADPI) were 

calculated. 

3.3.4. Thermal Images and Rectal Temperature 

Individual thermal images were captured biweekly using a FLIR C2 compact thermal camera, with 

focal length of 1.54 mm and thermal accuracy of ±2 °C (FLIR Systems, Boston, MA, USA). The 

camera was positioned roughly 1 m above of each pig. The emissivity coefficient was set at 0.96. 

To measure the piglets’ core body temperature, the rectal temperatures (RT) were measured 

biweekly for all piglets using an electronic thermometer. 

3.3.5. Blockade of 5-hydroxytryptamine Type 3 (5HT3) Receptors 

The role of 5HT3 receptors in mediating the effect of experimental diets on the DMI of the pigs 

was evaluated by the administration of ondansetron hydrochloride (Tocris, Burlington, NA, USA, 

#2891), a selective 5-HT3 receptor antagonist, and vehicle (0.9% saline). Following an overnight 

fast, ondansetron (10 mL; 200 μg/kg in sterile 0.9% saline) [41] and saline (10 mL) were injected 

into all pigs subcutaneously on days 17 and 20 of the study, respectively at 0700 (Figure 3.1), 

followed by feeding and recording of the DMI at 0800, 1100, 1400, 1700, 2000, 0200 (next day), 

and 0800 (next day). 
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3.3.6. Feed Samples Collection 

During the diet preparations, the feed samples (~50 g) were collected from each feed bag and 

combined for each diet. Afterwards, they were stored at −20 °C, until feed composition analysis. 

3.3.7. Meal Test and Blood and Tissue Collection 

After an overnight fast (8 h) at week 3, the pigs were allowed to consume their respective diets for 

1 h. Blood samples were collected at baseline and then at 60 and 120 min after the meal test from 

the jugular vein in the supine position into 10 mL serum tubes and 3 mL heparin containing plasma 

tubes (BD Vacutainer®, Franklin Lakes, NJ, USA). The blood samples were centrifuged at 3000× 

g for 15 min at 4 °C, and the serum and plasma were separated and stored at −80 °C for further 

analysis. Following the blood collection at 120 min after the meal test, all pigs were euthanized 

using the CO2 asphyxiation method. As previously described [38], the hypothalamus, duodenum, 

jejunum, white adipose tissue, and liver were collected immediately after euthanasia, flushed with 

distilled water, snap-frozen in liquid nitrogen, and stored at −80 °C for further analyses. 

3.3.8. Diet Proximate and Amino Acids Analysis 

The dry matter, crude protein, crude fiber, calcium, and phosphorus of the diets and some 

ingredients contents (i.e., Arg, His, Phe, and whey powder) were analyzed by Servi-Tech laboratory 

(Dodge City, KS, USA) (Supplemental Table 3A.2), as previously described [38,42,43,44]. The 

complete amino acids profile of the experimental diets and whey protein concentrate were analyzed 

[45] by Agricultural Experiment Station Chemical Laboratories (University of Missouri-Columbia, 

MO, USA) (Supplemental Tables 3A.3 and 3A.4). 

3.3.9. Thermal Radiation Analysis 

Using a free drawing tool of the FLIR camera software (FLIR Research Studio software), a region 

of interest was drawn in a rectangular shape on the entire back of the piglets, roughly from shoulders 
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to the rump of the animal (Supplemental Figure 3A.1), to obtain the dorsal surface body average 

temperature. The heat loss by thermal radiation (W/m2) was determined using the following 

equation: σε (Ts4 − Tα4), where σ is the Stefan Boltzmann Constant (5.67 × 10−8 W/m2K4), ε is 

the thermodynamic emissivity (0.95), Ts is the body surface temperature (kelvin), and Tα is the 

ambient temperature (kelvin) [46,47]. 

3.3.10. Plasma Metabolites Analysis 

The plasma glucose, triglycerides, and cholesterol concentration were determined by a chemistry 

analyzer system (CLC 480/BioLis24i, Carolina Liquid Chemistries Corp., Brea, CA), following 

calibration with a calibrator (Catalogue #: BL-442600, Multi-Analyte calibrator for Synchron 

CX/LX), using reagents (Carolina Liquid Chemistries Crop, Brea, CA, USA) for glucose 

(Catalogue #: BL-208), cholesterol (Catalogue #: BL-211), and triglycerides (Catalogue #: BL-

213), and recording the absorbance at 340 nm for glucose and at 505 nm for triglycerides and 

cholesterol. 

3.3.11. H&E Staining and Gut Morphology Measurements 

Duodenum and jejunum segments were fixed in 10% formaldehyde, coated in paraffin, cut into 5 

μm thick sections, and stained with hematoxyl and eosin. Ten well-oriented villi and crypt in each 

section were used to measure the villus height, villus width, crypt depth, crypt width, and muscle 

thickness [48] using a BZ-X800E Keyence all-in-one Fluorescence Microscope (BZ-X710, IL, 

USA), with the images taken with the Keyence BZ-X Viewer (Keyence Co. USA, Itasca, IL, USA) 

and the analysis performed using the ImageJ software (2 April 2020, 

https://imagej.nih.gov/ij/download.html). 

3.3.12. RNA Isolation and RT-qPCR 
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RNA isolation and RT-qPCR were performed for glucose transporter 1 (GLUT1), glucokinase 

(GCK), liver-type phosphofructokinase (PFKL), liver-type pyruvate kinase (PKLR), pyruvate 

carboxylase (PC), phosphoenolpyruvate carboxykinase (PEPCK), glucose-6-phosphatase (G6PC), 

glucose transporter 2 (GLUT2), lipoprotein lipase (LPL), cluster of differentiation 36 molecule 

(CD36), fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), hydroxyacyl-CoA 

dehydrogenase (HADH), sterol regulatory element binding transcription factor 1 (SREBP-1), 

peroxisome proliferator activated receptor alpha (PPARα), and PPARG coactivator 1 alpha 

(PGC1α) in the liver, following our published procedures [38,49,50]. The quality of isolated RNA 

was measured by a NanoDrop ND-1000 spectrophotometer (Thermo Fisher, Waltham, MA, USA). 

The complementary cDNA was synthesized by a thermoscycler (T100TM Thermal Cycler, Bio-

Rad, Hercules, CA, USA), and then a CFX96 real-time PCR detection system (Bio-Rad, Hercules, 

CA, USA) was used to measure the mRNA abundance of the target genes through real-time 

quantitative PCR (qPCR), followed by a melt curve, as previously described [38,49,50]. The 

primers used are shown in Supplemental Table 3A.5 and were obtained from previous publications 

[51,52,53,54,55,56,57,58]. β-actin was used as a housekeeping gene, and the relative mRNA 

abundance of the target genes was calculated by the 2−∆∆CT method. 

3.3.13. Immunoblot Analysis 

Western blot was conducted in hypothalamus for tryptophan hydroxylase 2 (TPH2), jejunum for 

TPH2, sodium/glucose cotransporter 1 (SGLT1), and glucose transporter 2 (GLUT2), duodenum 

for SGLT1 and GLUT2, liver for carnitine palmitoyltransferase I α (CPT1α) and GLUT2, and white 

adipose tissues for CPT1α (Supplemental Table 3A.6), as previously described [59,60]. The protein 

bands were captured using a ChemiDoc XR imaging system (Bio-Rad Laboratories Inc., CA, 

USA). Image Lab software (Version 6.0.1, Bio-Rad Laboratories Inc., CA, USA) was used for 

applying densitometry. In order to determine the relative amount of protein abundance in the 

sample, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. 
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3.3.14. Plasma Insulin 

The plasma insulin concentration was determined using a porcine ELISA kit, according to the 

manufacturer’s instructions (Mercodia Porcine Insulin ELISA; Mercodia AB; Uppsala, Sweden). 

The optical density was read at a 450 nm wavelength using an Epoch microplate spectrophotometer 

(BioTek® Instruments, Inc. Highland Park, VT). The intra-assay coefficient of variation (CV) was 

4.8%. The insulin resistance indicator, HOMA-IR, was calculated, as previously described [61]. 

The baseline blood glucose concentrations (G0, milligrams per deciliter) and the fasting blood 

insulin concentrations (I0, micro-international units per milliliter) were used to calculate HOMA-

IR, using the following formula: (G0 × I0)/2430. 

3.3.15. Statistical Analysis 

The final body weight, heart girth, body length, wither size, ADG, ADMI, ADPI, G:F, G:P, plasma 

cholesterol and triglycerides, gut histomorphometry, qPCR, ELISA, and western blot data were 

analyzed by the GLM procedure (IBM SPSS Statistics Version 23, Armonk, NY, USA), followed 

by a post hoc Dunnett’s test (IBM SPSS Statistics Version 23, Armonk, NY, USA). The plasma 

glucose concentration distribution was not normal at 60 min after the meal. Therefore, an inverse 

distribution function (IDF-normal) was used to normalize the data at this time point. The mixed 

procedure was used for the analysis of blood glucose, DMI, BW, rectal temperature, and thermal 

radiation, with diet, time, and the interaction of diet and time as fixed variables and pigs as a random 

variable. As previously described [42,43,50], the covariance structure of repeated measurements 

was modeled for each variable based on the smallest levels of fit statistics for corrected Akaike’s 

Information Criterion and Bayesian Information Criterion. Before statistical analysis of all the data, 

the outlier test was performed in SPSS (IBM SPSS Statistics Version 23, Armonk, NY, USA), 

which is based on the Interquartile Rule. p ≤ 0.05 and 0.05 < p ≤ 0.10 were considered as significant 

and trend, respectively. 
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3.4. Results 

3.4.1. Feed Intake, Body Weight, and Growth Measurements 

Overall, except for the G:F ratio, the effect of diet on the initial BW, final BW, ADG, ADMI, ADPI, 

G:P ratio, heart girth, wither height, and body length was significant (Table 3.1). NBW-T0 had a 

greater initial BW, final BW, ADG, ADMI, ADPI, heart girth, wither height, and body length, 

compared to LBW-T0 (~54, 30, 22, 31, 27, 10, 8, and 11%, respectively). Moreover, ADPI was 

lower in LBW-T0.8 (11.7%), compared to LBW-T0. 

Table 3.1. Effect of dietary L-tryptophan supplementation on the growth and feed efficiency of 

low-birthweight neonatal pigs. 

Measurements 
Diets1 

SEM2 p-Value 
NBW-T0 LBW-T0 LBW-T0.4 LBW-T0.8 

Initial BW3, g 4393* 2853  2783  3123  145 <0.01 

Final BW, g 14,172* 10,877  10,634  10,818  335 <0.01 

ADG3, g/day 543* 445  436  427  12 <0.01 

ADMI3, g/day 554* 422 421 399 14 <0.01 

ADPI3, g/day 119* 94  99  83*  2.7 <0.01 

G:F3, g/g 1.00 1.05  0.97  1.07  0.01 0.26 

G:P3, g/g 4.65 4.77 4.30 5.14 0.10 0.02 

Heart girth, cm 55.12* 50.00  50.42  51.37  0.53 <0.01 

Wither height, cm 34.75* 32.00 31.14  31.25  0.46 <0.01 

Body length, cm 54.00* 48.62  46.42  47.37  0.66 <0.01 
1NBW-T0, normal-birthweight piglets fed a basal diet without supplemented L-tryptophan (Trp); 

LBW-T0, low-birthweight piglets fed a basal diet without supplemented Trp; LBW-T0.4, low-

birthweight piglets fed a basal diet supplemented with 0.4% Trp; and LBW-T0.8, low-birthweight 

piglets fed a basal diet supplemented with 0.8% Trp. The values are the means. n = 8 for NBW-T0, 

LBW-T0, and LBW-T0.8, and n = 7 for LBW-T0.4. 2 SEM: standard errors of means. 3 BW: body 

weight; ADG: average daily gain; ADMI: average dry matter intake; ADPI: average daily protein 

intake; G:F: gain:feed; G:P: gain:protein. * P ≤ 0.05 vs. LBW-T0. 

Overall, the effect of diet and day on daily DMI was significant (Figure 3.2A). Compared to LBW-

T0, NBW-T0 had a higher (~26–45%) DMI on days 2, 5, 7, 9, and 11 of the study (Figure 3.2A). 
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LBW-T0.8 tended to have a lower DMI, compared to LBW-T0, on day 11 (Figure 3.2A). The 1-h 

meal test DMI for NBW-T0, LBW-T0, LBW-T0.4, and LBW-T0.8 was 154 ± 10 g, 126 ± 19 g, 

125 ± 18 g, and 123 ± 17 g, respectively. As expected, the DMI of NBW-T0 vs. LBW-T0 was 

significantly different (p < 0.05), but no differences in DMI were seen among the other groups. The 

effect of diet on BW was significant, with 9310, 6838, 6687, and 6787 g for NBW-T0, LBW-T0, 

LBW-T0.4, and LBW-T0.8, respectively (Figure 3.2B). Compared to LBW-T0, NBW-T0 had a 

higher BW throughout the study (~30–54%). No differences in the BW of pigs were detected, when 

LBW-T0 was compared with LBW-T0.4 or LBW-T0.8 (Figure 3.2B). 
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Figure 3.2. Effect of dietary L-tryptophan supplementation on dry matter intake, body weight, 

thermal radiation, and area under the curve (AUC) for the thermal radiation and rectal temperature 

of low-birthweight neonatal pigs.  

(A) dry matter intake, (B) body weight, (C) representative thermal images, (D) area under the curve 

(AUC) thermal radiation, (E) thermal radiation, and (F) rectal temperature. NBW-T0, normal-

birthweight piglets fed a basal diet without supplemented L-tryptophan (Trp); LBW-T0, low-

birthweight piglets fed a basal diet without supplemented Trp; LBW-T0.4, low-birthweight piglets 

fed a diet supplemented with 0.4% Trp; and LBW-T0.8, low-birthweight piglets fed a diet 

supplemented with 0.8% Trp. n = 8 for NBW-T0, LBW-T0, and LBW-T0.8, and n = 7 for LBW-

T0.4. * P ≤ 0.05 vs. LBW-T0; # 0.05 < P ≤ 0.1 vs. LBW-T0. The values are the means ± SEM. 

 

3.4.2. Thermal Radiation 

Compared to LBW-T0, no differences in the thermal radiation, the area under the curve (AUC) 

for thermal radiation, and the rectal temperature were detected among the treatments (Figure 

3.2C–F). 

3.4.3. Gut Histomorphology 

The histomorphometry data showed a tendency toward a greater villus height to crypt depth ratio 

in NBW-T0, compared to LBW-T0 in duodenum (Table 3.2; Figure 3.3). Compared to LBW-T0, 

the crypt depth tended to be higher in LBW-T0.8 in jejunum. No differences among the groups 

were observed for the villus height, villus width, crypt width, and muscle thickness in both 

duodenum and jejunum (Table 3.2; Figure 3.3). 
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Figure 3.3. Effect of dietary L-tryptophan supplementation on the morphology and development 

of the duodenum and jejunum in low-birthweight neonatal pigs. 

 Representative hematoxylin and eosin-stained sections (×10 magnification) micrograph of the 

duodenum and jejunum for (A) villi and (B) muscle. NBW-T0, normal-birthweight piglets fed a 

basal diet without supplemented L-tryptophan (Trp); LBW-T0, low-birthweight piglets fed a basal 

diet without supplemented Trp; LBW-T0.4, low-birthweight piglets fed a diet supplemented with 

0.4% Trp; and LBW-T0.8, low-birthweight piglets fed a diet supplemented with 0.8% Trp. 
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Table 3.2. Effect of dietary L-tryptophan supplementation on the intestinal morphology of low-

birthweight neonatal pigs. 

Measurements 
Diets1 

SEM2 p-Value 
NBW-T0 LBW-T0 LBW-T0.4 LBW-T0.8 

Duodenum   

Villi height, µm 562  497  585  530  20 0.44 

Villi width, µm 138  124  138  123  3 0.13 

Crypt depth, µm 229  224  230  198  8 0.54 

Crypt width, µm 64  55  60  55  2 0.12 

Muscle thickness, µm 385  376  447  386  17 0.46 

Villi height:Crypt depth, 

µm:µm 
2.90 #  2.03  2.57  2.69  0.13 0.13 

Jejunum   

Villi height, µm 619  595  589  594  28 0.98 

Villi width, µm 121  106  118  125  3 0.23 

Crypt depth, µm 200  211  221  256#  8 0.02 

Crypt width, µm 48  49  53  55  1 0.24 

Muscle thickness, µm 323  367  410  463  22 0.12 

Villi height:Crypt depth, 

µm:µm 
2.82  3.03  2.65  2.50  0.12 0.50 

1NBW-T0, normal-birthweight piglets fed a basal diet without supplemented L-tryptophan (Trp); 

LBW-T0, low-birthweight piglets fed a basal diet without supplemented Trp; LBW-T0.4, low-

birthweight piglets fed a diet sup-plemented with 0.4% Trp; and LBW-T0.8, low-birthweight 

piglets fed a diet supplemented with 0.8% Trp. The values are the means. n = 4–5 for NBW-T0, 

LBW-T0.4, and LBW-T0.8, and n = 3–5 for LBW-T0. 2 SEM: standard errors of means. # 0.05 < 

P ≤ 0.1 vs. LBW-T0. 

3.4.4. 5HT3 Receptors Blockade with Ondansetron 

Overall, the effect of the drug on DMI was significant (p < 0.01; Figure 3.4), showing a lower DMI 

for ondansetron vs. vehicle (466 ± 14 vs. 518 ± 14 g, respectively), and the overall effect of diet on 

DMI tended to be significant (p = 0.083; Figure 3.4), showing the lowest DMI for LBW-T0.8. The 

DMI for NBW-T0, LBW-T0, LBW-T0.4, and LBW-T0.8 were 540 ± 26 g, 505 ± 26 g, 477± 27 g, 

and 445 ± 26 g, respectively. Relative to the vehicle, the ondansetron decreased the DMI by ~8–

16% in NBW-T0 and 16–20% in LBW-T0.8 during a 24 h period (Figure 3.4A,D), while the 

ondansetron reduced the DMI by 14% in LBW-T0 only during the first 6 h (Figure 3.4B). No 
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differences in DMI were detected when the vehicle and ondansetron were compared for LBW-T0.4 

(Figure 3.4C). 
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Figure 3.4. Effect of saline or ondansetron injection on the dry matter intake of low-birthweight 

neonatal pigs fed with milk-based diets supplemented with L-tryptophan. 
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(A) NBW-T0, normal-birthweight piglets fed a basal diet without supplemented L-tryptophan 

(Trp), (B) LBW-T0, low-birthweight piglets fed a basal diet without supplemented Trp, (C) LBW-

T0.4, low-birthweight piglets fed a diet supplemented with 0.4% Trp, and (D) LBW-T0.8, low-

birthweight piglets fed a diet supplemented with 0.8% Trp. All pigs were injected either with saline 

or the drug (ondansetron, 200 μg × kg−1, SC). The p values for the overall model effect for the 

drug, time, diet, drug × time, drug × diet, time × diet and drug × time × diet for dry matter intake 

were <0.01, <0.01, 0.083, <0.01, 0.470, 0.108, and 0.707, respectively. n = 8 for NBW-T0, LBW-

T0, and LBW-T0.8, and n = 7 for LBW-T0.4. * P ≤ 0.05 saline vs. ondansetron within each diet; # 

0.05 < P ≤ 0.1 saline vs. ondansetron within each diet. The values are the means ± SEM. 

3.4.5. Blood Glucose, Triglycerides, Cholesterol, and Insulin 

No differences in blood glucose were observed among the treatments at 0 and 120 min following 

the meal test (Figure 3.5A). However, LBW-T0.8 had a lower (~4%) blood glucose than LBW-T0 

at 60 min after the meal challenge (Figure 3.5A). The AUC for blood glucose did not change across 

groups (Figure 3.5B). Likewise, the plasma insulin at 0 and 60 min after the meal challenge (Figure 

3.5C) and HOMA-IR was not different across groups. Relative to LBW-T0, the plasma triglyceride 

concentration was decreased in LBW-T0.4 and LBW-T0.8 by 57% and 51%, respectively (Figure 

3.5D). The total cholesterol did not differ across groups (Figure 3.5E) 
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Figure 3.5. Effect of dietary L-tryptophan supplementation on plasma metabolite concentrations 

in low-birthweight neonatal pigs. 

 (A) glucose, (B) area under the curve (AUC) for glucose, (C) insulin, (D) triglyceride, and (E) 

cholesterol. NBW-T0, normal-birthweight piglets fed a basal diet without supplemented L-

tryptophan (Trp); LBW-T0, low-birthweight piglets fed a basal diet without supplemented Trp; 

LBW-T0.4, low-birthweight piglets fed a diet supplemented with 0.4% Trp; and LBW-T0.8, low-

birthweight piglets fed a diet supplemented with 0.8% Trp. n = 8 for NBW-T0, LBW-T0, and 

LBW-T0.8, and n = 7 for LBW-T0.4. * P ≤ 0.05 vs. LBW-T0. The values are the means ± SEM. 

3.4.6. The mRNA Abundance of Key Molecules of Glucose and Lipid Metabolism in the 

Liver 

Compared to LBW-T0, the mRNA abundance of GLUT1 was higher in NBW-T0 (Figure 3.6A). 

Relative to LBW-T0, the mRNA abundance of GCK was greater in LBW-T0.8 (Figure 3.6B). The 

mRNA expression of liver GLUT2 was lower, and PEPCK tended to be lower in LBW-T0.8, 

compared to LBW-T0 (Figure 3.6H,F). No differences among treatments were detected for the 

mRNA abundance of PFKL (Figure 3.6C), PKLR (Figure 3.6D), PC (Figure 3.6E), and G6PC 

(Figure 3.6G). 
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Figure 3.6. Effect of dietary L-tryptophan supplementation on the liver mRNA abundance of 

glucose metabolism markers in low-birthweight neonatal pigs. 

 (A) glucose transporter 1 (GLUT 1), (B) glucokinase (GCK), (C) phosphofructokinase, liver-type 

(PFKL), (D) pyruvate kinase, liver, and RBC (PKLR), (E) pyruvate carboxylase (PC), (F) 

phosphoenolpyruvate carboxykinase (PEPCK), (G) glucose-6-phosphatase catalytic (G6PC), and 

(H) glucose transporter 2 (GLUT2). NBW-T0, normal-birthweight piglets fed a basal diet without 

supplemented L-tryptophan (Trp); LBW-T0, low-birthweight piglets fed a basal diet without 

supplemented Trp; LBW-T0.4, low-birthweight piglets fed a diet supplemented with 0.4% Trp; and 

LBW-T0.8, low-birthweight piglets fed a diet supplemented with 0.8% Trp. n = 8 for NBW-T0, 

LBW-T0, and LBW-T0.8, and n = 7 for LBW-T0.4. * P ≤ 0.05 vs. LBW-T0; # 0.05 < P ≤ 0.1 vs. 

LBW-T0. The values are the means ± SEM. 

The effect of diet on the mRNA abundance of liver ACC and HADH was significant (p < 0.05, 

Figure 3.7D,E). The mRNA abundance of ACC was lower in LBW-T0.4 and LBW-T0.8, compared 

to LBW-T0 (Figure 3.7D). The transcript of liver HADH was greater in LBW-T0.4, compared to 

LBW-T0 (Figure 3.7E). The effect of diet on FAS (Figure 3.7C) and the SREBP-1 (Figure 3.7F) 

transcript tended to be significant, with a lower mRNA abundance for these markers in LBW-T0.4 

and LBW-T0.8 than LBW-T0. There were no significant differences across treatments for the 

mRNA abundance of LPL (Figure 3.7A), CD36 (Figure 3.7B), and PPARα (Figure 3.7G). 
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Figure 3.7. Effect of dietary L-tryptophan supplementation on the liver mRNA abundance of lipid 

metabolism markers in low-birthweight neonatal pigs. 

 (A) lipoprotein lipase (LPL), (B) cluster of differentiation 36 molecule (CD36), (C) fatty acid 

synthase (FAS), (D) acetyl-CoA carboxylase alpha (ACC), (E) hydroxyacyl-CoA dehydrogenase 

(HADH), (F) sterol regulatory element-binding transcription factor 1 (SREBP-1), (G) peroxisome 

proliferator activated receptor alpha (PPARα), and (H) PPARG coactivator 1 alpha (PGC1α). 

NBW-T0, normal-birthweight piglets fed a basal diet without supplemented L-tryptophan (Trp); 

LBW-T0, low-birthweight piglets fed a basal diet without supplemented Trp; LBW-T0.4, low-

birthweight piglets fed a diet supplemented with 0.4% Trp; and LBW-T0.8, low-birthweight piglets 

fed a diet supplemented with 0.8% Trp. n = 8 for NBW-T0, LBW-T0, and LBW-T0.8, and n = 7 

for LBW-T0.4. * P ≤ 0.05 vs. LBW-T0. The values are the means ± SEM. 

3.4.7. The Protein Abundance of Key Molecules of Glucose and Lipid Metabolism in the 

Hypothalamus, Liver, Jejunum, Duodenum, and White Adipose Tissue 

The protein abundance of SGLT1 tended to be lower in LBW-T0.4, compared to LBW-T0, in the 

jejunum (Figure 3.8D). Moreover, relative to LBW-T0, the GLUT2 protein abundance tended to 

be lower in LBW-T0.4 and LBW-T0.8 in the liver (Figure 3.8E). Pigs in the NBW-T0 group had a 

lower protein abundance of CPT1α in the liver than in LBW-T0 (Figure 3.8H). The protein 

abundance of TPH2 in the hypothalamus and jejunum (Figure 3.8A,B), SGLT1 in the duodenum 

(Figure 3.8C), GLUT2 in the duodenum and jejunum (Figure 3.8F,G), and CPT1α in white adipose 

tissue (Figure 3.8I) were not different across dietary treatments. The full-length immunoblots for 

all the above markers are given in Supplemental Figure 3A.2. 
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Figure 3.8. Effect of dietary L-tryptophan supplementation on the relative protein abundance of 

feed intake and glucose and lipid metabolism markers in the hypothalamus, jejunum, duodenum, 

liver, and white adipose tissue.  
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(A) tryptophan hydroxylase 2 (TPH2) in the hypothalamus, (B) TPH2 in the jejunum, (C) 

sodium/glucose cotransporter 1 (SGLT1) in the duodenum, (D) SGLT1 in the jejunum, (E) glucose 

transporter-2 (GLUT2) in the liver, (F) GLUT2 in the duodenum, (G) GLUT2 in the jejunum, (H) 

carnitine palmitoyltransferase I α (CPT1α) in the liver, and (I) CPT1α in white adipose tissue. 

NBW-T0, normal-birthweight piglets fed a basal diet without supplemented L-tryptophan (Trp); 

LBW-T0, low-birthweight piglets fed a basal diet without supplemented Trp; LBW-T0.4, low-

birthweight piglets fed a diet supplemented with 0.4% Trp; and LBW-T0.8, low-birthweight piglets 

fed a diet supplemented with 0.8% Trp. n = 8 for NBW-T0, LBW-T0, and LBW-T0.8, and n = 7 

for LBW-T0.4. * P ≤ 0.05 vs. LBW-T0; # 0.05 < P ≤ 0.1 vs. LBW-T0. The values are the means ± 

SEM. 

3.5. Discussion 

LBW is not only associated with health complications in the long term [5,6,7,8], but it is also linked 

with glucose and lipid metabolism disturbances in the short term [9,10]. Nutrition is crucial for the 

optimal growth and health of LBW during the fetal and postnatal periods [8]. Dietary Trp decreases 

the serum and hepatic lipids in rodents and chickens [23,24,25] and suppresses the hyperglycemia 

in rodents [22,26]. Further, Trp is a precursor of serotonin that is involved in feed intake regulation. 

Whether dietary Trp affects the glucose and lipid metabolism and influences the feeding behavior 

through peripheral serotonin in LBW neonates has not been elucidated. The objective of this study 

was to assess: (1) the effect of dietary Trp on lipid and glucose metabolism in a LBW piglet model, 

and (2) the role of peripheral 5HT3 receptors on feed intake regulation in LBW pigs fed with Trp-

enriched diets. Our study generated several key findings: (1) LBW-T0.8 decreased plasma glucose 

at 60 min after a meal test, which is indicative of the role of Trp in reducing blood glucose. This 

might be explained by the increased glycolysis (increased hepatic mRNA abundance of GCK), 

decreased gluconeogenesis (tending to decrease the PEPCK transcript in the liver), and reduced 

hepatic glucose efflux (reduced hepatic GLUT2 gene and protein abundance) in the LBW-T0.8 
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group. (2) The blood glucose concentration did not change in LBW-T0.4, and the protein 

expression of SGLT1 in the jejunum tended to be decreased and GLUT2 in the liver was decreased 

in this group, suggestive of a reduced absorption of glucose in the gut and glucose efflux in the 

liver in this group. (3) Both LBW-T0.4 and LBW-T0.8 reduced the plasma triglyceride 

concentration. These might be due to the reduced hepatic lipogenesis in both groups (reduced 

mRNA abundance of hepatic ACC) and increased hepatic lipolysis in LBW-T0.4 (increased mRNA 

abundance of hepatic HADH). (4) Blocking the 5-HT3 receptor with ondansetron reduced the DMI 

in all groups, which is suggestive of the possible role of peripheral serotonin in the regulation of 

feeding behavior. (5) Ondansetron decreased the DMI transiently (6 h by 14%) in LBW-T0, but 

that reduced the DMI throughout the day (24 h by 16–20%) in LBW-T0.8. Additionally, 

ondansetron specifically reduced the DMI in the NBW-T0 group. These data are suggestive of a 

higher serotonergic signaling in the LBW-T0.8 and NBW-T0 groups, compared to LBW-T0. 

Altogether, milk replacers enriched in Trp improved the hepatic lipid and glucose metabolism by 

reducing the lipogenesis, gluconeogenesis, and glucose efflux and increasing the lipolysis and 

glycolysis. Peripheral serotonin is likely involved in the regulation of feeding behavior, particularly 

in LBW piglets fed diets supplemented with a higher dose of Trp. 

To our knowledge, this is the first report on the effect of dietary Trp on glucose metabolism in 

LBW neonates. The plasma glucose concentration was decreased at 60 min after a meal test in 

LBW-T0.8. Similarly, others showed that dietary supplementation of Trp reduced hyperglycemia 

[26] and its injection caused hypoglycemia [62] in rats. Likewise, an intragastric infusion of Trp 

decreased blood glucose in humans [63], pigs [64], and rats [22]. In contrast, others showed that 

either the oral administration of Trp in humans [65] or the intragastric administration of Trp in rats 

[66] increased plasma glucose. Differences in the doses of Trp used, the route of administration 

(e.g., oral, diet, gastric, and injection), and the experimental units may all lead to discrepancies seen 

among studies. Intragastric and intravenous tryptophan administration has been reported to produce 
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a differential effect on plasma glucose and hormones controlling blood glucose, such as glucagon 

and gastric inhibitory polypeptide (GIP) [66]. It appears that the oral or intragastric administration 

of Trp at supraphysiological levels stimulates glucagon secretion and hyperglycemia [65,66]. 

Unlike the abovementioned studies, our data suggest a hypoglycemic role for Trp, which might be 

due to the disposal of glucose by tryptophan by increasing insulin and incretins [67] and glucose-

mediated GIP secretion [64], and the physiological effect of Trp in inhibiting the absorption of 

glucose from the small intestine [26] and slowing gastric emptying [63,68]. 

Little is understood about the effect of Trp on biochemical pathways involved in glucose 

metabolism in LBW neonates. To our knowledge, the intestinal absorption of glucose and the 

dynamics of glucose metabolism in liver, particularly glycolysis and gluconeogenesis, have not 

been elucidated in LBW neonates receiving Trp-enriched diets. For the first time, here we show an 

increased hepatic mRNA abundance of GCK, decreased PEPCK transcript in the liver, and reduced 

hepatic GLUT2 gene and protein abundance in the LBW-T0.8 group. Further, the protein 

expression of SGLT1 in the jejunum and GLUT2 in the liver was decreased in the LBW-T0.4 

group. Unlike our study, where we showed an increased mRNA abundance of GCK in LBW-T0.8, 

others have either failed to detect a change in the hepatic GCK mRNA expression in rats fed with 

diets supplemented with Trp [22] or showed a downregulation in the GCK expression in the liver 

with a higher dose of dietary Trp in blunt snout bream [69]. Differences in the amount of 

supplemented Trp and animal species used may contribute to the discrepancy in the findings. GCK 

is one of the key limiting enzymes in glycolysis in the liver, which converts glucose to glucose-6-

phosphate, and its expression is regulated by insulin [70]. The plasma insulin did not change across 

groups in our study; therefore, the increased expression of GCK in response to a high dose of 

supplemental Trp suggests the existence of an alternative pathway. GCK has three Trp residues in 

its structure [71], which may explain the link between the availability of Trp and GCK synthesis. 

The increased transcript of GCK in the current study is suggestive of an increased glycolysis in 
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LBW pigs fed with diets supplemented with 0.8% Trp, which may contribute to the reduced 

hyperglycemia in this group. In line with our findings, others reported a reduced activity for PEPCK 

following Trp administration in normal and adrenalectomized rats [72]. However, there are other 

reports showing an increased PEPCK activity following the administration of Trp in rats [73] and 

mice [74]. In our study, we did not measure the activity of PEPCK; however, the energy balance 

status of the animals used (e.g., fed vs. fasted) or possible differences in the regulation of 

gluconeogenesis by nutrients and amino acids, such as Trp, among different animal species may 

contribute to the controversial effect of Trp on the PEPCK activity in the abovementioned studies. 

PEPCK is the first key rate-limiting enzyme in hepatic gluconeogenesis [75]. The lower abundance 

of PEPCK mRNA in LBW-T0.8 in the current study is suggestive of a reduced gluconeogenesis, 

which may explain the lower plasma glucose concentration in this group. In the present study, we 

showed a reduced hepatic GLUT2 expression in both the LBW-T0.4 and LBW-T0.8 groups. To 

our knowledge, there is no published data on the dynamics of hepatic GLUT2 following Trp 

administration. The major role of GLUT2 in the liver is glucose efflux following gluconeogenesis, 

rather than glucose uptake [76]. Therefore, the reduced expression of hepatic GLUT2 in LBW-T0.4 

and LBW-T0.8 is indicative of a reduced glucose efflux to the bloodstream through hepatocytes. 

This may explain the lower blood glucose concentration seen in LBW-T0.8 piglets. Further, we 

report here a reduced protein abundance of SGLT1 in the jejunum of LBW-T0.4 piglets. Previously, 

L-Trp was shown to have a strong interaction with SGLT1 [26]. Given the important role of SGLT1 

in the absorption of glucose in the gut, our data suggest that Trp inhibits the absorption of glucose 

through the downregulation of intestinal SGLT1. Overall, the reduced blood glucose in LBW-T0.8 

might be explained by the increased glycolysis, decreased gluconeogenesis, and reduced hepatic 

glucose efflux in the LBW-T0.8 group. While the expression of SGLT1 in the jejunum and GLUT2 

in the liver was decreased in the LBW-T0.4 group, the blood glucose did not change in the same 

group. Unlike the higher dose of Trp (T0.8), which changed the expression glycolytic and 

gluconeogenic enzymes, the lower dose of supplemental Trp appears to only influence the uptake 
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of glucose from the intestine and efflux of glucose in hepatocytes, which does not seem to be 

sufficient to change the blood glucose level. 

In the current study, for the first time, we show a decreased plasma triglyceride concentration in 

LBW-T0.4 and LBW-T0.8 piglets. In agreement with our data, dietary Trp supplementation 

reduced the serum lipids in rats [23] and the hepatic lipids in laying hens and broilers [24,25]. The 

data on the cellular lipid metabolism in LBW neonates fed with diets supplemented with higher 

amounts of Trp are scarce. In particular, there is a paucity of data on lipogenesis and lipolysis in 

LBW neonates fed with diets enriched in Trp. Here, we report a reduced hepatic mRNA abundance 

of ACC in both LBW-T0.4 and LBW-T0.8 and increased hepatic mRNA abundance of HADH in 

LBW-T0.4 piglets. ACC is a key enzyme involved in the biosynthesis of lipids, while HADH 

catalyzes the oxidation of fatty acids during beta oxidation. The downregulation of ACC and 

upregulation of HADH in the liver suggest that Trp supplementation reduces the lipogenesis but 

increases the lipolysis in the liver of LBW neonates, which may explain the reduced blood 

triglycerides. In support of our results, others showed that Trp increased the activity of CPT1 and 

oxidation of fatty acids [77]. They reported that Trp is involved in lipid metabolism through, 

serving as a precursor in the synthesis of melatonin [78,79]. Further research is warranted to better 

understand the role of endocrine signals that trigger alterations in lipid and glucose metabolism in 

LBW neonates receiving Trp-enriched diets. Given the role of Trp and its metabolism as one of the 

key modulators of gut microbiota [80] and also the importance of microbiota in glucose and lipid 

metabolism [81,82], it remains to be determined whether the gut microbiome is involved in 

alterations in glucose and lipid metabolism following Trp supplementation. Further, there appears 

to be a minor link between Trp metabolism metabolites and iron metabolism biomarkers [83]. 

Indicators of tryptophan metabolism have been shown to be positively correlated with hemoglobin 

and markers of iron metabolism [83]. Whether Trp-induced changes in iron metabolism play a role 

in the metabolic outcome of Trp-enriched diets requires further investigation. 
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While the role of brain serotonin, as an anorexigenic hormone in the regulation of feeding behavior, 

is documented [27,28,29,30,84], little is known of the role of peripheral serotonin in appetite 

regulation. In the present study, blocking 5-HT3 receptors with ondansetron reduced the feed intake 

in all groups. This was in line with a previous report, where ondansetron reduced the feed intake in 

rats [85]. Further investigation is needed to determine whether 5-HT3 receptors and peripheral 

serotonin are involved in the regulation of ingestive behavior in LBW piglets. More specifically, 

ondansetron decreased the intake transiently in LBW-T0, but that reduced the feed intake 

throughout the day in the LBW-T0.8 and NBW-T0 groups. This is indicative of a higher 

serotonergic signaling in the LBW-T0.8 and NBW-T0 groups, but a lower serotonergic tone in 

LBW-T0 piglets. The gastrointestinal tract is the main site for the conversion of Trp into serotonin 

[27,30,86], and Trp availability has been shown to enhance serotonin synthesis through the 

hydroxylation of Trp in a rate-limiting step by the action of tryptophan hydroxylase [87]. Therefore, 

our data suggest a higher availability of Trp in the LBW-T0.8 and NBW-T0 groups for the synthesis 

of gut-derived serotonin. In support of our data, a lower serotonin concentration in LBW piglets 

has been reported [27]. Since >95% of serotonin is produced in the gastrointestinal tract [27,30,86], 

the lower blood serotonin is suggestive of a reduced serotonin synthesis in the intestinal 

enterochromaffin cells of LBW piglets. Since the synthesized serotonin in enterochromaffin cells 

is stored in platelets and released after stimulation [88], further research is required to understand 

whether a lower peripheral serotonin is related with a higher rate of thrombocytopenia in LBW 

neonates [89]. 

3.6. Conclusions 

To our knowledge, this is the first study assessing the effect of dietary Trp on glucose and lipid 

metabolism in LBW neonates. We demonstrated that supplemental Trp improves the glucose and 

lipid metabolism in an LBW piglet model through reducing hepatic lipogenesis, gluconeogenesis, 

and glucose efflux and increasing lipolysis and glycolysis. Further, we provided evidence of the 
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role of peripheral serotonin in the regulation of feeding behavior and a lower serotonergic signaling 

in LBW piglets receiving no Trp supplement. Further research on the endocrine regulation of 

metabolic pathways involved in glucose and lipid metabolism following the administration of Trp 

in LBW neonates is required. 
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3.7. Appendices 

 

Appendix Figure 3A.1. A representative screenshot of a thermal image. 

Dorsal surface body mean temperature was obtained by drawing a rectangular in the entire 

back of piglets approximately from shoulders to the rump of the animal using a rectangular 

drawing tool of FLIR camera software (FLIR Research Studio, Wilsonville, OR) 
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Appendix Table 3A.1. Analyzed chemical composition of diets (As-fed basis) 

Ingredients % 
Diets1 

T0 T0.4 T0.8 

Whey powder2 52.92 52.92 52.92 

Whey protein concentrate 36.17%2 24.58 24.58 24.58 

Corn oil2 12.00 12.00 12.00 

Sodium caseinate2 5.01 5.01 5.01 

Dextrose2 1.02 0.97 0.91 

Lactose2 1.00 1.00 1.00 

Dicalcium phosphate 18.5%2 1.00 1.00 1.00 

L-Alanin2 0.87 0.52 0.18 

L-Tryptophan2 0.00 0.40 0.80 

Limestone2 0.43 0.43 0.43 

L-Lysine sulphate2 0.07 0.07 0.07 

DL-Methionine2 0.12 0.12 0.12 

L-Arginine2 0.21 0.21 0.21 

L-Phenylalanine2 0.29 0.29 0.29 

L-Histidine2 0.11 0.11 0.11 

Vitamin premix3 0.25 0.25 0.25 

Mineral premix4 0.12 0.12 0.12 

    

Calculated Chemical Composition5    

Dry matter, % 95.64 95.64 95.65 

ME, Mcal/kg 4.37 4.37 4.37 

Crude protein, % 22.60 22.60 22.60 

Crude fat, % 13.50 13.50 13.50 

Lactose, % 51.34 51.34 51.34 

SID Lysine, % 1.57 1.57 1.57 

SID Threonine, % 1.00 1.00 1.00 

SID Methionine, % 0.48 0.48 0.48 

SID Tryptophan, % 0.31 0.71 1.11 

SID Isoleucine, % 1.08 1.08 1.08 

SID Valine, % 1.05 1.05 1.05 

SID Arginine, % 0.65 0.65 0.65 

SID Histidine, % 0.50 0.50 0.50 

SID Lucine, % 1.83 1.83 1.83 

SID Phenylalanine, % 0.94 0.94 0.94 

SID Phe + Tyrosine, % 1.48 1.48 1.48 

Calcium, % 0.90 0.90 0.90 

Total phosphorus, % 0.73 0.73 0.73 

Potassium, % 1.45 1.45 1.45 
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1T0: basal diet without supplemented L-tryptophan (Trp); T0.4: basal diet supplemented with 

0.4% Trp; T0.8: basal diet supplemented with 0.8% Trp.2Whey powder, whey protein 

concentrate, corn oil, dextrose, lactose, dicalcium phosphate, limestone and L-arginine were 

obtained from Nutra Blend, LLC (Neosho, MO). Sodium caseinate was obtained from AMCO 

PROTEIN (Burlington, NJ). DL-methionine (99%) (MetAMINO®) and L-lysine (Biolys®) were 

obtained from Evonik (Kennesaw, GA). L-tryptophan (98%) was purchased from Ajinomoto 

(Overland Park, KS). L-valine (96.5%), L-histidine, L-phenylalanine and L-alanine was obtained 

from Ajinomoto Health & Nutrition North America, Inc. (Raleigh, NC). 3Vitamin premix were 

purchased from Nutra Blend, LLC (Neosho, MO). Vitamin premix (per kg) contained: vitamin 

A, 1,650,000 IU; vitamin D3, 660,000 IU; vitamin E, 17,600 IU; vitamin K, 1,320 mg; vitamin 

B12, 13.2 mg; niacin, 19,800 mg; pantothenic acid, 11,000 mg; riboflavin, 3,300 mg; phytase, 

299,376 FYT. 4Mineral premix were purchased from Nutra Blend, LLC (Neosho, MO). Mineral 

premix contained: copper, 11,000 ppm; iodine, 198 ppm; iron, 73,000 ppm; manganese, 22,000 

ppm; selenium, 198 ppm; zinc, 73,000. 5National Swine Nutrition Guide (Version 2.1 Metric, 

©2012 U.S. Pork Center of Excellence) 
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Appendix Table 3A.2. Chemical composition of supplemental amino acids and whey powder 

used in diets (As-fed basis) 

 

Chemical 

Composition 

Ingredients1 

Arg His Phe Whey powder 

Dry matter, % 99.6 99.5 99.6 94.4 

Crude protein, % 202.1 170.7 52.9 13.2 

Crude fiber, % <1.0 <1.0 <1.0 <1.0 

Calcium, % 0.02 0.01 0.07 0.60 

Phosphorus, % 0.01 0.01 <0.01 0.62 
1The "less than" symbol (<) indicates the result was lower than the reporting limit for this 

laboratory ServiTech Laboratories (Dodge City, KS). 
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Appendix Table 3A.3. Amino acid profile and crude protein of whey protein concentrate used 

in diets (As-fed basis) 

 

Items Whey Protein Concentrate 

Taurine*,% 0.15 

Aspartic acid, % 3.82 

Threonine, % 2.45 

Serine, % 1.44 

Glutamic acid, % 6.23 

Proline, % 2.13 

Glycine, % 0.68 

Alanine, % 1.89 

Cysteine, % 0.86 

Valine, % 2.20 

Methionine, % 0.67 

Isoleucine, % 2.46 

Leucine, % 3.89 

Tyrosine, % 0.89 

Phenylalanine, % 1.21 

Hydroxylysine, % 0.02 

Ornithine*, % 0.06 

Lysine, % 3.33 

Histidine, % 0.68 

Arginine, % 0.92 

Tryptophan, % 0.74 

Crude protein#, % 36.17 
* Non-proteinogenic amino acids 

# Crude protein= %N×6.25 
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Appendix Table 3A.4. Analyzed chemical composition of diets (As-fed basis) 

Items 
Diets1 

T0 T0.4 T0.8 

Taurine2,% 0.13 0.12 0.12 

Aspartic acid,% 1.84 1.88 1.87 

Threonine,% 1.16 1.19 1.18 

Serine,% 0.88 0.92 0.90 

Glutamic acid,% 3.36 3.43 3.38 

Proline,% 1.33 1.35 1.32 

Lanthionine2 0.12 0.11 0.15 

Glycine,% 0.39 0.40 0.40 

Alanine,% 1.46 1.30 1.09 

Cysteine,% 0.38 0.37 0.37 

Valine,% 1.20 1.22 1.21 

Methionine,% 0.45 0.56 0.47 

Isoleucine,% 1.16 1.18 1.17 

Leucine,% 1.98 2.03 2.01 

Tyrosine,% 0.64 0.67 0.64 

Phenylalanine,% 0.80 0.95 0.97 

Hydroxylysine,% 0.04 0.04 0.02 

Ornithine2,% 0.01 0.01 0.01 

Lysine,% 1.76 1.71 1.70 

Histidine,% 0.49 0.51 0.52 

Arginine,% 0.80 0.84 0.61 

Tryptophan,% 0.36 0.84 1.29 

Dry matter, % 95.3 95.8 95.0 

Crude protein3,% 21.5 21.4 20.7 

Crude fiber, % <1.0 <1.0 <1.0 

Calcium, % 0.96 0.91 0.97 

Phosphorus, % 0.72 0.67 0.71 
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Appendix Table 3A.5. The sequences [forward (F) and reveres (R)], location on template, 

amplicon size (bp), and GenBank accession numbers for primers used for reverse transcription 

quantitative real-time polymerase chain reaction (RT-qPCR) 

Genes1 Sequence (5’ → 3’) 
Location on 

template 

Amplic

on 

length 

(bp) 

GenBank 

accession no. 

FAS  
F: CTGCTGAAGCCTAACTCCTCG 

R: TTGCTCCTTGGAACCGTCTG 

584 - 604 

771 - 790 
207 NM_001099930.1 

ACC  
F: ATGTTTCGGCAGTCCCTGAT 

R: TGTGGACCAGCTGACCTTGA 

4870 - 4889 

4983 - 5002 
133 NM_001114269.1 

HSL 
F: GCTCCCATCGTCAAGAATC 

R: TAAAGCGAATGCGGTCC 

2043 - 2061 

2291 - 2307  
265 NM_214315.3 

PPARα 
F: CATCCTCGCGGGAAAGG 

R:GGCCATACACAGTGTCTCCATGT 

722 - 738 

769 - 791  
70 NM_001044526.1 

SREBP-

1  

F: CGGACGGCTCACAATGC 

R: GACGGCGGATTTATTCAGCTT 

986 - 1002 

1079 - 1099 
114 NM_214157.1 

HADH 
F: GCCATCGTGGAGAACCTGAA 

R: GAAATGGAGCCCGGCAAATC 

461 - 480 

600 - 619 
159 NM_214331.1 

PGC1α  
F: GATGTGTCGCCTTCTTGTTC 

R: CATCCTTTGGGGTCTTTGAG 

1629 - 1648 

1702 - 1721 
93 NM_213963.2 

LPL 
F: CCCTATACAAGAGGGAACCGGAT 

R: CCGCCATCCAGTCGATAAACGT 

448 - 470 

564 - 580 
138 NM_214286.1 

CD36  
F: CTGGTGCTGTCATTGGAGCAGT 

R: CTGTCTGTAAACTTCCGTGCCTGTT 

443 - 464 

579 - 603 
161 NM_001044622.1 

GCK  
F: CCGACTTCCTGGACAAGCAT 

R: ATCGTGGCCACAGTGTCATT 

1040 -1059 

1258 -1277 
238 XM_003134883.2 

PFKL  
F: ACTCCCTTCGACCGGAACTA 

R: TGCTCAAAGTCGGTGTCCTC 

2119 - 2138 

2296 - 2315   
197 XM_021071510.1 

GLUT2  
F: GGTTCATGGTGGCCGAGTT 

R: ATTGCGGGTCCAGTTGC 

1260 - 1278 

1326 - 1342  
83 NM_001097417.1 

PEPCK   
F: CTGGGAAGGCATTGATCAGC 

R: AGCGAGAGTTAGGATGTACA 

1336 - 1335 

1426 - 1445 
110 NM_001161753.1 

G6PC  
F: TGAACGTCTGTCTGTCACGA 

R: ATACTTCTTGAGGCTGGCGT 

491 - 510 

608 - 627 
137 NM_001113445.1 

GLUT1 
F: GGAGATGAAGGAGGAGAGCC 

R: TAGAAAACCGCGTTGATGCC 

982 - 1001 

1112 - 1131 
150 XM_021096908.1 

PC  
F: GGACTTCACTGCCACCTTTG 

R: GCTCCACCTCAAACTCCTCT 

3063 - 3082 

3135 - 3154 
92 NM_214349.1 

PKLR 
F: CCCACTGAAGTCACCGCTAT 

R: GAGGAAGCCACGGAGTTTT 

1357 – 1376 

1626 - 1644 
288 XM_021089721.1 

β-Actin  
F: CTGCGGCATCCACGAAACT 

R: AGGGCCGTGATCTCCTTCTG 

944 - 962 

1071 - 1090 
147 XM_003124280.5 
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1FAS = fatty acid synthase; ACC = acetyl-CoA carboxylase; HSL = Hormone-sensitive lipase; PPARα = 

Peroxisome proliferator activated receptor alpha; SREBP-1 = sterol regulatory element binding 

transcription factor 1; HADH = Hydroxyacyl-CoA dehydrogenase; PGC1α = PPARG coactivator 1 alpha; 

LPL = lipoprotein lipase; CD36 = cluster of differentiation 36 molecule, GCK = glucokinase; PFKL = 

phosphofructokinase, liver type; GLUT2 = glucose transporter 2; PEPCK = phosphoenolpyruvate 

carboxykinase; G6PC = glucose-6-phosphatase catalytic; GLUT1 = glucose transporter 1; PC = pyruvate 

carboxylase; PKLR = pyruvate kinase, liver and RBC . 
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Appendix Table 3A.6. The host, dilution and supplier of primary and secondary antibodies for 

immunoblotting 

Antibodies Host Dilution Vendor 

Anti-Tryptophan hydroxylase 2 

(TPH2) 
Goat 1:500 

Abcam, Cambridge, MA, 

#ab121013 

Anti-Sodium-glucose co-

transporter 1 (SGLT-1) 
Rabbit 1:2000 

Thermo Scientific, Rockford, 

IL, #PA5-28240 

Anti-Carnitine 

palmitoyltransferase I α (CPT1α) 
Rabbit 1:3000 

Thermo Scientific, Rockford, 

IL, #15184-1-AP 

Anti-Glucose transporter 2 

(GLUT-2) 
Rabbit 1:500 

Thermo Scientific, Rockford, 

IL, #720238 

Anti-GAPDH [6C5] (HRP) Mouse 1:5000 
Abcam, Cambridge, MA, 

#ab105428 

Anti-Goat IgG H&L (HRP) Donkey 1:10000 
Abcam, Cambridge, MA, 

#ab205723 

Anti-Rabbit IgG H&L (HRP) Goat 1:1600 
Abcam, Cambridge, MA, 

#ab205718 
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CHAPTER IV 
 

 

 EFFECT OF ISOLEUCINE AND ADDED VALINE ON PERFORMANCE, NUTRIENTS 

DIGESTIBILITY AND GUT MICROBIOTA COMPOSITION OF PIGS FED WITH VERY 

LOW PROTEIN DIETS 

This chapter is based on: Parniyan Goodarzi, Caitlyn Marie Wileman1, Mohammad Habibi, 

Katherine Walsh, Julia Sutton, Cedrick Ndhumba Shili, Jianmin Chai, Jiangchao Zhao, and Adel 

Pezeshki. Effect of Isoleucine and Added Valine on Performance, Nutrients Digestibility and Gut 

Microbiota Composition of Pigs Fed with Very Low Protein Diets. International Journal of 

Molecular Sciences, Accepted. 

4.1. Abstract 

Little is known whether a combination Ile and added Val improves the growth of pigs offered with 

very low protein (VLP) diets through changes in nutrients digestibility and gut microbiota. The 

objective of this study was to investigate the effect of a mixture of Val above and Ile at NRC levels 

on growth, nutrient digestibility and gut microbiota in pigs fed with VLP diets. Forty, weaned 

piglets were assigned to: positive control: normal-protein-diet; negative control (NC): VLP diet 

supplemented with first four limiting amino acids; VA: NC with Val above NRC; IL: NC with Ile 

at NRC level; VAIL: NC with Val above and Ile at NRC levels. While both VAIL and VA groups 

completely recovered the inhibitory effects of VLP-diets o feed intake, only VAIL partially 

recovered the negative effects of VLP-diets on growth performance. 
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VAIL and VA increased the thermal radiation and decreased the digestibility of nitrogen. NC 

increased the relative abundance of Pasteurellaceae and Enterobacteriacea in the colon. VAIL had 

higher abundance of colonic Actinobacteria, Enterococcus, and Brevibacillus and the colon content 

of VA was more enriched with Mogibacterium. Overall, VAIL partially improved the growth per-

formance which is likely linked with alterations in gut microbiota composition. 

4.2. Introduction 

Due to their negative impact on the environment, diet cost, post-weaning diarrhea and human and 

animal health, high protein diets have been criticized to be used for swine [1]. Slightly low protein 

(SLP) diets with less than 4% reduced crude protein (CP) supplemented with first four limiting 

amino acids (FFL), i.e., lysine (Lys), methionine (Met), threonine (Thr) and tryptophan (Trp) 

reduce nitrogen (N) excretion, and post-weaning diarrhea and improve gut health [2,3] with no 

negative influence on growth performance of pigs [4–7]. Reduction of dietary CP more than 4% 

may produce even more beneficial results in total N excretion [8–10], but very low protein (VLP) 

diets reduce the growth performance of pigs while supplemented with FFL [11–14]. Further 

research is warranted to identify the next limiting amino acids (AA) in pigs fed with VLP diets. 

We have previously shown that supplementing VLP diets with all three branched-chain amino acids 

(BCAA) including leucine (Leu), isoleucine (Ile), and valine (Val) at or above NRC (2012) [15] 

levels along with adding FFL partially reversed the negative effect of these diets on growth of pigs 

[16,17]. Val and Ile have already been recommended as the fifth and sixth limiting AA for growth 

respectively in growing-finishing pigs fed with VLP diets [18,19]. Valine deficiency has been 

shown to reduce the feed intake in 6-week-old pigs fed with VLP diet supplemented with FFL and 

histidine [20]. The reduction in growth following Val deficiency was more severe when these diets 

were supplemented with the excess amount of Leu [21]. Increasing dietary Leu levels has been 

shown to decrease daily feed intake and growth in weaned pigs fed with normal protein diets 
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[22,23]. Therefore, dietary Val and Ile, but not Leu appear to have some promising effects on feed 

intake and growth of pigs under protein restriction. 

We recently showed that supplementing a combination of Val and Ile at NRC (2012) [15] levels to 

VLP diets containing FFL improved growth performance of nursery pigs [24]. Others showed that 

dietary Val, and/or a combination of Val and Ile at NRC levels improved feed intake, growth 

performance and/or feed efficiency of pigs when added to both SLP [2,25–27] and VLP [18,28–

33] diets containing FFL. However, adding Ile alone at NRC [15] levels to SLP and VLP diets 

supplemented with FFL either did not enhance the growth performance [2,25,28] or reduced feed 

intake and growth efficiency [18,29] in pigs. To our knowledge no study has examined the effect 

of a mixture of dietary Val above NRC [15] levels and standard amount of Ile on growth of pigs 

offered with VLP diets.  

Dietary BCAA enhance growth likely by improving intestinal development [24,34–36], feed intake 

[17,26,37–39], nutrients digestibility [40,41], AA utilization [42], insulin-like growth factor 1 

(IGF-1) signaling [17], microbiota composition [43,16] and muscle protein synthesis [26,44–46]. 

The underlying mechanisms by which dietary Val, Ile and/or combination of both improve growth 

performance in pigs fed with VLP diets is poorly understood. Therefore, the objective of this study 

was to investigate the effect of Val above and Ile at NRC (2012) [15] levels on growth 

measurements, nutrient digestibility and gut microbiota in pigs fed with VLP diets. 

4.3. Methods 

4.3.1. Animals and housing 

All the experimental procedures used in this study were approved by Institutional Animal Care and 

Use Committee (IACUC-20-54) at Oklahoma State University. Forty weaned barrows (Duroc sire 

line and Large White × Landrace dam) weighing on average 6.14 kg at 3 weeks of age (Seaboard, 

Hennessey, OK) were individually housed in a controlled temperature facility. The room 
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temperature was set at 30 °C in the first week and then gradually decreased to 26 °C in the last 

week of the study. Every pen was equipped with a single-hole stainless steel feeder and cup 

waterers (Aqua Chief, Newton Grove, NC) attached to calibrated buckets with a single ½″ nipple 

(Lixit Nipple Waterer – L-70, Newton Grove, NC). The lightening program was scheduled based 

on 12 h light and 12 h half-light (with lights on at 0800 and off at 2000). Throughout the study, all 

pigs had ad libitum access to feed and water. 

4.3.2. Diets and experimental design 

Following 1 week of adaptation, weight matched pigs with an average body weight (BW) of 6.68 

kg were randomly assigned to 5 dietary treatments for 5 weeks as follows: 1) positive control (PC): 

normal protein diet; 2) negative control (NC): very low protein diet with lysine, methionine, 

threonine and tryptophan (first four limiting AA, LAA) at NRC (2012) [15] levels; 3) VA: NC with 

Val above NRC level; 4) IL: NC with Ile at NRC level; 5) VAIL: NC with Val above and Ile at 

NRC level. National Swine Nutrition Guide (Version 2.1 Metric, ©2012 U.S. Pork Center of 

Excellence) was used for diet formulation. According to NRC recommendations, 3 nursery phase 

diets were prepared to ensure nutrient requirement of animals are met. Nursery phase 1 (N1), phase 

2 (N2) and phase 3 (N3) were fed on days 1-7, 8-21 and 22-42, respectively. All diets were 

formulated to be isocaloric by using variable amounts of corn and soybean meal. Further, NC, Va, 

IL and VAIL diets were prepared isonitrogenous using L-Alanine. The amount of ingredients used 

was kept as consistent as possible among diets. The ingredients and chemical composition of diets 

are given in Table 4.1 and the analyzed chemical compositions of experimental diets are presented 

in Table 4.2.  
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Table 4.1. Experimental diets’ ingredients and calculated chemical composition (as-fed basis) 

 Diets1 

 
N1 

 N2  N3 

Ingredients2, %  PC NC VA IL VAIL  PC NC VA IL VAIL 

Corn, yellow dent  36.98  46.35 67.62 67.49 67.50 67.35  66.20 84.04 83.93 83.94 83.82 

Soybean meal, 47.5% CP  17.00  26.40 6.60 6.60 6.60 6.60  21.28 2.83 2.83 2.83 2.83 

Fish meal, menhaden  6.00  3.20 3.20 3.20 3.20 3.20  3.20 3.20 3.20 3.20 3.20 

Whey, dried  25.00  4.50 4.50 4.50 4.50 4.50  ─ ─ ─ ─ ─ 

Corn starch  ─  13.88 10.62 10.62 10.62 10.62  4.00 2.91 2.91 2.91 2.91 

Lactose  7.00  ─ ─ ─ ─ ─  ─ ─ ─ ─ ─ 

Plasma spray-dried  5.80  2.10 2.10 2.10 2.10 2.10  2.10 2.10 2.10 2.10 2.10 

Corn oil  0.37  ─ ─ ─ ─ ─  ─ ─ ─ ─ ─ 

Dicalcium phosphate 18.5%  0.85  1.35 1.73 1.73 1.73 1.73  1.15 1.55 1.55 1.55 1.55 

Limestone  0.39  0.50 0.41 0.41 0.41 0.41  0.47 0.34 0.34 0.34 0.34 

Salt  0.13  0.59 0.59 0.59 0.59 0.59  0.48 0.48 0.48 0.48 0.48 

Chromium oxide  ─  0.50 0.50 0.50 0.50 0.50  0.50 0.50 0.50 0.50 0.50 

Vitamin premix  0.04  0.03 0.03 0.03 0.03 0.03  0.03 0.03 0.03 0.03 0.03 

Trace mineral premix  ─  0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 

Zinc oxide, 72% Zn  0.01  0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 

L-Lysine, HCl  0.26  0.35 0.85 0.85 0.85 0.85  0.36 0.83 0.83 0.83 0.83 

DL-methionine  0.13  0.11 0.20 0.20 0.20 0.20  0.09 0.17 0.17 0.17 0.17 

L-threonine  0.04  0.10 0.37 0.37 0.37 0.37  0.10 0.36 0.36 0.36 0.36 

L-tryptophan  ─  0.01 0.11 0.11 0.11 0.11  0.01 0.10 0.10 0.10 0.10 

L-isoleucine  ─  ─ ─ ─ 0.33 0.33  ─ ─ ─ 0.31 0.31 

L-valine  ─  ─ ─ 0.48 ─ 0.48  ─ ─ 0.44 ─ 0.44 

L-alanine  ─  ─ 0.54 0.19 0.33 ─  ─ 0.53 0.20 0.32 ─ 

Calculated Chemical Composition3 

Dry matter, % 90.38  90.36 90.14 90.05 90.16 90.18  88.93 88.97 88.98 88.98 88.99 

ME, Mcal/kg 3.40  3.40 3.40 3.40 3.40 3.40  3.33 3.34 3.34 3.34 3.34 

Crude protein, % 21.97  20.30 14.00 14.00 14.00 14.00  18.93 12.93 12.93 12.93 12.93 

Crude fiber, % 1.61  2.23 1.86 1.85 1.85 1.85  2.47 2.07 2.07 2.07 2.06 

Crude fat, % 3.23  2.72 3.08 3.08 3.08 3.08  3.28 3.54 3.54 3.54 3.53 
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Calcium, % 0.85  0.80 0.80 0.80 0.80 0.80  0.70 0.70 0.70 0.70 0.70 

Total phosphorus, % 0.70  0.65 0.65 0.65 0.65 0.65  0.60 0.60 0.60 0.60 0.60 

Available phosphorus, % 0.62  0.46 0.51 0.51 0.51 0.51  0.39 0.44 0.44 0.44 0.44 

SID Lysine, % 1.50  1.35 1.35 1.35 1.35 1.35  1.23 1.23 1.23 1.23 1.23 

SID Threonine, % 0.88  0.79 0.79 0.79 0.79 0.79  0.73 0.73 0.73 0.73 0.73 

SID Methionine, % 0.43  0.39 0.39 0.39 0.39 0.39  0.36 0.36 0.36 0.36 0.36 

SID Tryptophan, % 0.25  0.22 0.22 0.22 0.22 0.22  0.20 0.20 0.20 0.20 0.20 

SID Isoleucine, % 0.78  0.74 0.41 0.41 0.74 0.74  0.67 0.36 0.36 0.67 0.67 

SID Valine, % 0.96  0.86 0.53 1.01 0.53 1.01  0.79 0.48 0.92 0.48 0.92 

SID Leucine, % 1.65  1.50 1.05 1.05 1.05 1.05  1.46 1.03 1.03 1.03 1.02 

SID Histidine, % 0.51  0.47 0.30 0.30 0.30 0.30  0.45 0.28 0.28 0.28 0.28 

SID Arginine, % 1.13  1.19 0.62 0.62 0.62 0.62  1.09 0.55 0.55 0.55 0.55 

SID Phenylalanine, % 0.90  0.86 0.51 0.51 0.51 0.51  0.80 0.47 0.47 0.47 0.47 

SID Valine: SID Lysine 0.64  0.64 0.39 0.75 0.39 0.75  0.64 0.39 0.75 0.39 0.75 

SID Isoleucine: SID Lysine 0.52  0.55 0.30 0.30 0.55 0.55  0.54 0.29 0.29 0.54 0.54 
1National Swine Nutrition Guide (NSNG; Version 2.1 Metric, ©2012 U.S. Pork Center of Excellence) was used for diets formulations. PC: positive control, standard 

protein diet; NC: negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) 

levels; VA: NC containing valine (Val) above of NRC level; IL: NC containing isoleucine (Ile) at NRC level; VAIL: NC containing Val above NRC and Ile at NRC 

levels. N1: nursery phase 1 diet offered from days 1 to 7 of the experiment, N2: nursery phase 2 diets fed from days 8 to 21 of the experiment and N3: nursery phase 3 

diets offered from days 22 to 42 of the experiment. 

2Corn, soybean meal, fish meal, whey, corn starch, lactose, plasma spray-dried, corn oil, dicalcium phosphate, limestone, salt, zinc oxide, DL-methionine (99%) 

and L-lysine HCl (79-99%) were obtained by Nutra Blend, LLC (Neosho, MO). L-threonine (98.5%) and L-tryptophan (98%) were purchased from Ajinomoto 

(Overland Park, KS). L-isoleucine (98.5%), L-alanine and L-valine (96.5%) were provided from Ajinomoto Health & Nutrition North America, Inc. (Raleigh, 

NC). Chromium oxide was ordered from Fisher Scientific (Bartlesville, OK). Vitamin premix was obtained from Nutra Blend, LLC (Neosho, MO): vitamin A, 

1,653,750 IU/kg; vitamin D3, 661,500 IU/kg; vitamin E, 17,640 IU/kg; vitamin K (menadione), 1,323 mg/kg; vitamin B12, 13.23 mg/kg; niacin, 19,845 mg/kg; 
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D-pantothenic acid, 11,025 mg/kg; riboflavin, 3,307.5 mg/kg; phytase, 300,056.4 FYT/kg. Trace mineral premix was obtained from Nutra Blend, LLC (Neosho, 

MO): copper, 11,000 ppm; iodine, 198 ppm; iron, 73,000 ppm; manganese, 22,000 ppm; selenium, 198 ppm; zinc, 73,000 ppm. 

3ME: Metabolize energy; SID: Standard Ileal Digestibility 
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Table 4.2. Analyzed chemical composition of experimental diets (as-fed basis) 

 Diets1 

 
N1 

 N2  N3 

Chemical composition  PC NC VA IL VAIL  PC NC VA IL VAIL 

Dry matter, % 90.60  88.10 87.60 86.80 87.70 87.00  87.30 86.80 86.60 86.90 86.50 

Crude protein, % 23.00  20.00 13.70 13.50 14.40 13.50  18.70 13.20 12.80 12.40 13.20 

Crude fiber, % 1.40  2.00 1.70 1.80 1.90 1.40  2.90 2.00 1.90 1.90 2.00 

Calcium, % 1.06  0.92 0.66 0.83 0.88 0.78  0.78 0.64 0.66 0.71 0.67 

Phosphorus, % 0.94  0.76 0.67 0.74 0.79 0.70  0.61 0.61 0.67 0.69 0.69 

Taurine2, % 0.20  0.19 0.28 0.19 0.20 0.20  0.26 0.28 0.21 0.21 0.20 

Hydroxyproline, % 0.11  0.09 0.05 0.06 0.10 0.08  0.06 0.06 0.09 0.06 0.06 

Aspartic acid, % 2.10  2.09 1.02 1.06 1.30 0.93  1.81 0.88 0.89 0.94 0.97 

Threonine, % 1.06  0.93 0.85 0.75 0.92 0.80  0.86 0.75 0.72 0.94 0.98 

Serine, % 0.95  0.91 0.51 0.51 0.59 0.47  0.81 0.47 0.47 0.49 0.50 

Glutamic acid, % 3.45  3.57 1.94 2.03 2.41 1.85  3.31 1.80 1.79 1.86 1.89 

Proline, % 1.17  1.11 0.73 0.76 0.81 0.72  1.05 0.72 0.76 0.76 0.77 

Lanthionine2, % 0.02  0.01 0.02 0.00 0.00 0.00  0.02 0.02 0.00 0.00 0.00 

Glycine, % 0.95  0.88 0.53 0.52 0.63 0.49  0.83 0.51 0.52 0.53 0.51 

Alanine, % 1.14  1.02 1.29 0.97 1.08 0.69  1.00 1.19 0.84 1.21 0.72 

Cysteine, % 0.44  0.39 0.23 0.24 0.29 0.21  0.33 0.23 0.20 0.24 0.26 

Valine, % 1.18  1.04 0.61 1.03 0.74 1.04  0.94 0.55 0.98 0.60 0.97 

Methionine, % 0.47  0.44 0.36 0.35 0.44 0.39  0.39 0.37 0.29 0.34 0.38 

Isoleucine, % 0.93  0.91 0.49 0.50 0.89 0.75  0.81 0.43 0.41 0.74 0.71 

Leucine, % 1.89  1.73 1.12 1.17 1.29 1.12  1.63 1.09 1.10 1.12 1.14 

Tyrosine, % 0.73  0.68 0.39 0.39 0.47 0.39  0.63 0.39 0.39 0.38 0.39 

Phenylalanine, % 1.01  1.02 0.56 0.60 0.69 0.54  0.92 0.53 0.54 0.53 0.56 

Hydroxylysine, % 0.06  0.04 0.00 0.03 0.04 0.03  0.00 0.00 0.04 0.02 0.04 

Ornithine2, % 0.01  0.02 0.01 0.01 0.01 0.01  0.02 0.01 0.01 0.01 0.01 

Lysine, % 1.69  1.69 1.39 1.32 1.56 1.31  1.40 1.29 1.37 1.40 1.29 

Histidine, % 0.54  0.54 0.32 0.32 0.37 0.28  0.51 0.30 0.30 0.31 0.30 

Arginine, % 1.19  1.29 0.65 0.65 0.81 0.56  1.16 0.58 0.59 0.61 0.60 

Tryptophan, % 0.33  0.28 0.23 0.25 0.26 0.28  0.22 0.20 0.22 0.24 0.22 
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Valine: Lysine 0.70  0.62 0.44 0.78 0.47 0.79  0.67 0.43 0.72 0.43 0.75 

Isoleucine: Lysine 0.55  0.54 0.35 0.38 0.57 0.57  0.58 0.33 0.30 0.53 0.55 
1PC: positive control, standard protein diet; NC: negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, threonine, and 

tryptophan) at NRC (2012) levels; VA: NC containing valine (Val) above of NRC level; IL: NC containing isoleucine (Ile) at NRC level; VAIL: NC containing Val 

above NRC and Ile at NRC levels. N1: nursery phase 1 diet offered from days 1 to 7 of the experiment, N2: nursery phase 2 diets fed from days 8 to 21 of the experiment 

and N3: nursery phase 3 diets offered from days 22 to 42 of the experiment. 

2Non-proteinogenic amino acids. 
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4.3.3. Body weight, feed intake, and water intake 

Body weight were recorded weekly and individual feed intake (FI) and water intake (WI) were 

measured daily. Using BW, FI and WI data, average daily gain (ADG), average daily feed 

intake (ADFI), average daily protein intake (ADPI), average daily water intake (ADWI), gain-

to-feed ratio (G:F), gain-to-protein ratio (G:P) and water-to-feed ratio (W:F) were determined. 

Furthermore, weekly body weight gain (BWG), mean feed intake (MFI), cumulative feed 

intake (CFI), cumulative protein intake (CPI), G:F, and G:P ratios were calculated. 

4.3.4. Thermal images 

Using a FLIR C2 compact thermal camera with a focal length of 1.54 mm and a thermal 

accuracy of ±2 ºC (FLIR Systems, Boston, MA, USA), thermal images were captured 

approximately 1 m above each pig on a weekly basis with emissivity coefficient set at 0.95. 

Representative thermal images of experimental groups are shown in Supplementary Fig. 4A.1. 

4.3.5. Feed and fecal samples collection 

Roughly1 kg feed samples from each feed bag were collected, pooled for each treatment, and 

stored at −20 °C until composition analysis. Fecal samples were collected in plastic bags for 

individual pigs over the course of study, combined separately during N2 and N3 phases for 

each treatment and stored at −20 °C for composition analysis. 

4.3.6. Blood and tissue samples collection 

At week 6, after an overnight fast (8 hours), pigs were allowed to consume their respective 

diets for one hour and blood samples were collected at baseline 0 (fast state), 60 and 120 

minutes after the meal test (fed state). Blood samples were collected from jugular vein in the 

supine position into 10.0 mL serum tubes and 3.0 mL plasma tubes containing heparin (BD 

Vacutainer®, Franklin Lakes, NJ, USA). Blood samples were centrifuged at 3,000 × g for 15 
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minutes (min) at 4 ºC and serum or plasma were separated. Both serum and plasma samples 

were stored at −80°C for further analysis. At 120 min after meal, all pigs were euthanized 

using CO2 asphyxiation method. Immediately after euthanasia colon content were collected, 

snap-frozen in liquid nitrogen, and stored at −80 °C for microbiota analyses. One of back legs 

was excised and stored at −20 °C for dual-energy X-ray absorptiometry (DEXA) analysis. 

4.3.7. Diets and fecal samples composition analysis 

Diets were analyzed for dry matter, CP, crude fiber, calcium (Ca), phosphorus (P), and 

chromium (Cr), by ServiTech laboratories (Dodge City, KS) as we previously described 

[13,17,47] (Table 4.1). Experimental diets were also analyzed for complete AA profile by 

Agricultural Experiment Station Chemical Laboratories (University of Missouri-Columbia, 

MO) [48] (Table 4.2). N, Ca, P and Cr contents of fecal samples were determined by 

ServiTech laboratories (Dodge City, KS, USA). 

4.3.8. Thermal radiation analysis 

A rectangle shape was drawn in the entire back of piglets using FLIR camera software (FLIR 

Research Studio software) to determine the mean dorsal surface body temperature [48]. 

Following equation was then used to obtain thermal radiation (W/m2): σε (Ts4 – Tα4) where 

σ is Stefan Boltzmann constant (5.67 x 10-8 W/m2K4), ε is thermodynamic emissivity (0.95), 

Ts is body surface temperature (kelvin) and Tα is ambient temperature (kelvin). 

4.3.9. Apparent fecal digestibility 

Marker method was used for calculating apparent fecal digestibility (AFD) of Ca, P, and N by 

comparing the difference between the quantities of Cr and nutrients in feed and feces for 

individual pigs using the following formula: AFD = 100 – [(100 × (Cr concentration in feed/Cr 

concentration in feces) × (nutrient concentration in feces/nutrient concentration in feed)] [47]. 



125 
 

4.3.10. Dual-energy X-ray absorptiometry analysis 

Using rodent’s calibration feature, excised legs were scanned with DEXA (Hologic, 

Discovery QDR Series, Bedford, MA, USA) to obtain bone mineral content (BMC), bone 

mineral density (BMD), fat mass, lean mass, and total mass [47]. 

4.3.11. Colon contents DNA isolation, amplicon sequencing, sequence data analysis, 

and taxonomic classification 

The DNA from colon contents were extracted using the Dneasy PowerLyzer PowerSoil Kit 

(Qiagen, Inc., Germantown, MD, USA) following the instructions of the manufacturer. The 

concentration of isolated DNA was determined using NanoDrop One (Thermo Fisher 

Scientific, Madison, WI, USA) and diluted to 10 ng/μL. The DNA samples with OD 260/280 

of 1.8–2 were used for PCR amplification and microbial amplicon sequencing. 

For amplicon sequencing, the primers 515F (5′-GTGCCAGCMGCCGCGGTAA-3′) and 

806R (5′-GGACTACHVGGGTWTCTAAT-3′) with barcodes were used for amplifying the 

16S rRNA V4 region by PCR. The PCR products was mixed with 1× loading buffer containing 

GelRed and loaded on 1% electrophoresis agarose gel for quality control and then purified 

using normalization plates (SequalPrep Normalization Plate Kit, Invitrogen, Carlsbad, CA, 

USA). Purified PCR amplicons were pooled together to generate a sequencing library. The 

library quality and concentration were determined by using the Agilent Bioanalyzer 2100 

system (Agilent, Santa Clara, CA, USA) and KAPA Illumina Library Quantification Kits 

(Roche, Indianapolis, IN, USA). A mock community (ZymoBIOMICS™ Microbial 

Community Standard, Zymo, Irvine, CA, USA) and negative control were included in the 

sequencing run for quality control to estimate errors introduced during PCR amplification and 

the MiSeq run. The library was then sequenced using the Illumina MiSeq platform (Illumina, 

Inc.), and 2 × 250 bp paired-end raw reads were generated. 
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For sequence data analysis, the Mothur software (v1.39.1) [49] was used to process the raw 

paired-end reads based on the MiSeq SOP. Paired-end reads were merged and filtered. 

Chimeras was removed by the UCHIME algorithm. Sequences were binned into operational 

taxonomic units (OTUs) at the 97% similarity level and be classified using a naïve Bayesian 

classifier against Ribosomal Database Project (RDP)[50]. High quality reads were classified 

against the RDP database. Alpha diversities including Shannon index, the number of Observed 

OTUs, Chao1 and Simpson were compared using Wilcoxon rank test. Beta diversity based on 

Bray–Curtis and Jaccard distances was tested using an analysis of similarity (ANOSIM). The 

outputs of diversity were visualized using the “ggplot2” package in R (version 3.6.0). To 

identify the most notable bacterial communities between dietary groups, linear discriminant 

analysis (LDA) with effect size measurements (LefSe) was applied using a tool hosted in the 

Galaxy (server) instance of Huttenhower lab (https://huttenhower.sph.harvard.edu/galaxy/) 

and the scores were normalized by log10. The bacterial populations with LDA score (log10) 

> 2 were considered as significantly increased numbers. 

4.3.12. Statistical analysis 

Outlier test was first conducted for overall growth, cumulative hourly feed intake, thermal 

radiation, and all other data acquired from laboratory analyses, including DEXA. GLM 

analysis (IBM SPSS Statistics Version 23, Armonk, NY, USA) and a paired Student’s t-test 

followed by a Benjamini-Hochberg correction with 0.1 false discovery rate was then used to 

determine the differences among means for five preplanned comparisons: NC vs. PC, VA vs. 

PC, VA vs. NC, VAIL vs. PC, and VAIL vs. NC. The mixed analysis was performed for the 

hourly, daily, and weekly collected data, including FI, WI, BW, BWG, MFI, CFI, CPI, G:F, 

and G:P, with the diet, time, and diet by time interaction as fixed effects and the animal as a 

random variable in the model. The modeling of covariance structure for repeated 

measurements for each variable was conducted using the lowest quantities of fit statistics for 
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corrected Akaike Information Criterion and Bayesian Information Criterion. Differences 

among treatments were considered significant at P ≤ 0.05 and a trend at 0.05 < P ≤ 0.10. 

4.4. Results 

4.4.1. Growth performance 

Overall, the effect of diet on final BW, ADG, ADFI, ADPI and G:F ratio was significant (P < 

0.05, Table 4.3). Compared to PC, final BW of NC was reduced by 25%, while that tended 

(0.05 < P ≤ 0.1) to be reduced in VA and VAIL (Table 4.3). Relative to NC, VAIL, but not 

VA, tended to increase the final BW (Table 4.3). Pigs fed with NC, VA, and VAIL had 36, 

24, and 22% lower ADG in comparison with PC, respectively. VAIL tended to increase the 

ADG compared to NC (Table 4.3). Body length, heart girth and wither height were not 

changed across diets (Table 4.3). Overall, the effects of diet, day, and interaction of diet by 

day on daily BW were significant (P < 0.01; Fig. 4.1A). NC had lower BW than PC on days 

21, 28, and 35 (22, 22, and 25%, respectively (Fig. 4.1A). Relative to PC, VA tended to have 

a lower BW on days 21, 28, and 35; however, VA tended to have a higher BW than NC on 

day 21. VAIL tended to reduce BW compared to PC on days 28 and 35 but this group tended 

to have higher BW than NC on day 35 (Fig. 4.1A). Further, the effect of diet on BWG was 

significant for weeks 2-5 and tended to be significant for week 1 (Table 4.4). Compared to 

PC, pigs fed with NC had a lower BWG during all 5 weeks (26, 38, 41, 37, and 38%, 

respectively). In comparison with PC, pigs fed with VA either tended or had significantly 

lower BWG in all 5 weeks. Pigs fed with VA had higher BWG than NC in week 3 (Table 4.4). 

VAIL tended to have a lower BWG than PC in weeks 2 and 5 and had lower (38%) BWG in 

week 3. However, compared to NC, VAIL had higher (40%) and tended to have higher BWG 

during weeks 4 and 5, respectively. Pigs in NC group had a lower ADFI than PC, but the 

ADFI was not different when VA and VAIL were groups compared with PC (Table 4.3). 

Compared to NC, the ADFI was 31% higher in VA and tended to be higher in VAIL (Table 
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4.3). ADWI and W:F were not changed among diets (Table 4.3). The effect of diet on FI was 

significant on day 4 with a lower FI for VAIL than PC and NC at hour 9 (0.05 < P ≤ 0.1; 

Supplementary Fig. 4A.2). Overall, the effect of diet on MFI and CFI was significant in weeks 

3-5 (Table 4.4). Relative to PC, NC tended to reduce MFI and CFI in week 3. VA tended to 

increase MFI and CFI compared to NC in week 3. NC had a lower MFI and CFI than PC in 

week 4. VA had a higher MFI and CFI than NC in week 4 and VAIL tended to have a higher 

MFI and CFI than NC in week 4 (Table 4.4). 

ADPI was lower in NC, VA, and VAIL (67, 27, and 50%, respectively) compared to PC (Table 

4.3). Furthermore, ADPI was 38% higher in VA and tended to be higher in VAIL compared 

to NC (Table 4.3). Overall, the effect of diet on CPI was significant over the course of 5 weeks 

(Table 4.4). In all weeks, pigs fed with NC had lower CPI than PC. Except week 2, pigs fed 

with VA had a lower CPI than PC in weeks 1, 3, 4 and 5 (36, 33, 31, and 45%, respectively) 

(Table 4.4). However, compared to NC pigs fed with VA increased CPI by 24 and 34% in 

weeks 3 and 4, respectively. Similarly, except week 2, pigs fed with VAIL had a lower CPI 

than PC in weeks 1, 3, 4 and 5 (40, 41, 30, and 27%, respectively) while, in comparison with 

NC, VAIL had 36 and 32% higher CPI in weeks 4 and 5, respectively. 

Compared to PC, pigs fed with NC, VA, and VAIL had 26, 29, and 29% lower G:F ratio, 

respectively (Table 4.3). The effect of diet on weekly G:F ratio was significant on weeks 3 

and 4 (Table 4.4). Pigs fed with NC had a lower G:F than PC in weeks 2, 4, 5. Relative to PC, 

pigs fed with VA decreased the G:F by 24, 23, and 31%, in weeks 2, 3, and 4 respectively and 

tended to reduce the G:F on week 5. VA tended to have a lower G:F than NC on week 4. In 

the last 3 weeks, G:F ratio in pigs fed with VAIL was lower in comparison with PC (23, 14 

and 19%, respectively). The G:P ratio was not different across diets (Table 4.3). The effect of 

diet on weekly G:P ratio was only significant on week 4 when pigs fed with VAIL had a higher 

(23%) G:P ratio than PC (Table 4.4). 
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Table 4.3. Growth performance of nursery pigs fed with very low-protein diets supplemented 

with isoleucine at NRC and valine above NRC levels, or a combination of the two. 

Measurements1 
Diets1 

 

SEM2       P-value 

PC NC VA IL VAIL  

Initial BW, kg 6.76 6.69 6.89 6.68 6.68 0.12 0.98 

Final BW, kg 23.92 17.98a 20.26# 18.21 20.19εω 0.56 0.01 

ADG, kg/day 0.50 0.32a 0.38b 0.33 0.39dω 0.02 < 0.01 

ADFI, kg/day 0.78 0.62a 0.81c 0.68 0.78ω 0.02 0.04 

ADPI, kg/day 0.15 0.08a 0.11bc 0.09 0.10dω 0.01 < 0.01 

ADWI, L/day 1.95 1.38 1.73 1.55 1.77 0.08 0.24 

G:F, kg/kg 0.66 0.49a 0.47b 0.48 0.50d 0.02 < 0.01 

G:P, kg/kg 3.47 3.66 3.62 3.73 3.74 0.09 0.91 

W:F , L/kg 2.68 2.11 2.31 2.28 2.28 0.10 0.54 

Final body length, m 0.65 0.61 0.65 0.61 0.63 0.01 0.08 

Final heart girth, m 0.62 0.57 0.59 0.58 0.61 0.01 0.11 

Final wither height, m 0.42 0.41 0.42 0.40 0.41 0.004 0.31 
1PC: positive control, standard protein diet; NC: negative control, very low protein diet 

containing first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) 

at NRC (2012) levels; VA: NC containing valine (Val) above of NRC level; IL: NC containing 

isoleucine (Ile) at NRC level; VAIL: NC containing Val above NRC and Ile at NRC levels. 

BW: body weight; ADG: average daily gain; ADFI: average daily feed intake; ADPI: average 

daily protein intake; ADWI: average daily water intake; G:F: gain:feed ratio; G:P: gain:protein 

ratio; W:F: water:feed ratio. a P ≤ 0.05 NC vs. PC, b P ≤ 0.05 VA vs. PC, c P ≤ 0.05 VA vs. 

NC, d P ≤ 0.05 VAIL vs. PC, #P ≤ 0.1 VA vs. PC, ω P ≤ 0.1 VAIL vs. NC, ε P ≤ 0.1 VAIL vs. 

PC. The values are means, n=8. 

2SEM: standard error of the mean. 
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Table 4.4. Growth performance of nursery pigs fed with very low-protein diets 

supplemented with isoleucine at NRC and valine above NRC levels, or a combination of the 

two. 

 Diets1   

 PC NC VA IL VAIL SEM2 P-value 

BWG1, kg        

Week 1 1.48 1.09a 1.07b 1.32 1.09 0.06 0.08 

Week 2 3.23 2.00a 2.35# 1.82 2.19ε 0.12 < 0.01 

Week 3 4.11 2.44a 3.05bc 2.24 2.54d 0.15 < 0.01 

Week 4 4.33 2.74a 3.05b 2.56 3.83e 0.16 < 0.01 

Week 5 4.85 3.03a 3.44b 3.27 3.89εω 0.17 0.01 

MFI1, kg        

Week 1 0.44 0.40 0.42 0.35 0.42 0.02 0.54 

Week 2 0.65 0.55 0.63 0.48 0.59 0.03 0.21 

Week 3 0.83 0.63* 0.81δ 0.63 0.75 0.03 0.05 

Week 4 0.96 0.73a 0.96c 0.72 0.94ω 0.03 < 0.01 

Week 5 1.03 0.80 0.94 0.80 1.06 0.04 0.02 

CFI1, kg        

Week1 3.09 2.78 2.96 2.48 2.96 0.12 0.56 

Week 2 4.56 3.86 4.40 3.34 4.15 0.21 0.20 

Week 3 5.78 4.41* 5.65δ 4.41 5.28 0.19 0.05 

Week 4 6.70 5.11a 6.74c 5.05 6.58ω 0.21 < 0.01 

Week 5 7.22 5.58 6.59 5.63 7.44 0.25 0.02 

CPI1, kg        

Week 1 0.62 0.38a 0.40b 0.39 0.37d 0.02 < 0.01 

Week 2 0.91 0.53a 0.65#δ 0.51 0.66 0.04 < 0.01 

Week 3 1.08 0.58a 0.72bc 0.55 0.64d 0.04 < 0.01 

Week 4 1.25 0.64a 0.86bc 0.63 0.87de 0.05 < 0.01 

Week 5 1.35 0.74a 0.84b 0.70 0.98de 0.05 < 0.01 

G:F1, kg/kg        

Week 1 0.51 0.42 0.36 0.72 0.41 0.07 0.46 

Week 2 0.72 0.53a 0.55b 0.59 0.76 0.06 0.65 

Week 3 0.71 0.56* 0.55b 0.50 0.55d 0.02 0.01 

Week 4 0.65 0.54a 0.45bδ 0.51 0.56d 0.02 < 0.01 

Week 5 0.69 0.53a 0.53# 0.60 0.56d 0.02 0.11 

G:P1, kg/kg        

Week 1 2.54 3.06 2.69 3.06 3.29 0.12 0.31 

Week 2 3.85 3.85 3.72 3.40 3.43 0.12 0.77 

Week 3 3.82 3.79 4.27 4.05 4.20 0.11 0.56 

Week 4 3.45 3.99 3.51 3.80 4.24d 0.09 0.04 

Week 5 3.70 3.71 4.13 4.55 4.41 0.13 0.13 
1PC: positive control, standard protein diet; NC: negative control, very low protein diet 

containing first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) 
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at NRC (2012) levels; VA: NC containing valine (Val) above of NRC level; IL: NC containing 

isoleucine (Ile) at NRC level; VAIL: NC containing Val above NRC and Ile at NRC levels. 

BWG: body weight gain; MFI: mean feed intake; CFI: cumulative feed intake; CPI: 

cumulative protein intake; G:F: gain:feed ratio; G:P: gain:protein ratio. a P ≤ 0.05 NC vs. PC, 

b P ≤ 0.05 VA vs. PC, c P ≤ 0.05 VA vs. NC, d P ≤ 0.05 VAIL vs. PC, e P ≤ 0.05 VAIL vs. 

NC, * P ≤ 0.1 NC vs. PC, #P ≤ 0.1 VA vs. PC, δ P ≤ 0.1 VA vs. NC, ε P ≤ 0.1 VAIL vs. PC, ω 

P ≤ 0.1 VAIL vs. NC. The P-values for the overall model effect for diet, week (wk) and diet 

× wk for BWG were < 0.01, < 0.01 and < 0.01, for MFI were < 0.01, < 0.01 and 0.169, for 

CFI were < 0.01, < 0.01 and 0.607, for CPI were < 0.01, < 0.01 and 0.025, for G:F were 0.180, 

0.084 and 0.515 and for G:P were 0.092, < 0.01 and 0.427 respectively. The values are means, 

n=8. 

2SEM: standard error of the mean. 
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4.4.2. Thermal radiation 

The effect of diet on area under the curve (AUC) of thermal radiation was significant (P < 0.01; 

Fig. 4.1B). NC and VA tended to increase thermal radiation compared to PC. Pigs fed with VAIL 

had 22 and 12% higher AUC thermal radiation than PC and NC, respectively (Fig. 4.1B). 

 

Figure 4.1. (A) Body weight, (B) area under the curve (AUC) for thermal radiation of nursery pigs 

fed with very low protein diets supplemented with isoleucine (Ile) at NRC and valine (Val) above 

NRC levels, or a combination of the two. 

 PC: positive control, standard protein diet; NC: negative control, very low protein diet containing 

first four limiting amino acids (i.e., lysine, methionine, threonine and tryptophan) at NRC (2012) 

levels; VA: NC containing Val above NRC level; IL: NC containing Ile at NRC level; VAIL: NC 

containing Val above NRC and Ile at NRC levels. a P ≤ 0.05 NC vs. PC d P ≤ 0.05 VAIL vs. PC, e 

P ≤ 0.05 VAIL vs. NC, *P ≤ 0.1 NC vs. PC, #P ≤ 0.1 VA vs. PC, δ P ≤ 0.1 VA vs. NC, ε P ≤ 0.1 

VAIL vs. PC, ω P ≤ 0.1 VAIL vs. NC. Values are means ± standard error of the mean. n=8.



133 
 

4.4.3. Nutrients digestibility 

There were no changes in AFD of Ca across dietary treatments (Fig. 4.2A). The overall effects of 

diet, phase, and diet by phase interaction on AFD of P were significant (Fig. 4.2B). Compared to 

PC, AFD of P was 15% higher in pigs fed with NC during N2 phase. The AFD of P in VA and 

VAIL was 6 and 16% lower than NC in N2 phase. In N3 phase, pigs fed with NC, VA, and VAIL 

had 14, 17 and 18% higher AFD of P than PC (Fig. 4.2B). Overall, the effect of diet and phase on 

AFD of N was significant (Fig. 4.2C). Pigs fed with VA reduced the AFD of N relative to NC in 

N2 and N3 phases. VA either tended to decrease or significantly decreased the AFD of N compared 

to PC in N2 and N3 phases, respectively. VAIL tended to have a lower AFD of N compared to NC 

in N2 phase (Fig. 4.2C). 

 

 

Figure 4.2. Apparent fecal digestibility (AFD) of (A) calcium (Ca), (B) phosphorus (P) and (C) 

nitrogen (N) in nursery pigs fed with very low protein diets supplemented with isoleucine (Ile) at 

NRC and valine (Val) above NRC levels, or a combination of the two. 

PC: positive control, standard protein diet; NC: negative control, very low protein diet containing 

first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) 

levels; VAIL: NC containing Val above NRC and Ile at NRC levels. a P ≤ 0.05 NC vs. PC, b P ≤ 
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0.05 VA vs. PC, c P ≤ 0.05 VA vs. NC, d P ≤ 0.05 VAIL vs. PC, e P ≤ 0.05 VAIL vs. NC, #P ≤ 0.1 

VA vs. PC, ω P ≤ 0.1 VAIL vs. NC. The values are means ± standard error of the mean. n=8. 
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4.4.4. Dual-energy X-ray absorptiometry analysis 

Overall, the effect of diet on fat and lean percent was significant (P ≤ 0.01; Table 4.5). In 

comparison with PC, pigs fed with VA tended to have a higher fat percent in leg samples. Relative 

to NC, VA tended to have a lower lean percent in their legs. BMC and BMD were not different 

across diets (Table 4.5). 

Table 4.5. Dual-energy X-ray absorptiometry (DEXA) scan of nursery pigs’ leg fed with very 

low-protein diets supplemented with isoleucine at NRC and valine above NRC levels, or a 

combination of the two 

Measurements 
Diets1  

SEM2        P-value PC NC VA IL VAIL 

Fat, % 12.70 13.80 16.35# 19.69 14.77 0.62 < 0.01 

Lean, % 84.97 83.71 81.01δ 77.99 82.94 0.64 < 0.01 

BMC1, g 47.09 39.65 45.78 39.10 41.23 1.58 0.38 

BMD1, g/cm2 0.31 0.29 0.31 0.29 0.30 0.01 0.61 
1PC: positive control, standard protein diet; NC: negative control, very low protein diet containing 

first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) 

levels; VA: NC containing valine (Val) above of NRC level; IL: NC containing isoleucine (Ile) at 

NRC level; VAIL: NC containing Val above NRC and Ile at NRC levels. BMC: bone mineral 

content, BMD: bone mineral density. #P ≤ 0.1 VA vs. PC, δ P ≤ 0.1 VA vs. NC. The values are 

means, n=8. 

2SEM: standard error of the mean. 

 



136 
 

4.4.5. Colon content microbiota 

The rarefaction curve analysis showed that the species richness of all analyzed colon content 

samples reached a stable plateau at 30,000 reads and 400 OTUs indicating that there was a sufficient 

sequencing depth to saturate the bacterial populations in samples (Supplementary Fig. 4A.3 A-E). 

The alpha diversity metrics of bacterial community in each sample are shown in Fig. 4.3 A-D. 

Simpson index, which shows the species diversity was significantly different in VAIL compared 

to PC and VA (P < 0.05; Fig. 4.3B). No differences in Shannon, observed OTUs, and Chao1 were 

detected among groups (Fig. 4.3 A, C, and D). 
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Figure 4.3. Alpha diversity indices for colon bacterial community in pigs fed with very low protein diets supplemented with isoleucine (Ile) at NRC 

and valine (Val) above NRC levels, or a combination of the two. 
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(A) Shannon, (B) Simpson, (C) Observed operational taxonomic units (OTUs), and (D) Chao1. PC: positive control, standard protein diet; NC: 

negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) 

levels; VA: NC containing Val above NRC level; IL: NC containing Ile at NRC level; VAIL: NC containing Val above NRC and Ile at NRC levels. 

Each node represents an individual pig. The means are different with P ≤ 0.05. n = 8. 
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To beta diversity of the bacterial community in colon content among the treatment groups is shown 

in Fig. 4.4 A-J. The Bray-Curtis and Jaccard distances showed significant separation and clustering 

for NC, VA, and VAIL compared to PC (P < 0.05; Fig. 4.4 A, B, C, F, G, H), which is suggestive 

of the differences in colon microbiota composition among pigs fed these diets. In comparison with 

NC, VA and VAIL groups showed no clear clustering (P > 0.05; Fig 4.4 D, E, I, J). 
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Figure 4.4. Beta diversity of colon bacterial community in pigs fed with very low protein diets supplemented with isoleucine (Ile) at NRC and valine 

(Val) above NRC levels, or a combination of the two. 

Principal coordinates analysis (PCoA) based on (A-E) Bray‐Curtis and (F-J) Jaccard. (A & F) NC vs. PC, (B & G) VA vs. PC, (C & H) VAIL vs. 

PC, (D & I) VA vs. NC; (E & J) VAIL vs. NC. ANOSIM was used to test the difference of beta diversity between diet treatments. PC: positive 

control, standard protein diet; NC: negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, 
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threonine, and tryptophan) at NRC (2012) levels; VA: NC containing Val above NRC level; IL: NC containing Ile at NRC level; VAIL: NC 

containing Val above NRC and Ile at NRC levels. Each node represents an individual pig. n = 8 
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Overall, at phylum level, Bacteroidetes, Actinobacteria and Spirochaetes and at genus level 

Prevotella, Lactobacillus, and Megasphaera were the most abundant bacteria in all diets (Fig. 4.5 

A and B). The relative abundant of colon bacterial composition for individual pigs is shown in 

Supplementary Figure 4A.4. 
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Figure 4.5. The relative abundance of colon bacterial composition at (A) phylum, and (B) genus levels in pigs fed with very low protein diets 

supplemented with isoleucine (Ile) at NRC and valine (Val) above NRC levels, or a combination of the two.  
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PC: positive control, standard protein diet; NC: negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, 

methionine, threonine, and tryptophan) at NRC (2012) levels; VA: NC containing Val above NRC level; IL: NC containing Ile at NRC level; VAIL: 

NC containing Val above NRC and Ile at NRC levels. n = 8. 
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LDA with LefSe for bacterial communities between dietary groups are shown in Fig. 4.6. In 

comparison with PC, pigs fed with NC had higher proportions of Succinivibrio, Turicibacter, 

Akkermansia, Enterobacteriaceae, Pasteurellaceae, and Romboutsia (Fig. 4.6 A). Further pigs fed 

with VA had higher abundance of Turicibacter, Succinivibrio, Romboutsia, Ruminobacter, 

Desulfovibrionales and Anaerovorax relative to PC (Fig. 4.6B). VAIL had higher abundance of 

Bacillus, Brevibacillus, Turicibacter, Romboutsia, Succinivibrio, Coriobacteriaceae, 

Enterococcus and Actinobacteria in comparison with PC (Fig. 4.6 D). Relative to NC, pigs fed with 

VAIL had a higher abundance of Actinobacteria, Enterococcus, Brevibacillus and 

Clostridiales_Incertae_ Sedis_ XIII (Fig. 4.6 C).  In comparison with NC, pigs fed with VA had 

higher abundance of Mogibacterium (Fig. 4.6 E). 
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Figure 4.6. Histograms of colon microbiota composition in pigs fed with very low protein diets supplemented with isoleucine (Ile) at NRC and 

valine (Val) above NRC levels, or a combination of the two using linear discriminant analysis (LDA) with effect size (LEfSe).  

(A) NC vs. PC, (B) VA vs. PC, (C) VAIL vs. NC, (D) VAIL vs. PC, (E) VA vs. NC. PC: positive control, standard protein diet; NC: negative 

control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) levels; 

VA: NC containing Val above NRC level; IL: NC containing Ile at NRC level; VAIL: NC containing Val above NRC and Ile at NRC levels. n = 8. 
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4.5. Discussion 

Very low protein diets reduce the total N excretion [8–10], but they have an adverse effect on 

growth performance of pigs even when supplemented with FFL [11–14]. We and other have shown 

that supplementing BCAA, Val and a combination of Val and Ile at NRC levels partially improve 

the growth performance of pigs fed with VLP diets [16,18,24,28–33] 2418282930313233]. Little 

is understood whether a combination of Val above NRC levels and standard amount of Ile will have 

additive effects on growth of pigs offered with VLP diets and the mechanisms involved. Therefore, 

the objective of this study was to investigate the effect of Val above and Ile at NRC (2012) [15] 

levels on growth measurements, nutrient digestibility and gut microbiota in pigs fed with VLP diets. 

This study revealed several significant findings including: 1) supplementation of a combination of 

Val above and Ile at NRC (2012) [15] levels (VAIL) partially restored the adverse effect of VLP 

diets on growth (e.g., BW, ADG); 2) VAIL and VA (VLP supplemented with Val above NRC 

levels) fully recovered the negative effects of VLP diets on ADFI; 3) VAIL and VA increased the 

thermal radiation and reduced the AFD of N which might be due to AA imbalance that contribute 

to partial or lack of complete recovery of growth in these groups; 4) the colon content of VAIL 

group had higher abundance of Actinobacteria, Enterococcus, and Brevibacillus and that of VA 

was more enriched with Mogibacterium while pigs fed with VLP diets (NC) had higher 

Pasteurellaceae and Enterobacteriaceae, which all may contribute to observed growth efficiency 

in above mentioned groups. Overall VAIL improved the growth performance of pigs fed with VLP 

diets likely through changing the composition of gut microbiota. 

In line with previous studies [11–14] reduction in dietary CP more than 4% while supplementing 

FFL had an adverse effect on feed intake and growth performance of pigs. While VA and VAIL 

completely recovered the feed intake of pigs fed with VLP diets, these groups partially improved 

the growth, which is in line with previous research showing that supplementation of Val and a 

combination of Val and Ile into VLP diets containing FFL promotes growth and feed intake in pigs 
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[18,28–33]. We and others have previously shown that supplementation of VLP or SLP diets with 

BCAA or Val increased the transcript of orexigenic neuropeptide Y and agouti-related protein and 

decreased the anorexigenic proopiomelanocortin, melanocortin-4-receptor and cocaine- and 

amphetamine regulated transcript in hypothalamus, which may contribute to improved feed intake 

in BCAA supplemented groups [17,26,38,39]. We recently showed that Val and Ile combination 

added at NRC (2012) [15] levels into VLP diets improved the growth performance to the levels 

seen in pigs received standard protein diet [24]. The partial, but not complete recovery in growth 

performance in VA and VAIL groups in this study might be due to AA imbalances resulted from 

higher ratio of Val:Ile or ratio of Val to other AA. Excess dietary Val causing AA imbalances seems 

to interfere with the supply of Ile. The higher level of dietary Val in VAIL and VA groups may 

increase the α-ketoisovalerate, a keto acid produced by degradation of Val, levels that can 

allosterically inhibit the branched-chain α-ketoacid dehydrogenase which is involved in the first 

step of all three BCAA catabolism [51]. Therefore, excess dietary Val may result in reduction of 

plasma concentration of Ile as reported previously [52]. 

The AA imbalances caused by higher ratio of Val to Ile or other AA in pigs fed with VA and VAIL 

groups may also deteriorate the growth performance through influencing their energy and nutrients 

retention. In the current study, VA and VAIL groups increased the thermal radiation. This data is 

consistent with our previous study [24] that supplementation of VLP diet with combination of Val 

and Ile at NRC levels stimulated the energy loss and thermal radiation. The AA imbalances as result 

of higher Val to other AA ratio is likely detected by sensors with the subsequent activation or 

inhibition of downstream pathways resulting in increased energy expenditure [53]. Due to the fact 

that some AA share the same transport system, it remains to be determined whether reduction of 

Leu and Ile or other AA due to higher level of dietary Val contribute to increased energy loss in 

VA and VAIL groups. In the present study, the AFD of N was reduced in VA and VAIL groups. 

Other studies showed that adding Val alone or in combination with Ile had either no effect on [2] 
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or increased [54] N retention in pigs fed with SLP diet. The discrepancy in results of above-

mentioned studies and the current study might be explained by different diets crude protein content 

and the ratio of Val to other AA. Since Val was added at a greater level than NRC values in this 

study, the reduced AFD of N in the VA and VAIL groups might be linked to AA imbalances. It has 

been previously reported that AA imbalances can cause growth retardation and reduce the limiting 

AA and N utilization efficiency [55]. 

Previous studies have suggested several mechanisms for the positive effects of BCAA on growth 

performance of pigs such as improving the gut development [24,34–36], feed intake [17,26,37–39], 

nutrients and AA utilization [40–42, insulin-like growth factor 1 (IGF-1) signaling [17], and muscle 

protein synthesis [26,44–46]. Further, we and others showed that the stimulatory effects of BCAA 

on growth may be associated with alteration in gut microbiota composition [43,16]. It is unclear 

whether partial improvement in growth in VA and VAIL groups in the current study is associated 

with changes in gut microbiota. In our study, Bacteroidetes, Actinobacteria and Spirochaetes at 

phylum level, and Prevotella, Lactobacillus, and Megasphaera at genus level were the three most 

abundant bacteria in the colon contents of all dietary groups. Similarly, we and others previously 

reported that Bacteroidetes, Actinobacteria and Spirochaetes together with Firmicutes were among 

the main phyla in the feces, cecal digesta and colonic contents of pigs [13,16,47,56–59]. Further, 

in line with our data others showed that the abundance of Prevotella in the gut is increased after 

weaning, which is likely due to their increased ability in digestion of plant-based diets containing 

hemicelluloses and xylans [13,57,60–62]. Likewise, Lactobacillus and Megasphaera have both 

been shown to play a role in carbohydrate fermentation [63,64]. Other studies have reported 

bacterial communities such as Streptococcus and Lactobacillus as most abundant communities in 

the gut microbiome of pigs [65,66]. These differences in the main populations of gut microbiome 

might be related to differences in pigs breed, age, feed, and husbandry. In the current study, the 
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Simpson index for bacterial populations in the colon was different in VAIL when compared to PC 

and VA which is suggestive of differences in species diversity in these groups. 

In this study, the relative abundance of Pasteurellaceae, and Enterobacteriaceae was higher in pigs 

fed with VLP diets. Similarly, others showed an increase in abundance of Enterobacteriaceae in 

colon of weaned pigs fed with low protein diets [67]. Pasteurellaceae, and some members of 

Enterobacteriaceae are pathogenic bacteria [68,69]. In a previous study an increase in abundance 

of Enterobacteriaceae in diarrhoeic pigs was shown during post-weaning period [70]. The 

abundance of Enterobacteriaceae and intestinal chronic inflammatory diseases have been reported 

to be positively correlated [71]. Opportunistic pathogens such as Salmonella Typhimurium and 

enterotoxigenic Escherichia coli are members of the Enterobacteriaceae family that can cause 

intestinal inflammation post-weaning diarrhea in piglets [72–74]. These results suggest that pigs 

fed with VLP reduce the growth performance likely due to gastrointestinal disturbances related 

with increased abundance of pathogenic bacteria that are potentially involved in gut inflammation. 

Further research is required to determine whether adverse effects of VLP diets on growth 

performance is associated with changes in certain inflammatory markers in post weaned pigs. 

The colon content of pigs offered with VAIL had higher abundance of Actinobacteria, 

Enterococcus, and Brevibacillus and that of VA was more enriched with Mogibacterium. 

Actinobacteria has been the focus of many studies due their importance for the maintenance of gut 

homeostasis as well as their potential for therapeutic use for gastrointestinal pathological conditions 

and systemic diseases [75]. The abundance of Actinobacteria has been reported to be decreased in 

patients with coeliac disease [76] or irritable bowel syndrome [77]. Therefore, Actinobacteria are 

thought to play an important role in health [78]. Enterococcus faecium has been used as a probiotic 

supplement in pigs’ diet with beneficial effects on reducing diarrhea and pathogenic E. coli in the 

intestine and improving growth performance and microbiota composition [79–81]. It appears that 

Enterococci improve growth performance either through producing organic acids that results in 
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lowering pH and suppressing the pathogen strains in the gut [82], or inhibiting the pathogen's 

adhesion to the intestinal mucosa [80]. Brevibacillus brevis is a unique candidate with broad-

spectrum antimicrobial action [83] and has the potential to improve the growth performance and 

gut microbiota composition in pigs [84]. Previous studies have reported a positive link between the 

abundance of Mogibacterium and short-chain fatty acids concentration in feces of weaned pigs 

suggestive of a possible health benefit in these animals [85]. Overall, these data indicate that the 

improvement in growth performance of pigs fed with VAIL and VA might be due to probiotic and 

antibacterial properties and health benefits of their highly abundant colonic bacteria, i.e., 

Actinobacteria, Enterococcus, Brevibacillus and Mogibacterium. 

4.6. Conclusions 

In this study, for the first time, the effect of Val above and Ile at NRC levels on growth performance, 

nutrient digestibility, and gut microbiota in pigs fed VLP diets was addressed. We demonstrate that 

supplementing VLP diet with a mixture of Ile and added Val, i.e., VAIL, fully recovered the feed 

intake while partially restored the growth performance of pigs likely through increasing the 

abundance of Actinobacteria, Enterococcus, and Brevibacillus in colon. The partial, but not 

complete recovery in growth performance in VAIL group is likely associated with AA imbalances 

causing increased thermal radiation and reduced AFD of N in this group. 
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4.7. Appendices 

 

Appendix Figure 4A.1. Representative thermal images of nursery pigs fed with very low protein 

diets supplemented with isoleucine (Ile) at NRC and valine (Val) above NRC levels, or a 

combination of the two. 
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 FLIR camera software (FLIR Research Studio, Wilsonville, OR) was used to calculate the mean 

of dorsal body surface temperature by drawing a rectangle from shoulder to rump. (A) PC, (B) NC, 

(C) VA, (D) IL, and (E) VAIL. PC: positive control, standard protein diet; NC: negative control, 

very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, threonine, 

and tryptophan) at NRC (2012) levels; VA: NC containing Val above NRC level; IL: NC containing 

Ile at NRC level; VAIL: NC containing Val above NRC and Ile at NRC levels. 
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Appendix Figure 4A.2. Feed intake at day (A) 4, (B) 7, (C) 11 (D) 14, (E) 18, (F) 21, (G) 25, (H) 

28, (I) 32, and (J) 35 in nursery pigs fed with very low protein diets supplemented with isoleucine 

(Ile) at NRC and valine (Val) above NRC levels, or a combination of the two.  

PC: positive control, standard protein diet; NC: negative control, very low protein diet containing 

first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) 

levels; VA: NC containing Val above NRC level; IL: NC containing Ile at NRC level; VAIL: NC 

containing Val above NRC and Ile at NRC levels.  ω P ≤ 0.1 VAIL vs. NC, ε P ≤ 0.1 VAIL vs. PC. 

The values are means ± standard error of the mean. n=8. 



157 
 

 

Appendix Figure 4A.3. Rarefaction curve analysis for colon samples collected from nursery pigs 

fed with very low protein diets supplemented with isoleucine (Ile) at NRC and valine (Val) above 

NRC levels, or a combination of the two.  

The rarefaction curves illustrate the number of operational taxonomic units (OTUs) discovered as 

a function of the number of reads sampled when data were evaluated for individual animals. (A) 

PC, (B) NC, (C) VA, (D) IL, and (E) VAIL PC: positive control, standard protein diet; NC: negative 

control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, 

threonine, and tryptophan) at NRC (2012) levels; VA: NC containing Val above NRC level; IL: 

NC containing Ile at NRC level; VAIL: NC containing Val above NRC and Ile at NRC levels. n = 

8. 
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Appendix Figure 4A.4. The relative abundance of colon bacterial composition at (A) phylum, and 

(B) genus levels for individual pigs fed with very low protein diets supplemented with isoleucine 

(Ile) at NRC and valine (Val) above NRC levels, or a combination of the two.  

PC: positive control, standard protein diet; NC: negative control, very low protein diet containing 

first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) 

levels; VA: NC containing Val above NRC level; IL: NC containing Ile at NRC level; VAIL: NC 

containing Val above NRC and Ile at NRC levels. n = 8 for each dietary group. 
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CHAPTER V 
 

 

 DIETARY ISOLEUCINE AND VALINE: EFFECTS ON LIPID METABOLISM AND 

UREAGENESIS IN PIGS FED WITH PROTEIN RESTRICTED DIETS 

 

This chapter is based on: Parniyan Goodarzi, Mohammad Habibi1, Matthew William Gorton, 

Katherine Walsh, Firoozeh Tarkesh, Mallory Fuhrig and Adel Pezeshki. Dietary isoleucine and 

valine: effects on lipid metabolism and ureagenesis in pigs fed with protein restricted diets. 

5.1. Abstract 

The objective of this study was to investigate the effect of dietary valine (Val) and isoleucine (Ile) 

on gene and protein expression of key rate limiting enzymes of urea cycle and lipid metabolism in 

pigs fed with very low protein (VLP) diets. Forty, three-week-old, weaned pigs were assigned to 5 

treatments: positive control (PC): normal protein diet; negative control (NC): VLP diet containing 

first four limiting amino acids; HV: NC supplemented with Val above NRC; HI: NC supplemented 

with Ile above NRC; HVI: NC supplemented with both Val and Ile above NRC. HVI partially 

improved the body weight and completely recovered the feed intake of pigs fed with VLP diets. 

HVI increased the thermal radiation and improved the glucose clearance following a meal test. HVI 

had a lower blood triglyceride than PC and blood urea nitrogen than NC. Pigs fed with NC and HV 

promoted lipogenesis with increasing the mRNA abundance of hepatic FAS and SREBP1 and 

adipose LPL but reducing transcript of hepatic HSL and PGC1α. 



173 
 

HVI reduced the increased rate of lipogenesis induced by VLP groups through normalizing the 

transcript of hepatic FAS, SREBP1, HSL and PGC1α and LPL in adipose tissue. All low protein 

groups (i.e., NC, HV, HI and HVI) reduced the ureagenesis through decreasing the protein 

expression of rate-limiting enzymes of ureagenesis, CPS1, OTC and ASL, in liver. Overall, a 

combination of dietary Val and Ile improved the growth, feed intake, and glucose clearance and 

decreased the rate of lipogenesis induced by VLP diets. 

5.2. Introduction 

Excess nitrogen (N) excreted from modern swine production has a negative impact on the 

environment through contributing to acidification and eutrophication of sensitive ecosystems and 

odor emissions [1]. Reducing dietary crude protein (CP) by more than 4%-unit has been shown to 

increase the N utilization [2-4], but growth performance is depressed even when first four limiting 

amino acids (i.e., Lys, Met, Thr and Trp) are supplemented in the diet of early weaned, growing 

and finishing pigs [5-8]. 

We have previously demonstrated that supplementing very low protein (VLP) diets with both 

limiting amino acids (AA) and branched-chain amino acids (BCAA, i.e., Leu, Ile and Val) or 

mixture of Ile and Val not only decreases the negative impact of these diets on growth but also 

reduce the blood urea N (BUN) [9-11]. Others have shown that dietary supplementation of Val [12-

14] and Ile [15] reduce BUN in pigs. Given a positive correlation between lower BUN and 

decreased N excretion in pigs [16, 17], it appears that BCAA promote N retention. There is 

evidence that dietary BCAA may potentially increase the efficiency of AA and N utilization in pigs 

[18, 19], and humans [20-22]. Little is understood on the mechanisms by which BCAA influence 

the N balance. Nitrogen balance is the results of dynamic protein digestion, absorption, and 

metabolism. Dietary BCAA improve the N utilization possibly through increasing the activity 

and/or secretion rate of proteolytic enzymes [23-26] and upregulation of intestinal AA transporters 
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[27-29] and providing N for de novo synthesis of AA [30-32]. The effect of Val and Ile alone or in 

combination on expression of urea cycle enzymes is yet to be understood. 

Our previous data provide evidence on the role of dietary BCAA on lipid metabolism in pigs fed 

with VLP diets [9, 33]. The literature on the regulatory role of BCAA on lipid metabolism is 

equivocal. Evidences show that dietary supplementation of BCAA stimulates lipolysis and reduces 

fat deposition, white adipose tissue mass and TG concentration in muscle and liver in mice [34-

37]. Despite this, others have reported a lipogenic role for BCAA increasing the serum TG and fat 

accumulation in white adipose tissue in mice [38, 39], but their restriction or deprivation promote 

fat loss and reduce the organs TG content in rats, mice and broilers [40-44]. While pigs have many 

similarities to humans in terms of metabolism, dietary habits, nutritional requirements, and 

nutrients interactions [45, 46] and have been previously used as a model for studying the AA 

metabolism [47, 48] and metabolic complications [49, 50], little is understood on the role of BCAA 

on lipid metabolism in pigs. To our knowledge no study has examined the effect of a combination 

of Val and Ile on lipid metabolism in pigs offered with VLP diets. The objective of this study was 

to investigate the effect of dietary Val and Ile on gene and protein expression of key rate limiting 

enzymes of urea cycle and lipid metabolism in pigs fed with VLP diets. 

5.3. Materials and methods 

5.3.1. Animals and housing 

All the experimental procedures used in this study were reviewed and approved by Oklahoma State 

University’s Institutional Animal Care and Use Committee approved (IACUC-20-54). A total of 

forty, three weeks old, weaned barrows (Duroc sire line and Large White × Landrace dam) with 

the average body weight (BW) of 6.10 ± 0.62 kg were used (Seaboard, Hennessey, OK). Upon 

arrival, animals were group housed in an environmentally controlled animal room equipped with 
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feeders and waters as we previously described [11]. Feed was provided ad libitum and all pigs had 

free access to water during the study. 

5.3.2. Diets and experimental design 

After one week of adaption, pigs were weight-matched (average BW of 6.98 ± 0.80 kg) and 

randomly assigned to 5 dietary treatments (n=8/group) for 5 weeks including: 1) positive control 

(PC): standard protein diet; 2) negative control (NC): very low protein diet containing first four 

limiting amino acids (i.e., Lys, Met, Thr and Trp) at NRC (2012) [51] levels; 3) HV: NC containing 

standard ileal digestibility (SID) Val: Lys ratio of 0.75; 4) HI: NC containing SID Ile: Lys ratio of 

0.60; 5) HVI: NC containing SID Val: Lys ratio of 0.75 and SID Ile: Lys ratio of 0.60. The used 

ratios for SID Val:Lys and Ile:Lys were based on previous literature reporting an improved 

performance of pigs fed with low protein diets with above values for added Val and Ile [16, 52] . 

Using National Swine Nutrition Guide (Version 2.1 Metric, ©2012 U.S. Pork Center of Excellence) 

and NRC recommendations (NRC, 2012) [51] for animals' nutritional requirements at different 

ranges of BW, three nursery phase diets were formulated. The nursery phase 1 (N1), phase 2 (N2), 

and phase 3 (N3) were fed on days 1-7, 8-21, and 22-42, respectively. All diets were formulated to 

be isocaloric by using variable amounts of corn and soybean meal. Further, L-Alanine was used to 

keep the NC, HV, HI, and HVI diets isonitrogenous. The amounts of other ingredients used were 

kept as consistent as possible. The ingredients and chemical composition of all diets are given in 

Table 5.1. 
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Table 5.1. Ingredients and chemical composition of experimental diets (as-fed basis) 

 Diets 1 

 
N1 

 N2  N3 

Ingredients 2, %  PC NC HV HI HVI  PC NC HV HI HVI 

Corn, yellow dent  37.41  55.60 75.54 75.41 75.40 75.27  69.16 87.14 87.02 87.01 86.89 

Soybean meal, 47.5% CP  18.00  21.67 2.42 2.42 2.42 2.42  18.60 1.10 1.10 1.10 1.10 

Fish meal, menhaden  6.00  4.29 4.29 4.29 4.29 4.29  4.29 4.29 4.29 4.29 4.29 

Whey, dried  24.10  3.00 3.00 3.00 3.00 3.00  ─ ─ ─ ─ ─ 

Corn starch  ─  9.43 6.92 6.92 6.92 6.92  3.25 1.16 1.16 1.16 1.16 

Lactose  6.80  ─ ─ ─ ─ ─  ─ ─ ─ ─ ─ 

Plasma spray-dried  5.29  3.10 3.10 3.10 3.10 3.10  2.10 2.00 2.00 2.00 2.00 

Corn oil  0.49  ─ ─ ─ ─ ─  ─ ─ ─ ─ ─ 

Dicalcium phosphate 18.5%  0.86  1.25 1.63 1.63 1.63 1.63  1.05 1.41 1.41 1.41 1.41 

Limestone  0.38  0.48 0.36 0.36 0.36 0.36  0.40 0.31 0.31 0.31 0.31 

Salt  0.16  0.52 0.52 0.52 0.52 0.52  0.47 0.47 0.47 0.47 0.47 

Vitamin premix  0.04  0.05 0.05 0.05 0.05 0.05  0.05 0.05 0.05 0.05 0.05 

Trace mineral premix  ─  0.02 0.02 0.02 0.02 0.02  0.01 0.01 0.01 0.01 0.01 

Zinc oxide, 72% Zn  0.01  0.01 0.01 0.01 0.01 0.01  0.01 0.01 0.01 0.01 0.01 

L-Lysine, HCl  0.27  0.36 0.85 0.85 0.85 0.85  0.38 0.84 0.84 0.84 0.84 

DL-methionine  0.13  0.11 0.19 0.19 0.19 0.19  0.09 0.16 0.16 0.16 0.16 

L-threonine  0.05  0.10 0.36 0.36 0.36 0.36  0.12 0.36 0.36 0.36 0.36 

L-tryptophan  0.01  0.01 0.11 0.11 0.11 0.11  0.02 0.11 0.11 0.11 0.11 

L-isoleucine  ─  ─ ─ ─ 0.42 0.42  ─ ─ ─ 0.39 0.39 

L-valine  ─  ─ ─ 0.48 ─ 0.48  ─ ─ 0.44 ─ 0.44 

L-alanine  ─  ─ 0.63 0.28 0.35 ─  ─ 0.58 0.26 0.32 ─ 

Calculated Chemical Composition 3 

Dry matter, % 90.32  90.00 89.63 89.65 89.65 89.67  88.81 88.70 88.74 88.74 88.76 

ME, Mcal/kg 3.40  3.40 3.40 3.40 3.40 3.40  3.35 3.35 3.35 3.35 3.35 

Crude protein, % 22.00  20.08 14.00 14.00 14.00 14.00  18.60 13.00 13.00 13.00 13.00 

Crude fiber, % 1.67  2.25 1.86 1.86 1.86 1.86  2.42 2.07 2.06 2.06 2.06 

Crude fat, % 3.36  3.07 3.40 3.39 3.39 3.39  3.44 3.72 3.72 3.72 3.71 

Calcium, % 0.85  0.80 0.80 0.80 0.80 0.80  0.70 0.70 0.70 0.70 0.70 
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Total phosphorus, % 0.70  0.65 0.65 0.65 0.65 0.65  0.60 0.60 0.60 0.60 0.60 

Available phosphorus, % 0.61  0.47 0.52 0.52 0.52 0.52  0.40 0.45 0.45 0.45 0.45 

SID Lysine, % 1.50  1.35 1.35 1.35 1.35 1.35  1.23 1.23 1.23 1.23 1.23 

SID Threonine, % 0.88  0.79 0.79 0.79 0.79 0.79  0.73 0.73 0.73 0.73 0.73 

SID Methionine, % 0.43  0.39 0.39 0.39 0.39 0.39  0.36 0.36 0.36 0.36 0.36 

SID Tryptophan, % 0.25  0.22 0.22 0.22 0.22 0.22  0.20 0.20 0.20 0.20 0.20 

SID Isoleucine, % 0.79  0.71 0.39 0.39 0.81 0.81  0.64 0.35 0.35 0.74 0.74 

SID Valine, % 0.96  0.86 0.53 1.01 0.53 1.01  0.78 0.48 0.92 0.48 0.92 

SID Leucine, % 1.65  1.52 1.08 1.08 1.08 1.08  1.44 1.03 1.03 1.03 1.03 

SID Histidine, % 0.50  0.47 0.30 0.30 0.30 0.30  0.44 0.28 0.28 0.28 0.28 

SID Arginine, % 1.14  1.14 0.59 0.59 0.59 0.59  1.04 0.54 0.54 0.54 0.53 

SID Phenylalanine, % 0.90  0.85 0.50 0.50 0.50 0.50  0.78 0.46 0.46 0.46 0.46 

SID Valine: SID Lysine 0.64  0.64 0.39 0.75 0.39 0.75  0.63 0.39 0.75 0.39 0.75 

SID Isoleucine: SID Lysine 0.52  0.53 0.29 0.29 0.60 0.60  0.52 0.28 0.28 0.60 0.60 
1Diets were formulated using National Swine Nutrition Guide (NSNG; Version 2.1 Metric, ©2012 U.S. Pork Center of Excellence). PC: positive control, standard 

protein diet; NC: negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) 

levels; HV: NC containing valine (Val) above NRC level; HI: NC containing isoleucine (Ile) above NRC level; HVI: NC containing both Val and Ile above NRC 

level. N1 (nursery phase 1): this diet was provided from day 1 to 7 of the study; N2 (nursery phase 2): these diets were fed from day 8 to 21 of the study and N3 

(nursery phase 3): these diets were offered from day 22 to 42 of the study. 

2Corn, soybean meal, fish meal, whey, corn starch, lactose, plasma spray-dried, corn oil, dicalcium phosphate, limestone, salt, zinc oxide, vitamin premix, trace 

mineral premix, DL-methionine (99%) and L-lysine HCl (79-99%) were purchased by Nutra Blend, LLC (Neosho, MO). L-threonine (98.5%) and L-tryptophan 

(98%) were purchased from Ajinomoto (Overland Park, KS). L-isoleucine (98.5%), L-alanine and L-valine (96.5%) were provided from Ajinomoto Health & 

Nutrition North America, Inc. (Raleigh, NC). Vitamin premix contained: vitamin A, 1,653,750 IU/kg; vitamin D3, 661,500 IU/kg; vitamin E, 17,640 IU/kg; vitamin 
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K (menadione), 1,323 mg/kg; vitamin B12, 13.23 mg/kg; niacin, 19,845 mg/kg; D-pantothenic acid, 11,025 mg/kg; riboflavin, 3,307.5 mg/kg; phytase, 300,056.4 

FYT/kg.  Trace mineral premix contained: copper, 11,000 ppm; iodine, 198 ppm; iron, 73,000 ppm; manganese, 22,000 ppm; selenium, 198 ppm; zinc, 73,000 ppm. 

3ME: metabolize energy; SID: standard ileal digestibility 
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5.3.3. Body weight, feed intake, and water intake 

Individual feed intake (FI) and water intake were monitored daily. Further, FI was measured at 3, 

6, 9, 12, and 24 hours after feeding at 0800 biweekly. Body weight and growth parameters including 

body length, wither height, and heart girth of all pigs were recorded weekly. Average daily gain 

(ADG), average daily feed intake (ADFI), average daily protein intake (ADPI), average daily water 

intake (ADWI), gain-to-feed ratio (G:F), gain-to-protein ratio (G:P), water-to-feed ratio (W:F), 

body weight gain (BWG), mean feed intake (MFI), cumulative feed intake (CFI), and cumulative 

protein intake (CPI), were calculated by using BW, FI and WI data. 

5.3.4. Thermal imaging 

Weekly thermal images were acquired about 1 m above each pig (emissivity coefficient of 0.95) 

using a FLIR C2 compact thermal camera with a focal length of 1.54 mm and a thermal accuracy 

of ±2 ºC (FLIR Systems, Boston, MA, USA). Representative thermal images for each of dietary 

groups are shown in Fig. 5A.1. 

5.3.5. Feed, blood, and tissue samples collection 

The feed samples (about 50 g) were taken from each feed bag and pooled for each diet during the 

diet preparation. The samples were then stored at -20 °C until feed composition analysis. At week 

6, pigs were allowed to consume their respective diets for one hour following overnight fast (~ 8 

hours), and then blood samples were drawn from the jugular vein at baseline and then at 60, and 

120 minutes after the meal test. The blood samples were collected in 10.0 mL serum tubes and 3.0 

mL plasma tubes containing lithium heparin (BD Vacutainer®, Franklin Lakes, NJ, USA). Blood 

samples were centrifuged at 3,000 × g for 15 minutes at 4 ºC, serum or plasma was separated and 

stored at −80 °C. All pigs were euthanized using the CO2 asphyxiation method 120 minutes after 

the meal test, the liver and kidney samples were immediately extracted, snap-frozen in liquid 

nitrogen, and stored at −80 °C. 



180 
 

5.3.6. Thermal radiation analysis 

The mean dorsal body surface temperature was obtained by drawing a rectangle in the entire back 

of pigs using FLIR camera software (FLIR Research Studio software, FLIR Systems, Boston, MA, 

USA) as we previously described [53]. The following equation was then used to calculate the 

thermal radiation (W/m2): σε (Ts
4 − Tα

4) where σ is Stefan Boltzmann constant (5.67 × 10-8 W / 

m2K4), ε is thermodynamic emissivity (0.95), Ts is mean body surface temperature (kelvin) and Tα 

is ambient temperature (kelvin). 

5.3.7. Diets composition analysis 

The chemical composition (i.e., dry matter, CP, crude fiber, calcium, and phosphorus) and amino 

acids concentrations of experimental diets were analyzed by ServiTech laboratories (Dodge City, 

KS) [7, 33, 54] and Agricultural Experiment Station Chemical Laboratories (University of 

Missouri-Columbia, MO) [53], respectively. The results of diets composition and amino acids 

analysis are given in Table 5.2. 
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Table 5.2. Analyzed chemical composition of experimental diets (as-fed basis) 

 Diets1 

 
N1 

 N2  N3 

Chemical composition  PC NC HV HI HVI  PC NC HV HI HVI 

Dry matter, % 91.30  89.30 89.10 89.50 89.10 89.30  88.80 88.30 88.70 88.50 88.70 

Crude protein, % 20.40  19.50 13.50 13.60 14.00 13.80  19.30 12.30 12.70 13.80 12.60 

Crude fiber, % 1.40  2.10 1.50 1.50 1.80 1.70  2.00 1.80 2.10 2.30 2.30 

Calcium, % 0.95  0.81 0.77 0.77 0.80 0.75  0.83 0.71 0.85 0.80 0.80 

Phosphorus, % 0.87  0.72 0.68 0.69 0.77 0.68  0.72 0.61 0.67 0.68 0.73 

Taurine2, % 0.19  0.19 0.19 0.19 0.19 0.21  0.19 0.20 0.21 0.19 0.20 

Hydroxyproline, % 0.18  0.12 0.10 0.10 0.11 0.00  0.15 0.11 0.00 0.12 0.12 

Aspartic acid, % 2.16  1.96 1.05 1.03 1.05 1.05  1.76 0.91 0.90 0.96 0.84 

Threonine, % 1.09  0.90 0.84 0.92 0.95 0.91  0.85 0.77 0.87 0.76 0.70 

Serine, % 0.96  0.88 0.54 0.54 0.55 0.61  0.80 0.48 0.51 0.51 0.47 

Glutamic acid, % 3.45  3.37 1.96 1.93 1.97 2.02  3.04 1.79 1.83 1.92 1.73 

Proline, % 1.28  1.22 0.86 0.83 0.86 0.82  1.14 0.80 0.81 0.84 0.78 

Lanthionine2, % 0.07  0.04 0.03 0.04 0.03 0.00  0.05 0.03 0.00 0.04 0.03 

Glycine, % 0.96  0.91 0.59 0.59 0.60 0.61  0.85 0.55 0.54 0.56 0.52 

Alanine, % 1.12  1.03 1.37 1.04 1.08 0.77  0.99 1.41 0.99 1.10 0.69 

Cysteine, % 0.46  0.39 0.26 0.25 0.26 0.26  0.34 0.23 0.22 0.24 0.20 

Valine, % 1.16  1.01 0.64 1.11 0.65 1.14  0.90 0.56 0.97 0.59 0.91 

Methionine, % 0.52  0.48 0.38 0.43 0.38 0.40  0.42 0.37 0.39 0.33 0.31 

Isoleucine, % 0.92  0.83 0.47 0.45 0.86 0.93  0.74 0.41 0.41 0.80 0.74 

Leucine, % 1.82  1.67 1.15 1.13 1.16 1.17  1.56 1.06 1.07 1.12 1.04 

Tyrosine, % 0.72  0.65 0.35 0.36 0.37 0.40  0.59 0.33 0.33 0.32 0.33 

Phenylalanine, % 0.97  0.95 0.57 0.56 0.57 0.57  0.87 0.51 0.50 0.53 0.49 

Hydroxylysine, % 0.01  0.01 0.01 0.01 0.01 0.01  0.02 0.01 0.01 0.01 0.01 

Ornithine2, % 0.02  0.02 0.01 0.01 0.01 0.01  0.02 0.01 0.01 0.01 0.01 

Lysine, % 1.71  1.53 1.38 1.60 1.47 1.47  1.40 1.33 1.31 1.30 1.28 

Histidine, % 0.54  0.51 0.32 0.32 0.32 0.33  0.47 0.29 0.29 0.31 0.28 

Arginine, % 1.19  1.20 0.64 0.63 0.64 0.67  1.09 0.57 0.57 0.60 0.54 

Tryptophan, % 0.29  0.27 0.22 0.23 0.24 0.21  0.23 0.19 0.20 0.20 0.19 
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Valine: Lysine 0.68  0.66 0.46 0.69 0.44 0.78  0.64 0.42 0.74 0.45 0.71 

Isoleucine: Lysine 0.54  0.54 0.34 0.28 0.59 0.63  0.53 0.31 0.31 0.62 0.58 
1PC: positive control, standard protein diet; NC: negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, threonine, 

and tryptophan) at NRC (2012) levels; HV: NC containing valine (Val) above NRC level; HI: NC containing isoleucine (Ile) above NRC level; HVI: NC containing 

both Val and Ile above NRC level. N1 (nursery phase 1): this diet was provided from day 1 to 7 of the study; N2 (nursery phase 2): these diets were fed from day 8 to 

21 of the study and N3 (nursery phase 3): these diets were offered from day 22 to 42 of the study. 

2Non-proteinogenic amino acids. 
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5.3.8. Plasma metabolites and urea analysis 

The plasma glucose, triglyceride, and cholesterol concentration were determined by a chemistry 

analyzer (R404200-3, Alfa Wassermann's Vet Axcel, West Caldwell, NJ) following calibration 

with a calibrator (BL-442600, Multi-Analyte calibrator for Synchron CX/ LX) and using reagents 

(Carolina Liquid Chemistries Crop, Brea, CA) for glucose (BL-208), cholesterol (BL-211), and 

triglyceride (BL-213). Absorbance was recorded at 340 nm for glucose and at 505 nm for 

triglyceride and cholesterol. QuantiChromTM Urea Assay Kit (DIUR-100, BioAssay Sytems, 

Hayward, CA) was used to detect plasma urea concentration according to the manufacturer's 

instructions. The optical density was measured with an Epoch microplate spectrophotometer 

(BioTek® Instruments, Inc. Highland Park, VT) at a wavelength of 520 nm. The intra-assay 

coefficient of variation was 9.73%. 

5.3.9. Reverse transcription, and quantitative PCR (RT-qPCR) 

Following our published procedures [10, 33, 55, 56], RNA was isolated and RT-qPCR was 

performed for carnitine palmitoyltransferase 1 α (CPT1 α), lipoprotein lipase (LPL), cluster of 

differentiation 36 molecule (CD36), fatty acid synthase (FAS), acetyl-CoA carboxylase (ACC), 

hormone-sensitive lipase (HSL), hydroxyacyl-CoA dehydrogenase (HADH), sterol regulatory 

element binding transcription factor 1 (SREBP-1), peroxisome proliferator activated receptor alpha 

(PPARα), and PPARG coactivator 1 alpha (PGC1α) in liver and subcutaneous adipose tissue. The 

primer sequences were obtained from other studies [57-63]. Details on primers used are listed in 

Table 5A.1. The relative abundances of target genes transcript were calculated using Ct values for 

target and housekeeping (Table 5A.1) genes using 2-∆∆CT method. 

5.3.10. Immunoblot analysis 

Western blots were performed in the liver and kidney for carbamoyl phosphate synthetase I (CPS 

I), ornithine transcarbamylase (OTC), argininosuccinate synthase 1 (ASS 1), arginase 1 (ARG 1), 
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and argininosuccinate lyase (ASL) as we previously described [10, 33, 64]. β-actin and GAPDH 

were employed as loading controls to establish the relative amount of target protein abundance. 

The details on antibodies used are given in Table 5A.2. 

5.3.11. Statistical analysis 

Overall growth, cumulative hourly FI, thermal radiation, and all other data obtained from laboratory 

analyses, including plasma metabolites, RT-qPCR, and western blot data were analyzed by GLM 

procedure with Tukey post-hoc test following an outlier test which was based on the Interquartile 

Rule (IBM SPSS Statistics Version 23, Armonk, NY, USA). The hourly, daily, and weekly 

recorded data, including FI, water intake, BW, BWG, MFI, CFI, CPI, G:F, and G:P, were subjected 

to a mixed analysis with the diet, time, and interaction of diet by time as fixed effects and the animal 

as a random variable in the model. The lowest quantities of fit statistics for corrected Akaike 

Information Criterion and Bayesian Information Criterion were used to model covariance structure 

for repeated measurements for each variable. For plasma glucose after a meal test a paired Student's 

t-test followed by a Benjamini-Hochberg correction with 0.1 false discovery rate was used to 

determine the differences between means of five preplanned comparisons: PC 0 min vs. PC 120 

min, NC 0 min vs. NC 120 min, HV 0 min vs. HV 120 min, HI 0 min vs. HI 120 min, HVI 0 min 

vs. HVI 120 min. Differences among treatments were considered significant at P ≤ 0.05 and a trend 

at 0.05 < P ≤ 0.10. 

5.4. Results 

5.4.1. Growth measurements 

No differences on initial BW of animals were seen among groups (Tables 5.3). Compared to PC, 

NC, HV, HI and HVI had a lower final BW (39, 37, 35 and 19%, respectively). HVI had a higher 

final BW than NC, HV, and HI by 34, 30, and 26%, respectively. Relative to PC, NC, HV, and HI 

reduced the ADG by 50, 50, and 47%, respectively (Table 5.3). The ADG of pigs fed with HVI 
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was lower (24%) than PC and that was 52, 52 and 42% higher than NC, HV and HI, respectively. 

The effect of diet on BWG was significant in all weeks (Table 5A.3). Relative to PC, NC reduced 

the BW by 16-39% throughout the study (P < 0.05; Fig. 5.1A). HV and HI had a lower BW than 

PC on days 14-35 (P < 0.01; Fig. 5.1A). HVI and PC had a similar BW on days 7 and 14 but HVI 

had a 14-19% lower BW than PC in the last three weeks of study. While HI and HV had a similar 

BW as NC, HVI had a 21-37% higher BW than NC on days 14-35. Relative to HV and HI, HVI 

had a higher BW on days 14-35 (P < 0.01; Fig. 5.1A). BW of HV was not changed when compared 

to HI in the entire study (Fig. 5.1A). 

Compared to PC, NC, HV, and HI reduced the ADFI by 38, 26, and 33%, respectively, but HVI 

was not different compared to PC (Table 5.3). Pigs fed with HV and HI had similar ADFI as NC 

while HVI had 47% higher ADFI than NC. Further, HVI had 34% higher ADFI than HI (Table 

5.3). Compared with PC, pigs fed with NC, HV, HI and HVI had a lower ADPI. While ADPI for 

HV and HI was not different compared to NC, pigs fed with HVI had 43% higher ADPI than NC. 

Further, HVI tended to have a higher ADPI than HI. The effect of diet on MFI, CFI and CPI was 

significant in all weeks (Table 5A.3). Compared to PC, pigs fed with NC reduced the FI on day 9 

onward (33-46%) (P < 0.05; Fig. 5.1B). HV had a lower or tended to have a lower FI than PC on 

days 14, 16, 19, 23 and 35 and HI either had a lower or tended to have a lower FI than PC on days 

7, 11, 16, 19, 21, 27, 29, 33, and 35 (Fig. 5.1B). Pigs fed with HVI had a similar FI compared to 

PC on most of experimental days (Fig. 5.1B). Relative to NC, FI of HV and HI was not different 

on day 7 onward (Fig. 5.1B). HVI had a higher and tended to have a higher FI than NC on days 11, 

16, 19, 23 and 27 (Fig. 5.1B). FI of HVI was not different relative to HV in the entire experiment 

except for day 19 (Fig. 5.1B). Pigs fed with HI had a lower FI relative to HVI on days 7, 11, 19, 

and 27 (P < 0.05; Fig. 5.1B). The effect of dietary treatments on hourly FI on some representative 

experimental days is shown in Fig. 5A.2. 
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ADWI was lower in NC, HV, and HI compared to PC (45, 26, 33, and 24%, respectively); however, 

HVI had a similar ADWI as PC (Table 5A.3). Water intake was either lower or tended to be lower 

in pigs fed with NC compared to PC on days 7, 11, 14, 23, 25, 27, 30, and 33 (P < 0.05; Fig. 5.1C). 

HV had a lower water intake than PC on days 23, 25 and 27 (P < 0.05; Fig. 5.1C). Water intake 

was either lower or tended to be lower in pigs fed with HI than PC on days 7, 25, 27, 30, 33 and 35 

(P < 0.05; Fig. 5.1C). HVI had a similar water intake compared to PC except day 27 when the water 

intake tended to be lower for HVI (P < 0.05; Fig. 5.1C). 

Compared with PC, pigs fed with NC, HV, HI and HVI had 19, 26, 19 and 18% lower G:F, 

respectively (P < 0.01; Table 5.3). No differences among groups were found when G:F of NC was 

compared to HV, HI, and HVI (P > 0.1; Table 5.3). HVI tended to have a higher G:F than HV. 

Compared with PC, G:P ratio was higher in pigs fed with NC and HVI and tended to be higher in 

HI. Relative to NC, HI and HVI had similar G:P while HV had a lower G:P. HVI tended to have a 

higher G:P than HV (Table 5.3). There was no difference among treatments on W:F ratio (Table 

5.3). Weekly G:F and G:P are shown in Table 5A.3. 

Compared to PC, body length was lower in NC, HV, and HI; however, it was not different with 

HVI (Table 5.3). Relative to NC, HV and HI had a similar body length while it was higher in HVI 

by 11%. Relative to HV, and HI, the body length of HVI group was higher by 7 and 11%, 

respectively. HV and HI had similar body length. Heart girth was lower in NC, HV, HI and HVI 

than PC by 17, 17, 14, and 8%, respectively (Table 5.3). Relative to NC, no differences in heart 

girth were detected for HV and HI, but HVI had higher heart girth by 11%. Further, heart girth of 

HVI was 11% higher than HV. While relative to PC, wither height was lower in pigs fed with NC, 

HV, and HI (14, 16, and 14%, respectively), no differences in wither height were seen between 

HVI and PC (Table 5.3). Compared to NC, HV, HI, and HVI were not different, but HVI had a 

higher wither height than HV. 
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Table 5.3. Growth performance of nursery pigs fed with very low-protein diets containing isoleucine, 

valine or mix of both above NRC levels 

Measurements2 
Diets1  

SEM3    P-value PC NC HV HI HVI 

Initial BW, kg 6.99 7.10 6.86 7.00 6.96 0.13 0.99 

Final BW, kg 27.45a 16.64c 17.21c 17.76c 22.31b 0.78 < 0.01 

ADG, kg/day 0.58a 0.29c 0.29c 0.31c 0.44b 0.02 < 0.01 

ADFI, kg/day 0.86a 0.53c 0.64bc 0.58c 0.78ab 0.03 < 0.01 

ADPI, kg/day 0.17a 0.07c 0.08bc 0.08bc 0.10τ 0.01 < 0.01 

ADWI, L/day 2.36a 1.31b 1.74b 1.58b 1.80ab 0.08 < 0.01 

G:F, kg/kg 0.68a 0.55b 0.50b 0.55b 0.56ε 0.01 < 0.01 

G:P, kg/kg 3.54a 4.37b 3.83ca 3.98bcϕ 4.31bε 0.07 < 0.01 

W:F , L/kg 2.77 2.40 2.72 2.73 2.40 0.07 0.26 

Final body length, m 0.64a 0.55b 0.57b 0.55b 0.61a 0.01 < 0.01 

Final heart girth, m 0.66a 0.55c 0.55c 0.57bc 0.61b 0.01 < 0.01 

Final wither height, m 0.44a 0.38bc 0.37c 0.38bc 0.41aτ 0.00 < 0.01 
1PC: positive control, standard protein diet; NC: negative control, very low protein diet containing first four limiting 

amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) levels; HV: NC containing valine (Val) 

above NRC level; HI: NC containing isoleucine (Ile) above NRC level; HVI: NC containing both Val and Ile above 

NRC level. The values are means, n=8. 

2BW: body weight; ADG: average daily gain; ADFI: average daily feed intake; ADPI: average daily protein intake; 

ADWI: average daily water intake; G:F: gain:feed ratio; G:P: gain:protein ratio; W:F: water:feed ratio.  

3SEM: standard error of the mean. 

a b,c,d Within each row, the values with different superscript letter(s) are different (P ≤ 0.05). τ P ≤ 0.1 HVI vs. HI, ε P ≤ 

0.1 HVI vs. HV, ϕ P ≤ 0.1 HI vs. PC. 
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Figure 5.1. (A) Body weight, (B) feed intake, and (C) water intake of nursery pigs fed with very low protein diets containing isoleucine (Ile), 

valine (Val) or mix of both above NRC levels. 

PC: positive control, standard protein diet; NC: negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, 

threonine and tryptophan) at NRC (2012) levels; HV: NC containing Val above NRC level; HI: NC containing Ile above NRC level; HVI: NC containing 

both Val and Ile above NRC level. The values are means ± standard error of the mean. n=8. a,b,c,ab the means with different superscript letter(s) at each 

time point are different (P ≤ 0.05). δ P ≤ 0.1 PC vs. NC, Ώ P ≤ 0.1 HV vs. PC, γ P ≤ 0.1 HVI vs. PC, ϕ P ≤ 0.1 HI vs. PC, ε P ≤ 0.1 HVI vs. HV, ϑ P ≤ 0.1 

HV vs. NC, θ P ≤ 0.1 HVI vs. NC. 
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5.4.2. Thermal radiation 

Overall, the effects of diet, day, and the interaction of diet by day on thermal radiation were 

significant (P < 0.05; Fig. 5.2A). No significant differences on thermal radiation of different groups 

were detected during the first two weeks. Relative to PC, NC reduced the thermal radiation by 12, 

8, and 4%, on weeks 3 to 5, respectively (Fig. 5.2A). Thermal radiations of HV, HI and HVI were 

not different compared to PC throughout the study except for HI that had a higher thermal radiation 

on day 35. Thermal radiation of HI was higher than NC on weeks 3 and 5 by 9 and 16%, 

respectively (P < 0.01; Fig. 5.2A). Relative to NC, HVI had a higher thermal radiation by 10% on 

weeks 3 to 5. Relative to PC, thermal radiation of dietary treatments did not change (Fig. 5.2B). 

Relative to NC, the AUC thermal radiation of HVI was higher by 8% (P < 0.01; Fig. 5.2B). 

Furthermore, the AUC thermal radiation tended to increase in HV in comparison with NC. No 

differences in AUC thermal radiation were detected when HVI, HI and HVI groups were compared. 
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Figure 5.2. (A) Thermal radiation and (B) area under the curve (AUC) for thermal radiation in nursery pigs fed with very low protein diets 

containing isoleucine (Ile), valine (Val) or mix of both above NRC levels. 

PC: positive control, standard protein diet; NC: negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, 

threonine, and tryptophan) at NRC (2012) levels; HV: NC containing Val above NRC level; HI: NC containing Ile above NRC level; HVI: NC 

containing both Val and Ile above NRC level. The values are means ± standard error of the mean. n=8. a,b,ab Among groups, the means with different 

superscript letter(s) at each time point are different (P ≤ 0.05). ϑP ≤ 0.1 HV vs. NC, θ P ≤ 0.1 HVI vs. NC. 
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5.4.3. Plasma glucose, triglycerides, cholesterol, and BUN 

Overall, the effects of diet and the interaction of diet by time on plasma glucose were significant 

(P < 0.01; Fig. 5.3A). At baseline, the plasma glucose for pigs fed with NC, HI and HV were not 

different relative to PC, but HVI had a higher plasma glucose than PC (Fig. 5.3A). Compared to 

NC, HV and HI were not different while HVI had a higher plasma glucose. HVI had a higher 

plasma glucose than HI at baseline. At 2 hours post meal, relative to PC, NC and HI had a lower 

plasma glucose (Fig. 5.3A). Further, HI had a lower plasma glucose than HV. Comparing plasma 

glucose for baseline and post meal, PC had a greater plasma glucose at 2 hours post meal than the 

baseline. Plasma glucose of HVI and HI at 2-hour post meal was lower and tended to be lower than 

baseline, respectively (Fig. 5.3A). Compared to PC, HVI had a lower triglyceride, but NC, HV and 

HI were not different (Fig. 5.3B). In comparison with PC, all groups increased the AUC cholesterol 

(Fig. 5.3C). Relative to NC, HVI had a lower BUN (Fig. 5.3D). 
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Figure 5.3. Plasma metabolite of nursery pigs fed with very low protein diets containing isoleucine (Ile), valine 

(Val) or mix of both above NRC levels. 

(A) glucose concentration at baseline (0 min) and 120 min after meal, (B) triglyceride concentration, (C) area 

under the curve (AUC) for cholesterol, and (D) blood urea nitrogen (BUN). PC: positive control, standard protein 

diet; NC: negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, 

threonine, and tryptophan) at NRC (2012) levels; HV: NC containing Val above NRC level; HI: NC containing 
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Ile above NRC level; HVI: NC containing both Val and Ile above NRC level. The values are means ± standard 

error of the mean. n=8. a,b,c,ab,bc,abc Among groups, the means with different superscript letter(s) are different (P ≤ 

0.05). *P ≤ 0.05 0 min vs. 120 min; εP ≤ 0.1 0 min vs.120 min. 
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5.4.4. The mRNA abundance of key regulatory genes of lipid metabolism in liver and 

subcutaneous adipose tissue 

Overall, the effect of diet on transcript of hepatic CPT1α, FAS, HSL, PPARα, and PGC1α was 

significant (Fig. 5.4C, D, F, G, H) and on mRNA abundance of hepatic SREBP-1 tended to be 

significant (Fig. 5.4I). No differences among treatments were detected for the mRNA abundance 

of hepatic ACC and CD36 (Fig. 5.4A and B). The mRNA abundance of CPT1α was lower in all 

groups compared to PC, but no differences among NC, HV, HI and HVI were detected (Fig. 5.4C). 

The transcript abundance of FAS was greater in NC and HV relative to PC, but that was not 

different for HI and HVI when compared to PC (Fig. 5.4D). The gene expression of HADH tended 

to be lower in HV compared to PC (Fig. 5.4E). In comparison with PC, the gene expression of 

hepatic HSL was reduced in NC, HV and HI, but not in HVI (Fig. 5.4F). Compared to PC, the 

hepatic transcript of PPARα was lower in all dietary treatments (P < 0.05; Fig. 5.4G). The transcript 

of PPARα was not different among NC, HV, HI and HVI. Relative to PC, the mRNA abundance 

of PGC1α tended to be lower in HV and HI (P < 0.01; Fig. 5.4H). The mRNA abundance of 

SREBP-1 tended to be higher in NC and HI in comparison with PC (P < 0.1; Fig. 5.4I). 

Overall, the effect of diet on gene expression of LPL in subcutaneous adipose tissue was significant 

(Fig. 5A.3E). No differences among treatments were detected for the mRNA abundance of ACC, 

CD36, FAS, HADH, PPARα, PGC1α and SREBP-1 in subcutaneous adipose tissue (Fig. 5A.3A-

D and 5A.3F-H). Relative to PC, transcript of LPL in adipose tissue was higher in NC and tended 

to be higher in HV, but not in HI and HVI (Fig. 5A.3E). The mRNA abundance of LPL tended to 

be lower in HI and HVI compared to NC and HV, respectively (Fig. 5A.3E). 
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Figure 5.4. mRNA abundance of lipid metabolism markers in liver of nursery pigs fed with very low protein diets containing isoleucine 

(Ile), valine (Val) or mix of both above NRC levels. 

(A) acetyl-CoA carboxylase alpha (ACC), (B) cluster of differentiation 36 molecule (CD36), (C) carnitine palmitoyltransferase I α 

(CPT1α), (D) fatty acid synthase (FAS), (E) hydroxyacyl-CoA dehydrogenase (HADH), (F) hormone-sensitive lipase (HSL), (G) 

peroxisome proliferator activated receptor alpha (PPARα), (H) PPARγ coactivator 1 alpha (PGC1α), (I) sterol regulatory element-

binding protein 1 (SREBP-1). PC: positive control, standard protein diet; NC: negative control, very low protein diet containing first 

four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) levels; HV: NC containing Val above NRC 

level; HI: NC containing Ile above NRC level; HVI: NC containing both Val and Ile above NRC level. The values are means ± standard 

error of the mean. n= 8. a,b,ab Among groups, the means with different superscript letter(s) are different (P ≤ 0.05). δ P ≤ 0.1 PC vs. NC, 

Ώ P ≤ 0.1 HV vs. PC, ϕ P ≤ 0.1 HI vs. PC. 
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5.4.5. The protein abundance of key regulatory genes of urea cycle enzymes in the liver 

and kidney 

Overall, the effect of diet on protein expression of hepatic CPS-1α, OTC, and ASL was significant 

(Fig. 5.5A, B, E). Relative to PC, the protein abundance of CPS-1α and OTC were lower in all 

dietary treatments (P < 0.01; Fig. 5.5A and B), but those were not different among NC, HV, HI and 

HVI. No differences among treatments were detected for the protein abundance of ASS1, and 

ARG1 (Fig. 5.5C and D). Compared to PC, NC and HVI were not different in protein abundance 

of ASL, but that was lower in HV and HI (Fig. 5.5E). The protein abundance of ASL was not 

different among NC, HV, HI and HVI (Fig. 5.5E). 

Overall, the effect of diet on protein expression of OTC in kidney tended to be significant (P < 0.1; 

Fig. 5.5F). In comparison with PC, the protein abundance of OTC tended to increase in HI (Fig. 

5.5F). No differences among treatments were detected for the protein abundance of ASS1, ARG1 

and ASL in kidney (Fig. 5.5 G-I). 
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Figure 5.5. Relative protein abundance of urea cycle enzymes in liver (A-E) and kidney (F-I) of nursery pigs fed 

with very low protein diets containing isoleucine (Ile), valine (Val) or mix of both above NRC levels. 
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(A) carbamoyl phosphate synthetase I (CPS1) (A) ornithine transcarbamylase (OTC), (B and F) argininosuccinate synthase I 

(ASS1) (C and G), arginase I (ARG1) (D and H), argininosuccinate lyase (ASL) (E and I). GAPDH and β-actin were selected 

as a loading control. PC: positive control, standard protein diet; NC: negative control, very low protein diet containing first four 

limiting amino acids (i.e., lysine, methionine, threonine and tryptophan) at NRC (2012) levels; HV: NC containing Val above 

NRC level; HI: NC containing Ile above NRC level; HVI: NC containing both Val and Ile above NRC level. The values are 

means ± standard error of the mean. a,b,ab Among groups, the means with different superscript letter(s) are different (P ≤ 0.05). 

n= 8. ϕ P ≤ 0.1 HI vs. PC 
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5.5. Discussion 

Supplementation of BCAA or mixture of Ile and Val not only decrease the negative impact of VLP 

diets on growth of pigs, but also reduce BUN, and influence the lipid metabolism [9-11, 33]. Little 

is understood on the mechanisms by which BCAA regulate the N utilization and lipid metabolism 

in pigs. The objective of current study was to assess the effect of dietary Ile and Val or their 

combination on gene or protein expression of key rate limiting enzymes involved in ureagenesis 

and fat metabolism (lipolysis and lipogenesis) in target tissues of pigs offered with VLP diets. Here 

we showed that: 1) HVI partially improved the BW and ADG and completely recovered the ADFI 

of pigs fed with VLP diets, 2) HVI increased the thermal radiation which is likely due to AA 

imbalance that partly contributes to a partial, but not complete recovery of BW in this group, 3) 

while HVI had a higher basal blood glucose, it showed a better glucose clearance than PC after a 

meal test, 4) HVI had a lower blood triglyceride than PC and BUN than NC suggestive of the role 

of Val and Ile on regulation of lipid metabolism and N utilization, 5) pigs fed with NC and HV 

seem to promote lipogenesis with increasing the mRNA abundance of hepatic FAS and SREBP1 

and adipose LPL, but reducing transcript of hepatic HSL and PGC1α, 6) HVI seems to reduce the 

increased rate of lipogenesis in above mentioned groups through normalizing the transcript of 

hepatic FAS, SREBP1, HSL and PGC1α and LPL in adipose tissue, 7) all low protein groups (i.e. 

NC, HV, HI and HVI) reduced the ureagenesis through decreasing the protein expression of rate-

limiting enzymes of ureagenesis, CPS1, OTC and ASL, in liver. Overall, a combination of dietary 

Val and Ile improved the growth, FI, and glucose clearance and decreased the rate of lipogenesis 

induced by VLP diets. 

Feeding pigs with VLP diet supplemented with first four limiting AA decreased the BW and ADG, 

which is consistent with previous research [5-8]. In line with other studies [19, 65, 66], adding a 

combination of Val and Ile improved the growth and FI of pigs fed with VLP diets. In particular, 

HVI completely recovered the FI of VLP group to the levels seen in PC pigs. This is in parallel 
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with our recent data showing that supplementation of a combination of Val and Ile at NRC (2012) 

[51] level recovered the FI of pigs fed with VLP diets [11]. Improved FI in HVI group could be 

explained by changes in expression of peptides involved in FI regulation. Previously, we and others 

showed that the transcript of orexigenic neuropeptide Y and agouti-related protein was increased 

and that for anorexigenic proopiomelanocortin, melanocortin-4-receptor, and cocaine- and 

amphetamine regulated transcript was decreased in hypothalamus when BCAA or Val were added 

to low protein diets [14, 33, 67, 68]. 

While HVI completely recovered the FI, that showed only a partial improvement in BW and ADG. 

The lack of complete recovery in growth of HVI group might be attributed to a higher thermal 

radiation and energy loss in this group, which is consistent with our previous data [11]. The higher 

thermal radiation in HVI group is likely due to AA imbalances caused by a higher ratio of dietary 

Val and Ile to Lys and other AA. The AA imbalances in HVI group may not only influence the 

growth rate through reducing the availability of energy, but also may alter the efficiency of nutrients 

utilization [69]. The mechanisms by which the AA imbalances are sensed and possibly increase the 

energy expenditure [70] are not fully elucidated and further research is required. The first step of 

BCAA degradation is catabolized by a common enzyme, branched-chain α-ketoacid 

dehydrogenase and BCAA share the same transport system with other AA. Whether shared 

catabolic pathways and transport system among BCAA and other AA reduce the supply of Leu and 

essential AA in HVI group and whether that contributes to a higher thermal radiation in this group 

remains to be determined. 

HVI pigs appeared to have a better glucose clearance than those fed with standard protein diets. 

Similarly, others showed that individual intrahypothalamic infusion of Ile and Val in rats reduced 

the postprandial blood glucose by lowering the hepatic glucose production [71]. In the current 

study, HI improved the glucose clearance after the meal test. This was in line with previous studies 

showing that intragastric infusion of Ile and Leu in healthy males [72, 73] or oral administration of 
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Ile in rats [74-76] and healthy humans [77], but not Val decreased the postprandial blood glucose. 

This is while intravenous infusion of Val in healthy humans [78] or its oral administration in rats 

[75] either marginally decreased or raised blood glucose concentration, respectively. Therefore, in 

our study the improved glucose tolerance in HVI group seems to be linked with the role of Ile in 

reducing blood glucose concentration. The hypoglycemic effects of Ile have been attributed to 

reduced hepatic gluconeogenesis and increased glucose uptake in skeletal muscle [74, 76]. 

Little is understood on the role of Ile and Val on lipid metabolism in pigs under protein restriction. 

Here we showed that NC and HV induced lipogenesis through increasing the gene expressions of 

FAS and SREBP1 in liver and LPL in adipose tissue and reducing transcript of hepatic HSL and 

PGC1α. Similar to our data, others showed that low protein diet reduce the hepatic expression of 

CPT1α in laying hens [79], but high protein diets increase hepatic mRNA expression of CPT1α in 

mice [80]. Further, here we showed that all low protein groups increased the blood cholesterol, 

which is in line with our and other previous studies showing that by reducing the level of dietary 

protein, plasma cholesterol increases in nursery pigs [7, 81]. In the present study, HVI seems to 

mitigate the rate of lipogenesis through normalizing the transcript of hepatic FAS, SREBP1, HSL 

and PGC1α and LPL in adipose tissue. HVI also reduced the blood triglyceride concentration. 

Likewise, we and others previously showed that BCAA supplementation decreases the blood 

triglycerides concentration in pigs and obese rats [33, 82]. The inhibitory role of HVI on lipogenesis 

could be due to different effects of Ile and Val on fat metabolism. While HV seems to have more 

positive effects on lipogenesis via decreasing the transcript of hepatic HADH, HSL and PGC1α, 

HI appears to reduce the lipogenesis by normalizing the hepatic FAS and LPL in adipose. Ile has 

been previously shown to stimulates lipolysis and reduces fat deposition, white adipose tissue mass 

and TG concentration in muscle and liver in mice [35]. Supplementation of Ile in drinking water of 

obese mice [36] and in the diet of broilers [83] has shown to reduce the white adipose tissue mass 

and body weight and the serum triglycerides, but Val supplementation increased serum TG in high 
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fat diet fed mice [38]. Therefore, the protective effects of HVI on lipogenesis might be explained 

by the buffering effect of Ile on Val-induced lipogenesis. Others showed that BCAA-supplemented 

mice had less weight, adipose tissue and hepatic TG content and downregulated the lipogenic 

enzymes in liver compared to their control counterparts [34, 37]. 

Branched-chain AA improve N utilization possibly through multiple mechanisms including 

increasing the activity and/or secretion rate of proteolytic enzymes [23-26]and expression of AA 

transporters in gut [27-29] and providing N for endogenous AA synthesis [30-32]. Little 

information is available whether BCAA and in particular Ile and Val alone or in combination affect 

the N balance through regulation of ureagenesis in liver and kidney. HVI had a lower BUN than 

NC in the present study. This is in parallel with previous studies showing that VLP diets 

supplemented with BCAA [9, 10] and mixture of Ile and Val [11] or standard protein diets 

supplemented with Val [12-14] and Ile [15, 84] had less BUN than un-supplemented pigs. A lower 

BUN in HVI group is suggestive of an improvement in N retention [16, 17]. Previous studies have 

indicated that BCAA improve the efficiency of AA and N utilization in pigs [18, 19, 85], and 

humans [20-22]. Although HVI had a lower BUN than NC, there were no differences in protein 

abundance of urea cycle rate limiting enzymes in liver and kidney between these two groups. 

Whether a higher BUN of NC versus HVI downregulates the urea cycle enzymes through a negative 

feedback mechanism as previously suggested [86] remains to be determined. Further, all low 

protein groups (i.e., NC, HV, HI and HVI) decreased the ureagenesis through suppressing the 

protein expression of rate-limiting enzymes of ureagenesis, CPS1, OTC and ASL, in liver. The 

caveat of our study is that we measured the BUN in single time point at the end of study and it is 

not clear whether BUN concentration follows the same pattern in early stages of the study and those 

chronic changes have regulatory effects on urea cycle enzymes expression. 

5.6. Conclusion 
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Supplementation of a mixture of dietary Val and Ile partially improved the growth and fully 

recovered the FI of pigs fed with VLP diets. A combination of Val and Ile added to VLP diets 

improved the glucose tolerance, reduced the rate of lipogenesis induced by VLP diets and decreased 

the BUN. Further research is required to better understand the regulatory role of BUN on 

ureagenesis under acute and chronic treatments with Ile and Val. 
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5.7. Appendices 

Appendix Table 5A.1. The sequences [forward (F) and reveres (R)], location on template, amplicon size (bp), and GenBank accession numbers 

for primers used for reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) 

Genes1 Sequence (5’ → 3’) 
Location on 

template 

Amplicon 

length (bp) 

GenBank 

accession no. 

Reference 

FAS  
F: CTGCTGAAGCCTAACTCCTCG 

R: TTGCTCCTTGGAACCGTCTG 

584 - 604 

771 - 790 
207 NM_001099930.1 Chen et al., 2014 

ACC  
F: ATGTTTCGGCAGTCCCTGAT 

R: TGTGGACCAGCTGACCTTGA 

4870 - 4889 

4983 - 5002 
133 NM_001114269.1 Chen et al., 2014 

HSL 
F: GCTCCCATCGTCAAGAATC 

R: TAAAGCGAATGCGGTCC 

2043 - 2061 

2291 - 2307  
265 NM_214315.3 Chen et al., 2014 

PPARα 
F: CATCCTCGCGGGAAAGG 

R: GGCCATACACAGTGTCTCCATGT 

722 - 738 

769 - 791  
70 NM_001044526.1 

Duran-Montgé et al., 

2009 

SREBP-1  
F: CGGACGGCTCACAATGC 

R: GACGGCGGATTTATTCAGCTT 

986 - 1002 

1079 - 1099 
114 NM_214157.1 

Duran-Montgé et al., 

2009 

HADH 
F: GCCATCGTGGAGAACCTGAA 

R: GAAATGGAGCCCGGCAAATC 

461 - 480 

600 - 619 
159 NM_214331.1 Zuo et al., 2019 

PGC1α  
F: GATGTGTCGCCTTCTTGTTC 

R: CATCCTTTGGGGTCTTTGAG 

1629 - 1648 

1702 - 1721 
93 NM_213963.2 Kang et al., 2018 

LPL 
F: CCCTATACAAGAGGGAACCGGAT 

R: CCGCCATCCAGTCGATAAACGT 

448 - 470 

564 - 580 
138 NM_214286.1 Espinosa et al., 2020 

CD36  
F: CTGGTGCTGTCATTGGAGCAGT 

R: CTGTCTGTAAACTTCCGTGCCTGTT 

443 - 464 

579 - 603 
161 NM_001044622.1 Espinosa et al., 2020 

CPT1α 
F: CAAGATGGGCATGAACGCTG 

R: TGGAATGTTGGGGTTGGTGT 

1406 – 1425 

1531 - 1550 145 NM_001129805.1 Zhou et al., 2017 

β-Actin  
F: CTGCGGCATCCACGAAACT 

R: AGGGCCGTGATCTCCTTCTG 

944 - 962 

1071 - 1090 
147 XM_003124280.5 Yin et al., 2015 
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1FAS = fatty acid synthase; ACC = acetyl-CoA carboxylase; HSL = Hormone-sensitive lipase; PPARα = Peroxisome proliferator activated receptor 

alpha; SREBP-1 = sterol regulatory element-binding protein 1; HADH = Hydroxyacyl-CoA dehydrogenase; PGC1α = PPARγ coactivator 1 alpha; 

LPL = lipoprotein lipase; CD36 = cluster of differentiation 36 molecule, CPT1α = carnitine palmitoyltransferase 1 α. 
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Appendix Table 5A.2. The host, dilution, and supplier of primary and secondary antibodies for immunoblotting. 

Antibodies Host Dilution Vendor 

Anti carbamoyl phosphate synthetase 1 (CPS1) Rabbit 1:1000 Abcam, Cambridge, MA, # ab45956 

Anti ornithine carbamoyl transferase (OTC) Rabbit 1:1000 Millipore Sigma, St. Louis, MO, # AV41766 

Anti argininosuccinate synthase 1 (ASS1) Mouse 1:1000 Abcam, Cambridge, MA, # ab124465 

Anti arginase 1 (ARG 1) Rabbit 1:1000 Proteintech, Rosemont, IL, # 16001-1-AP 

Anti arginosuccinate lyase (ASL) Rabbit 1:1000 Abcam, Cambridge, MA, # ab97370 

Anti β-actin (C4) (HRP) Mouse 1:1000 Santa Cruz Biotechnology, Dallas, TX, # sc-47778 

Anti GAPDH (GT239) (HRP) Mouse 1:5000 Thermo Scientific, Rockford, IL, # MA5-31457 

Anti rabbit IgG H&L (HRP) Goat 1:2000 Abcam, Cambridge, MA, # ab205718 

Anti mouse IgG H&L (HRP) Goat 1:5000 Abcam, Cambridge, MA, # ab205719 
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Appendix Table 5A.3. Weekly growth performance of nursery pigs fed with very low-protein diets containing isoleucine, valine or 

mix of both above NRC levels 

 Diets1    

Measurements2 PC NC HV HI HVI SEM3 P-value 

BWG, kg        

  Week 1 2.49a 1.35b 2.07a 1.28b 2.04γ 0.10 < 0.01 

  Week 2 3.50a 1.52b 1.64b 1.62b 2.90γ 0.16 < 0.01 

  Week 3 4.29a 1.92b 1.77b 2.40b 2.82ε 0.19 < 0.01 

  Week 4 5.06a 2.72bc 2.47b 2.59b 4.04acετ 0.24 < 0.01 

  Week 5 5.15a 2.67b 3.16b 2.87b 3.44b 0.22 < 0.01 

MFI, kg        

  Week 1 0.39 0.28 0.38 0.30 ϕ 0.38 0.01 0.02 

  Week 2  0.65a 0.39c 0.49bc 0.46bc 0.58ab 0.02 < 0.01 

  Week 3 0.89a 0.52c 0.61bc 0.61bc 0.78ab 0.03 < 0.01 

  Week 4 0.97a 0.68b 0.80ab 0.69b 0.90ab 0.03 0.01 

  Week 5 1.16a 0.71b 0.84b 0.67b 0.93γτ 0.04 < 0.01 

CFI, kg        

  Week1  2.74 2.18 2.67 2.09ϕ 2.66 0.08 0.02 

  Week 2 4.54a 2.73c 3.43bc 3.24bc 4.04ab 0.15 < 0.01 

  Week 3 6.24a 3.63c 4.28bc 4.27bc 5.49ab 0.23 < 0.01 

  Week 4 6.81a 4.76b 5.58ab 4.86b 6.29ab 0.23 0.01 

  Week 5 8.11a 4.96b 5.88b 4.72b 6.52ab 0.28 < 0.01 

CPI, kg        

  Week 1  0.53a 0.29b 0.36b 0.29b 0.36b 0.02 < 0.01 

  Week 2 0.89a 0.36c 0.46bc 0.44bc 0.54b 0.03 < 0.01 

  Week 3 1.20a 0.45c 0.54bc 0.59bc 0.69b 0.05 < 0.01 

  Week 4 1.37a 0.50c 0.71bϑ 0.67bc 0.79b 0.05 < 0.01 

  Week 5 1.56a 0.56b 0.74bc 0.65bc 0.80cθ 0.07 < 0.01 

G:F, kg/kg        

  Week 1  0.89 0.62 0.78 0.67 0.80 0.03 0.09 

  Week 2 0.77a 0.53bc 0.49c 0.50c 0.68aθ 0.03 < 0.01 

  Week 3 0.69a 0.54ab 0.45b 0.56ab 0.49b 0.02 < 0.01 

  Week 4 0.75 0.58 0.54 0.54 0.61 0.03 0.15 

  Week 5 0.64 0.53 0.53 0.64 0.53 0.03 0.49 

G:P, kg/kg        

  Week 1  4.57 4.54 5.76 4.79 5.88 0.24 0.22 

  Week 2 3.96ab 3.89ab 3.64b 3.72b 5.01θ 0.14 < 0.01 

  Week 3 3.57 4.42 3.45 4.09 3.90 0.14 0.17 

  Week 4 3.70 5.29 4.29 3.91 4.86 0.24 0.19 

  Week 5 3.33 4.46 4.30  4.61 4.28 0.22 0.32 
1PC: positive control, standard protein diet; NC: negative control, very low protein diet containing first four limiting amino 

acids (i.e., lysine, methionine, threonine and tryptophan) at NRC (2012) levels; HV: NC containing valine (Val) above 

NRC level; HI: NC containing isoleucine (Ile) above NRC level; HVI: NC containing both Val and Ile above NRC level. 
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The values are means, n=8. The P-values for the overall model effect for diet, week and diet × week for BWG were < 

0.01, < 0.01 and < 0.01, for MFI were < 0.01, < 0.01 and < 0.01, for CFI were < 0.01, < 0.01 and < 0.01, for CPI were < 

0.01, < 0.01 and < 0.01, for G:F were < 0.01, < 0.01 and 0.22, and for G:P were < 0.01, < 0.01 and 0.15 respectively. 

2BWG: body weight gain; MFI: mean feed intake; CFI: cumulative feed intake; CPI: cumulative protein intake; G:F: 

gain:feed ratio; G:P: gain:protein ratio. 

3SEM: standard error of the mean. 

a,b,c Within each row, the values with different superscript letter(s) are different (P ≤ 0.05). γ P ≤ 0.1 HVI vs. PC, θ P ≤ 0.1 

HVI vs. NC, ε P ≤ 0.1 HVI vs. HV, τ P ≤ 0.1 HVI vs. HI, ϕ P ≤ 0.1 HI vs. PC, ϑ P ≤ 0.1 HV vs. NC. 
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Appendix Figure 5A.1. Representative thermal images of dietary group. 

(A) PC: positive control, standard protein diet, (B) NC: negative control, very low protein diet 

containing first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at 

NRC (2012) levels; (C) HV: NC containing Val above NRC level; (D) HI: NC containing Ile above 

NRC level; (E) HVI: NC containing both Val and Ile above NRC level 
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Appendix Figure 5A.2. Feed intake of nursery pigs fed with very low protein diets containing isoleucine (Ile), valine (Val)or mix of both above 

NRC levels at (A) day 4, (B) day 7, (C) day 11 (D) day 14, (E) day 18, (F) day 21, (G) day 25, (H) day 28, (I) day 32, (J) day 35. 

PC: positive control, standard protein diet; NC: negative control, very low protein diet containing first four limiting amino acids (i.e., lysine, methionine, 

threonine, and tryptophan) at NRC (2012) levels; HV: NC containing Val above NRC level; HI: NC containing Ile above NRC level; HVI: NC containing 

both Val and Ile above NRC level. The values are means ± standard error of the mean. n=8. a,b,c,d,ab,bc,cd the means with different superscript letter(s) at each 

time point are different (P ≤ 0.05). δ P ≤ 0.1 PC vs. NC, Ώ P ≤ 0.1 HV vs. PC, γ P ≤ 0.1 HVI vs. PC, ϕ P ≤ 0.1 HI vs. PC, ε P ≤ 0.1 HVI vs. HV, ω P ≤ 0.1 HV 

vs. HI 
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Appendix Figure 5A.3. mRNA abundance of lipid metabolism markers in subcutaneous adipose tissue of nursery pigs fed with very low protein 

diets containing isoleucine (Ile), valine (Val) or mix of both above NRC levels. 

(A) acetyl-CoA carboxylase alpha (ACC), (B) cluster of differentiation 36 molecule (CD36), (C) fatty acid synthase (FAS), (D) hydroxyacyl-CoA 

dehydrogenase (HADH), (E) lipoprotein lipase (LPL), (F) peroxisome proliferator activated receptor alpha (PPARα), (G) PPARγ coactivator 1 

alpha (PGC1α), (H) sterol regulatory element-binding protein 1 (SREBP-1). PC: positive control, standard protein diet; NC: negative control, very 

low protein diet containing first four limiting amino acids (i.e., lysine, methionine, threonine, and tryptophan) at NRC (2012) levels; HV: NC 
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containing Val above NRC level; HI: NC containing Ile above NRC level; HVI: NC containing both Val and Ile above NRC level. The values are 

means ± standard error of the mean. n= 8. a,b,ab Among groups, the means with different superscript letter(s) are different (P ≤ 0.05). Ώ P ≤ 0.1 HV 

vs. PC, β P ≤ 0.1 HI vs. NC, ε P ≤ 0.1 HVI vs. HV. 
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