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1. Summary 
Insulin as well as glucagon are important hormones in maintaining glucose homeostasis and 

regulating the metabolism in the body. Insulin receptors (IR) are transmembrane receptors 

that promote a signal transduction when activated by insulin. This can for example cause an 

increased influx of glucose into the cell performed by so called glucose transporters (GLUTs). 

These membrane proteins facilitate the transport of glucose from the blood into the cells, so 

the cell always has a constant supply of energy. Peroxisome proliferator-activated receptors 

(PPAR) are nuclear fatty acid receptors. They are activated by lipids and regulate fatty acid 

transcription. PPARδ/β is located in skeletal muscle and can promote fatty acid catabolism as 

well as cause a switch in fuel preference from glucose to fatty acids. It has been suggested 

that ligands for PPARδ could act as insulin sensitizers. The PPARγ coactivator-1α can 

increase mitochondrial content in skeletal muscle if over expressed. The same is true for 

endurance exercise. 

Hormones released from adipose tissue can cause hyperphagia and obesity if over- or under 

expressed. They can also work in the opposite way by decreasing appetite with weight loss as 

an effect. Impaired signalling or dysfunctional receptor can cause insulin resistance, obesity 

and diabetes. Lipolysis occurs in adipose tissues and is conducted by three enzymes, namely 

adipose triglyceride lipase (ATGL), hormone-sensitive lipase (HSL) and monoglyceride 

lipase (MGL). There are some factors that can increase lipolysis such as caffeine, a low 

glycemic index, high protein intake and training.   

The enzyme PEPCK is involved in the gluconeogensis in the liver and kidney cortex, and also 

in the glyceroneogenesis in the liver, as well as in brown and white adipose tissue. When 

overexpressed in skeletal muscle the enzyme increases the muscle activity. The 

overexpression of the enzyme did promote the β-oxidation as energy source for the muscles 

during exercise, instead of muscle glycogen as fuel. 

The processes of protein synthesis and breakdown are together called protein turnover. 

Muscle grows when synthesis is greater than breakdown, and withers if breakdown exceeds 

the level of synthesis. Acute effects of training is catabolic, but long time exercise causes 

however an increased protein synthesis. Leucine, an essential amino acid, has an important 

role in the initiation phase of translation. Glutamine is probably important in the regulation of 

muscle protein synthesis and breakdown. Together with glutamate, aspartate and asparagine, 

these are responsible for the amino acid metabolism that occurs in the muscles. Protein 

synthesis reaches its maximum in the recovery phase after intense training.  
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”Eat when you are hungry, before you become famished. Stop eating when you are satisfied, 
before you become stuffed” [Ebbeling et al. 2007] 
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1.1 Question formulation 
Is it possible, while reducing calorie intake, to promote fat breakdown without associated 

muscle breakdown and only relying on the body’s endogenously produced self-regulatory 

hormones? 

1.2 Purpose 
Our purpose with this study was to summarise some of the research that has been conducted 

regarding our question formulation and to what extent this field has been explored. We chose 

the area within biological chemistry with focus on hormonal regulation. We want to look into 

how the bodys own production of hormones works, especially the ones with metabolic 

functions, as well as how they get affected by dietary intake and training. Some of the things 

we investigated were if protein degradation can be prevented even if caloric intake gets below 

the needed daily amount. We also looked at some of the other things that are involved in this 

area, e.g. receptors or enzymes, in addition to different scientific experiments and their 

results. These experiments could for example be how administration of amino acids during 

training affects protein synthesis, or how enzymes can increase lipolysis.  

1.3 Method 
The investigation was done as a literature survey. We used Internet for our searches and 

looked into scientific articles, researches, reports and compilations published online. By doing 

this separately we could maximise our effort and time and did probably get a more 

widespread overview of articles. We independently performed searches within scientific 

trustworthy journals and did then a comparison on what we had found and how interesting it 

was for our study. We narrowed down our search to articles written from 2000 and forward. 

This was however not totally possible, since some of the relevant research was performed 

before that year. Since our purpose was to look into the mechanisms involved in metabolism, 

our search was related to nutrition, exercise and health. Some of our words and phrases we 

used were for instance “fatty acid metabolism”, “protein synthesis”, “glucose metabolism”, 

“hormone regulation insulin”, “lipid oxidation” and “lipolytic enzymes metabolism”. From 

there we proceeded if we found words or mechanisms that were of interest. We searched 

especially for studies performed in the area of protein and muscle synthesis, fatty acid 

oxidation and other important components of regulation regarding metabolism. Articles only 

about diabetes we did not include. Most of our articles were on English with only a few 

written in Swedish. Besides the Internet we also used a number of books but used them for 

basic information.  
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2. Introduction 
In order for us to conduct this study we have to understand the complex and important 

metabolic pathways that take place in the body. The food you eat will, by different 

mechanisms, become catabolized and degraded into smaller components. The cells can in this 

way take up the nutrients, which then can be converted through oxidizing or synthesizing 

mechanisms. The metabolic pathways are defined as all the biochemical reactions that occur 

within a living organism, where the processes can be divided into two groups, catabolic and 

anabolic pathways. The catabolism is an oxidative breakdown of nutrients that releases energy 

and the anabolism is a reductive synthesis of biomolecules which are energy-consuming 

reactions. Both anabolic and catabolic pathways operate simultaneously although we talk 

about them separately. An important aspect of the metabolic pathways is their regulation 

because the catabolic and anabolic reactions have to be in balance. The regulation is primarily 

involved in adaption of the catalytic activity of the specific enzymes, which is categorized 

into three major mechanisms [Campbell & Farrell, Biochemistry 2006]. 

 

The first is covalent modification of enzymes through hormone stimulation which is achieved 

by adding or removing a phosphate group at the enzyme. This is a mechanism that occurs for 

example in the regulation of glycogenesis and glycogenolysis (i.e. glycogen synthesis 

respective glucose synthesis from glycogen).  

 

The second is modulation of allosteric enzymes which is an important regulatory mechanism 

where the specific compounds called modulators can bind to the allosteric site which 

influences the activity of the regulatory enzymes. Modulators can either be positive and 

increase enzyme activity or have a negative effect and inhibit activity. An example of an 

allosteric enzyme is phosphofructokinase in the glycolytic pathway. Before entering the citric 

acid cycle, pyruvate is decarboxylated and oxidized into acetyl-CoA which enters the cycle 

and in combination with oxalacetate it forms citrate. The citrate is a negative modulator of 

phosphofructokinase where accumulation of citrate inhibits the glycolysis (i.e. breakdown of 

glucose), because it is regulated by phosphofructokinase.  

 

The third and last mechanism of enzyme regulation is the enzyme induction. This is a when 

an increased concentration of certain inducible enzymes occurs. These enzymes are adaptive, 

which means that the enzymes are synthesized when the cellular circumstances demand it. 

Enzyme induction occurs usually of by the action of certain hormones such as thyroid 
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hormones and steroid hormones [Groff & Gropp, Advanced Nutrition and Human 

Metabolism 2000].  

 

There are four processes that play a central role in the aerobic metabolism, which are those 

processes that depend on free oxygen. The processes are glycolysis, citric acid cycle, β-

oxidation and oxidative phosphorylation, which also involve the electron transport chain. The 

glycolysis is however not an aerobic mechanism though it is mentioned in the same sense as 

the others. This is because oxygen has to be present in the final step, i.e. when pyruvate has 

been formed, for the aerobic pathway to take place. Otherwise the pyruvate enters the 

fermentation pathway [Campbell & Farrell, Biochemistry 2006].  

 

The citric acid cycle has a central role in the metabolism because its intermediates connect 

other pathways with either the starting-point or the end product. These can either be catabolic 

or anabolic mechanisms. For example it is the starting-point for amino acid synthesis (with 

either the intermediates oxalacetate or α-ketoglutarate) and the end point for the amino acid 

degradation. The catabolic mechanism of amino acid degradation the amino acids are broken 

down into acetyl-CoA, α-ketoglutarate, succinyl-CoA, fumarate or oxalacetate, which will 

enter the citric acid cycle. The fatty acid degradation, otherwise called β-oxidation, is where 

the fatty acid chain breaks down gradually with an acetyl-CoA at a time. Instead for the fatty 

acid synthesis has its building start with an acetyl-CoA. The acetyl-CoA is an important 

intermediate step between the glycolysis and citric acid cycle, but these compounds also have 

a different route that combines catabolic and anabolic pathways. This citric acid cycle is 

considered to have amphibolic pathways, this because the process can have both degradation 

and biosynthetic processes [Campbell & Farrell, Biochemistry 2006].  

 

When you overeat and step exceed the recommended calorie intake the energy is stored as 

triglyceride such as lipid droplets in the adipocytes that make up the adipocyte tissue, which 

stores energy until it is needed. This storage process occurs when the energy intake is larger 

than energy expenditure. When this occurs the energy will be stored in fat cells as 

triglycerides. However, if you increase your training or decrease food intake the triglyceride 

will contribute with energy. In the adipocyte the lipid droplets (LD) take up a large part of the 

cell and displace the nucleus (figure 1). Adipocytes build up different types of tissue; brown 

adipose tissue (BAT or brown fat) play a role in the generation of body heat and white 
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adipose tissue (WAT or white fat), which is what we normally mean by “fat” [Ahima 2006]. 

The fat is stored in the body as triglyceride  

(TG) in essentially all cells as lipid droplets (LD).  

When the body needs energy, during starvation or  

fasting for example, the TG is hydrolyzed and  

released as free fatty acids from the cellular lipid  

droplets. This process is called lipolysis and the  

free fatty acids is transported by albumin to the      Figure 1: structure of fat cell. Due to copyright 

energy demanding cells. To maintaining the              reasons the picture is missing in the electronic  

body’s energy homeostasis, an important                    edition. Can be found in Albert et al. 2008 

balance is required between the lipolysis and lipid synthesis in white adipose tissue and other 

tissue. For this study we are interested in the mechanism that activates the β-oxidation 

[Zimmermann et al. 2009].  

 

The liver and muscle tissues both have different roles when it comes to important 

metabolically functions and processes. Many of the chemical transformations of energy 

substrates and metabolites are carried out in the liver. For example, it is there the different 

steps in gluconeogenesis take place. Muscle cells, on the contrary, are recipients of the 

glucose that results from gluconeogenesis. The tissues in liver and muscle also have different 

functions and roles when it comes to the processing, packaging and transport of lipids.  

2.1 Catabolism 
The catabolism releases energy because it is an oxidative process. The overall catabolic 

pathway is the cellular respiration where glucose and other nutrients are broken down under 

aerobic conditions. The intake of food gives us fuel for our respiration which becomes CO2 

and H2O and gives us energy, which is summarised here:  

 

Organic compounds + oxygen → carbon dioxide + water + energy (ATP + heat) 

 

The organic compounds can be polysaccharides, lipids, nucleic acids and proteins that are 

broken down into smaller units such as monosaccharides, fatty acids, nucleotides and amino 

acids. The catabolism of these compounds releases energy to the cell in the form of adenosine 

triphosphate (ATP). When the organism consumes nutrients, such as proteins, carbohydrate, 

fat, vitamins or minerals, the first step is to fraction up the macromolecule into smaller ones. 
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This is done by specific enzymes, for example when polysaccharides are degraded into sugar 

monomers by hydrolysis carried out by specific enzymes. The sugar monomers are 

transported into the cells cytosol and enter the glycolysis [Campbell & Reece, Biology 2005].  

2.1.1 Glycolysis 

Glycolysis occurs in the cytosol and means splitting of sugar. The starting molecule of 

glycolysis is a six-carbon monosaccharide called glucose that is split down to two three-

carbon compound called pyruvate in ten steps. In the first step glucose is converted into 

glucose-6-phosphate. This step is hormonally regulated where the oxidation is increased by 

insulin and decreased by glucagon. In the last and final step of glycolysis 

phosphoenolpyruvate (PEP) is converted into pyruvate. This reaction is catalyzed by the 

enzyme pyruvate kinase. This enzyme is stimulated by the hormone insulin and the amount of 

fructose-6-bisphosphate, which is the product in the third step. It is also inhibited by the 

hormone glucagon. Pyruvate, the end product of glycolysis, has different routes it can take, 

but there are three main pathways [Campbell & Reece, Biology 2005].  

 

The first pathway takes place if molecular oxygen (aerobic conditions) is present in the last 

step of the glycolysis. In that case one carbon from the pyruvate leaves as carbon dioxide. The 

remaining two carbons react with a coenzyme A group and becomes acetyl-CoA. In the 

cytosol the acetyl-CoA can take the anabolic pathway and enter the fatty acid synthesis 

(described in section 2.2.5). 

 

The second pathway is also during aerobic conditions. The pyruvate looses a carbon dioxide 

and the remaining two carbons react with a coenzyme A and becomes acetyl-CoA. The 

compound can then enter the mitochondrial matrix and is consumed in the citric acid cycle. 

The NADH and FADH2 formed from the citric acid cycle enter the electron transport chain. 

This occurs in the mitochondrion’s inner membrane and a large amount ATP is created.  

 

The third pathway for pyruvate is when no molecular oxygen (anaerobic conditions) is 

available in the last step of the glycolysis and the compound cannot enter the citric acid cycle. 

This is when fermentation occurs instead where lactic acid is the end product. This occurs in 

the muscles during intensive training and the oxygen becomes insufficient. Also a limited 

amount of ATP molecular is produced in lack of an electron transport chain [Groff & 

Gropper, Advanced Nutrition and Human Metabolism 2000].  



 9 

2.1.2 Catabolism of amino acids 

In the liver over half of the amino acids that have been taken up are catabolized.  

The catabolism of amino acids happens first by the removing of nitrogen which it does 

through transamination or aminotransfer. The amino nitrogen reacts with a α-ketoglutarate 

which produces glutamate and leaves the carbon skeletons behind. There are two pathways of 

breaking down the amino acids skeletons; this depends on the type of end product. The two 

pathways are glucogenic or ketogenic. The glucogenic pathway yields pyruvate or oxalacetate 

at degradation. The glucogenic amino acid can be converted to glucose from oxaloacetate as 

an intermediate through gluconeogenesis. Oxaloacetate is a key intermediate in breakdown of 

carbon skeleton because it has a dual role in the gluconeogenesis and the citric acid cycle. 

Ketogenic pathway is where the amino acids are broken down to acetyl-CoA or acetoacetyl-

CoA that leads to the generation of ketone bodies. The ketogenic amino acids cannot be 

converted into glucose. 

 

The breakdown of carbon skeletal causes a rise in metabolic intermediates such as 

oxalacetate, fumarate, pyruvate, acetoacetyl-CoA, acetyl-CoA, succinyl-CoA and α-

ketoglutarate. Not all the amino acids can enter both of the pathways; however isoleucine, 

phenylalanine, tryptophan and tyrosine can enter both pathways. The other amino acids are 

only glucogenic or ketogenic [Groff & Gropp, Advanced Nutrition and Human Metabolism 

2000 and Campbell & Farrell, Biochemistry 2006].  

2.1.3 Ketone bodies  

Ketone bodies are produced in a process called ketogenesis. The process occurs in the 

mitochondrion in the liver when the amount of glucose is limited as a result of starvation 

when the body breaks down fats for energy. Ketone bodies are generated by the condensation 

of two molecules of acetyl-CoA that originate from FFA processed by β-oxidation. This leads 

to the production of acetoacetyl-CoA and further condensation of this substrate together with 

acetyl-CoA yields acetoacetate. The acetoacetate can then, via an enzymatic process, produce 

either β-hydroxybutyrate by a reduction reaction or the by-product acetone by 

decarboxylation. If too much of these substances become present in the blood a phenomenon 

called ketoacidosis can arise. This is when the amount of the acidic ketone bodies becomes 

too high for the bloods buffering capacity to heighten the pH. The result is an excessive 

excreting of H+, Na+, K+ and water into the urine which can lead to dehydration [Campbell & 

Farrell, Biochemistry 2006]. 
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2.1.4 Glycogenolysis 

In the skeletal muscle and the liver, carbohydrates are stored as glycogen. Within the 

glycogen are energy-rich glucose residues. During energy demand, the glycogen is broken 

down one residue at a time. It releases glucose in the form of glucose 1-phosphate and this 

process is called glycogenolysis. The glucose-1-phosphate is converted to glucose-6-

phosphate, which is an intermediate in the glycolysis.  

 

In the liver the glycogen can be released as glucose into the blood stream and can be taken up 

by other cells that require energy. The liver cells have an enzyme called glucose-6-

phosphatase that removes a phosphate group from glucose-6-phosphate and yields glucose.  

Since the nerve-cells and erythrocytes cannot synthezise glucose on their own, they are 

dependent of glucose for their ATP production. The liver cells can also use glucose-6-

phosphate, which can enter the glycolysis. In the muscle cells the glycogen can only be used 

there, this because the cells lack the enzyme glucose-6-phosphatase. However the cells can 

use glucose-6-phosphate for the glycolysis.  

 

In the liver, the glycogenolysis is stimulated by the catabolic hormone glucagon. In the 

muscle cells, the glycogenolysis is instead stimulated by the stress hormone adrenaline. The 

glucogenic storage is low and is used within a day if it is not refilled. The body has an 

emergency storage, such as proteins and glycerol [Groff & Gropper, Advanced Nutrition and 

Human Metabolism 2000].  

2.1.5 The β-oxidation 

The β-oxidation occurs in the mitochondrion or in the peroxisomes which generate acetyl-

CoA that then can enter the citric acid cycle. The fatty acid compound consists of a carboxyl 

group and a long unbranched hydrocarbon tail that can be either saturated or unsaturated. The 

fat storage is very large in comparison to the glycogen storage and can supply the body with 

energy for weeks of starvation. As a comparison, you could say that the glucose is your ready 

cash and the lipids your savings account. By a complete hydrolysis of a triglyceride, it 

generates one glycerol and three fatty acids. A large amount of glycerol is used as energy in 

the liver; however other tissues can also use it. All those tissues must have the enzyme 

glycerokinase. This enzyme is involved in converting glycerol into glycerol phosphate and the 

compound can then enter the glycolytic pathway. The fatty acid is broken down into several 

acetyl-CoA through β-oxidation, which can occur in many tissues. The hydrolysis occurs by 
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the enzyme lipoprotein lipase in the vascular endothelium and an intracellular lipase which is 

activated in the liver and in the adipose tissue.  

 

The β-oxidation occurs in three steps: first the fatty acids are activated when it reacts with an 

ATP molecule which gives a fatty acyl adenylate and will further react with a free coenzyme 

A, which gives a fatty acyl-CoA ester. The next step is where the molecule can be transported 

into the mitochondrion with the help of carnitine as acylcarnitine. The β-oxidation occurs in 

the mitochondrion through four reactions: dehydrogenation, hydration, oxidation and 

thiolysis.  

 

The first step is oxidation of the fatty  

acid (figure 2) by the enzyme Acyl- 

CoA-dehydrogenase where a single  

bond is formatted into a double bond  

between C-2 and C-3. In the second  

step is a hydration between C-2 and  

C-3 and the molecule becomes an L-β- 

hydroxyacyl CoA. After this step an  

oxidation occurs to the L-β-hydroxyacyl     Figure 2: the mechanisms of the β-oxidation. Due to  

CoA that oxidizes the hydroxyl group         copyright reasons the picture is missing in the electronic  

from the second step into a keto group.      edition. Can be found in Mursula A. (2002) 

 

In the fourth and final step a thiol group cleaves the β-ketoacyl CoA between the C-2 and C-3. 

The fatty acid chain will continue to be a two-carbon unit shorter by every cycle and produce 

an acetyl-CoA every time. The total hydrolysis of fatty acid such as palmitate that consists of 

16 carbons yields 129 ATP molecules [Groff & Gropper, Advanced Nutrition and Human 

Metabolism 2000 and Campbell & Farell, Biochemistry 2006].  

 

Studies of WAT have shown that an amount of free fatty acid (FFA) becomes re-esterified 

during starvation in the tissue when the lipolysis is activated. In rats about 30 % of the FFA 

becomes recycled back as triglyceride within 24 h and for humans it estimated to be as high as 

40 % [Reshef et al. 2003].  
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2.2. Anabolism 
The energy demanding process anabolism, or biosynthesis, is the construction of more 

complex compounds from simpler ones. Anabolism is a reductive process, and the reducing 

agents are e.g. NADH and NADPH. The energy needed comes from ATP, which is generated 

in the mitochondrion. Proteins, polysaccharides, lipids and nucleic acids are some of the 

substances that are synthesized through the anabolic pathways. The rate of anabolism is 

controlled by allosteric enzymes that either increase or decrease in activity depending on the 

presence or absence of the reactions end products [Campbell & Farrell, Biochemistry 2006]. 

2.2.1 Gluconeogenesis 

The gluconeogenesis is a process where the six-carbon compound glucose is formed from 

simpler molecules. It takes place in the mitochondrion and cytosol of the liver when the blood 

has transported the building blocks there. When glucose has been formed the blood transports 

it back to the muscles. The starting point is two molecules of pyruvate (a three-carbon 

compound) that is generated in the glycolysis. The gluconeogenesis can therefore be 

considered to be the glycolysis backwards, not entirely though since some things differs. 

Lactate formed from pyruvate under anaerobic (i.e. without oxygen) conditions, glycerol from 

fat, glucogenic amino acids from muscles and oxaloacetate from the citric acid cycle can all 

enter the gluconeogenesis. Since oxaloacetate can not be transported over the mitochondrial 

membrane it first has to undergo a transformation. This occur trough a conversion to the citric 

acid cycle intermediate malate that can pass the membrane to the cytosol. Oxaloacetate is 

regenerated in the cytosol by an oxidation of malate, and is then converted to 

phosphoenolpyruvate (PEP) by phosphorylation and decarboxylation. PEP then enters the 

gluconeogenesis [Campbell & Farrell, Biochemistry 2006]. 

2.2.2 Glycogenesis 

The glycogenesis is the pathway that converts glucose to glycogen. Glycogen is a polymer of 

glucose and function as energy storage in muscle and liver. The energy is in the form of 

polysaccharides (i.e. carbohydrates), somewhat like starch in plants. Glycogen is synthesized 

depending on the energy demand: when the body doesn’t need energy the glucose is 

converted to glycogen [Campbell & Farrell, Biochemistry 2006]. The glycogen depot is then 

used when the body immediately needs energy, for example during exercise or stress [Groff & 

Gropper, Advanced nutrition and human metabolism 2000]. The anabolic hormone insulin is 
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the promoter of the glycogenesis and stimulates the conversion to glycogen in the muscles 

[Henriksson & Rasmusson, Fysiologi: med relevant anatomi 2007]. 

2.2.3 Amino acid synthesis 

Amino acid synthesis is the assembly 

of various amino acids to construct  

proteins. The starting point for the  

reactions that produces amino acids  

are some of the intermediates in the  

citric acid cycle, i.e. those that can  

move over the mitochondrial membrane  

to the cytosol (figure 3). One example  

is oxaloacetate that, in a 1-step  Figure 3: the first steps in amino acid synthesis. Due to  

transamination reaction, can produce copyright reasons the picture is missing in the electronic 

aspartate that can be a precursor for edition. Can be found in Molecular Biochemistry II; Amino 

other amino acids. Another example is acid synthesis. 2002 

isocitrate that cross the membrane and produce α-ketoglutarate in the cytosol. The α-

ketoglutarate then produces glutamate, also in a 1-step transamination reaction, that undergoes 

further reactions and generates more amino acids, e.g. glutamine. The synthesis of amino 

acids is one example why the citric acid cycle is an anabolic process [Campbell & Farrell, 

Biochemistry 2005]. 

2.2.4 Protein synthesis 

Gene expression is the process in which the information from DNA is used as a template to 

create new molecules. This occurs in two steps. It starts with the transcription step where the 

original gene gets copied to generate a RNA-molecule. The newly synthesized copy has 

almost the same sequence as the original. The second step is the translation or protein 

synthesis. This occurs in the ribosome where the newly synthesized amino acids are joined 

together. By the formation of peptide bonds longer and longer chains of polypeptides, or 

proteins, are constructed. These are the main building materials for our muscles [Campbell & 

Farrell, Biochemistry 2005]. 

 

In the circulatory system, cellular spaces and skeletal muscle there is an intracellular pool of 

free amino acid. These amino acids are available when the body needs them, e.g. for protein 

synthesis or for substrates for gluconeogenesis [Pitkänen et al.2003]. Most amino acids 
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released into the amino acid pool get “recycled” back into proteins. However, not all amino 

acids do that; instead they get transported back to the liver and get metabolised with the left-

over nitrogen released as urea [Driskell & Wolinsky, Nutritional assessment of athletes 2002].  

2.2.5 Lipogenesis  

Lipogenesis, or fatty acid synthesis, occurs in the cytosol. It is an energy demanding process 

that requires ATP and NADPH. The fatty acids are constructed from acetyl-CoA that is 

transported to the cytosol from the mitochondria.  

The formation of acetyl-CoA can origin either from  

β-oxidation or by decarboxylation of pyruvate, but  

some amino acids can also be the starting point.  

Once in the cytosol acetyl-CoA is carboxylated to  

yield the intermediate malonyl-CoA. The fatty acid  

chain elongation takes place either in the mitochondrion  

or in the ER and involves four steps: condensation  

of acetyl-CoA with malonyl-CoA, reduction,  

dehydration and reduction again (figure 4). The fatty  

acid chain elongates by a successive adding of two- 

carbon units and the primary ending product is the 16- 

carbon saturated fatty acid palmitate. The palmitate  

can then undergo the same 4-step reaction yielding a  

fatty acid chain with two more carbons attached to it.    Figure 4: fatty acid synthesis. Due to  

This reaction occurs over and over again, leading to      copyright reasons the picture is missing in  

longer and longer chains. Stearic acid for example is     the electronic edition. Can be found in     

an 18-carbon saturated fatty acid occurring in e.g.          Torrko J. (2003)                   

animal fat, and arachidic acid, also saturated, consists of a 20-carbon chain. One of the 

unsaturated fatty acids is linoleic acid, which is an 18-carbon molecule [Campbell & Farrell, 

Biochemistry 2006]. 

 

If there is no need for the fatty acids as immediate fuel they combine with glycerol and get 

stored in the adipose    tissues as TG. The same occurs in the muscle.  

The synthesis of TG requires the production of 3-glycerol phosphate. The compound is 

generated by conversion of glycerol or glucose [Hanson & Reshef 2003 and Reshef et al. 

2003]. 
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2.2.6 Glyceroneogenesis 

Glyceroneogenesis, or glycerogenesis, is an important pathway for the reesterification of FFA 

and is active during fasting or starvation. The process takes place in both white and brown 

adipose tissue as well as in the liver, and is a part of the triglyceride/fatty acid cycle. The 

pathway is important in the recycle process of FFA back to TG after lipolysis (i.e. the 

conversion of TG to FFA and glycerol). As mentioned above the synthesis of TG requires 3-

glycerol phosphate and the same is true in the recycling of FFA/TG to produce TG. 

Glyceroneogenesis is the yielding of 3-glycerol phosphate by transformation of other 

precursors than glycerol or glucose. This occurs for example during fasting or starvation when 

neither of the two compounds is available and happens through a shortened version of 

gluconeogenesis [Hanson & Reshef 2003, Reshef et al. 2003 and Cadoudal et al. 2008]. 

2.3 The amount of glucose used during different states in the body 
According to the Swedish National Food Administration the recommended amount of total 

energy intake should be 55 % carbohydrate, 15 % proteins and 30 % fat. The brain uses 

approximately 100-120 gram glucose per day. This is the minimal amount of carbohydrates 

you need to prevent the body to enter the starvation state. If the body does not obtain the 

minimal amount it will adapt to starvation. The adaptation involves three different phases:  

 

The first phase is the glucogenic phase. This is where the stored glycogen in the liver is 

converted to glucose, in purpose to maintain the body’s glucose need. The stored glycogen 

last for about 1 to 2 days. The second phase happens during early starvation and is called the 

intensive gluconeogenesis phase. This is when proteins are used as starting material for the 

production of glucose. As much as 75-100 gram proteins per day is degraded during in this 

state. Approximately 100 gram protein can yield 57-58 gram glucose. In the third phase, the 

lipid combustion phase, the amount of ketone bodies in the blood is increased. This lead to a 

decreased level of protein degradation; about 20-30 gram proteins per day contribute to the 

glucose production. In this phase the brain uses approximately 24 gram glucose per day 

[Eklund, Om kroppens omsättning av kolhydrat, fett och alkohol 2004]. 
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3. Hormones 
In the following chapters some important hormones (and other substrates) regulating 

metabolism as well as their purposes are going to be discussed. The following substances are 

involved in both the anabolism and the catabolism of primary energy substrates. This makes 

them important in the process of regulating the fuel preferences.  

See table on next page for a summary. 
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3.1 Insulin 

In the endocrine gland pancreas the two metabolic important hormones insulin and glucagon 

are produced. The anabolic hormone insulin is synthesized and secreted by so called β-cells 

and the catabolic hormone glucagon by α-cells. The two are antagonistic and regulate the 

bloods concentration of glucose – an essential metabolic mechanism. It is very important that 

the level of glucose in the blood is maintained  

close to a set point, in humans about  

90 mg/100 ml [Campbell & Reece, Biology  

2005, p. 955] or 5mmol/l [Matschinsky et al.  

1998]. Insulin is released from the β-cells in  

the pancreas if the bloods concentration of  

glucose exceeds that level (for example after  

a meal). This promotes the uptake of glucose  

from the blood by almost all cells in the body,      Figure 5: insulin secretion and some of its action.                   

the brain excluded, and leads to a lowering in       One of the GLUTs is also shown on the picture. 

blood glucose level (figure 5) [Campbell &           Due to copyright reasons the picture is missing in 

Reece, Biology 2005].                                            the electronic edition. Can be found in Cartailler 

                                                                                                 J-P. (2004)  

                    

Insulin causes therefore a rise in the glycolysis and the production of acetyl-CoA in liver and 

muscle [Groff & Gropper, Advanced nutrition and Human Metabolism 2000]. The stimulation 

of the glycolysis is an effect of activating the two enzymes phosphofructokinase (PFK) and 

pyruvate dehydrogenase, the enzymes that catalyze the conversion of fructose-6-phosphate 

(F-6-P) to fructose-1,6-bisphosphate (FBP) and the conversion of pyruvate to acetyl-CoA. 

Insulin also reduces the conversion of amino acids and glycerol (from muscle and fat 

respectively) to glucose, as well as stimulates glycogenesis [Campbell & Reece, Biology 2005 

and Campbell & Farrell, Biochemistry 2006].  

Insulin also has an effect on fatty acid metabolism. Lipogenesis is increased by stimulation of 

the enzyme acetyl-CoA carboxylase (ACC), and by activation of the enzyme lipoprotein 

lipase the triglyceride synthesis is promoted. A rise in cholesterol synthesis is also affected by 

insulin [Campbell & Farrell, Biochemistry 2006].  

The amount of insulin in the blood reflects the amount of adipose tissues in the body. High 

levels of insulin stimulate energy storage, whilst lower levels enable β-oxidation. When you 

eat the levels of insulin rises, this is especially true when it comes to carbohydrates and 
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protein – the levels of insulin are lower if the food is rich in fat. At strenuous exercise; under 

starvation or fasting or when the energy balance is negative the concentration of insulin 

decreases [Erlanson-Albertson, Hunger och mättnad 2007]. At hard training the 

glycogenolysis is stimulated. This promotes a rise in glucose uptake from the blood and 

glycogenesis in the muscle. It has been suggested that low glycogen depots can result in a 

higher amount of glucose transporters (described in section 6), which lead to an increased 

influx of glucose to the cells [Östenson et al. 2004]. 

 

The levels of insulin also depend on insulin sensitivity, with a high concentration if the insulin 

sensitivity is low. The effect of this is an increasing level of glucose in the blood. High insulin 

sensitivity is good for the body, since it increases the ability to take up glucose from the 

blood. Insulin resistance is a state where the cells’ ability to react on insulin is reduced. Some 

of the effects are hyperinsulinemia, hyperglycemia and hyperlipidimia. There are many causes 

for insulin resistance, as obesity and physical inactivity to mention some of them [Erlanson-

Albertson, Hunger och mättnad 2007]. 

3.2 Glucagon  

The second hormone that the pancreas  

synthesizes and releases is glucagon.  

It has catabolic functions and works by  

heightening the blood sugar levels if they  

get too low – thus it function as an antagonist  

on insulin action (figure 6). Glucagon increases  

glucose level in the blood by stimulating  

glycogenolysis and gluconeogenesis in the liver,  Figure 6: a summary of insulin and glucagon 

thereby regulating the glucose homeostasis and  action. Due to copyright reasons the picture 

the hepatic glucose synthesis.       is missing in the electronic edition. Can be 

found in Sturm (2008) 

The hormone also inhibits glycogenesis and suggestions has been made that it increases 

lipolysis in adipocytes [Ali & Drucker 2008]. Hypoglycemia caused by e.g. hard training or 

fasting stimulates the pancreas to release glucagon. Glucagon exerts its action via signaling 

conducted by a glucagon receptor (Gcgr), a member of the G protein-coupled receptor family 

[Ali & Drucker 2008 and Longuet et al. 2008]. In humans with type-2 diabetes these receptors 
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can be dysfunctional, leading to a reduced ability to raise the blood glucose concentration 

[Longuet et al. 2008].   

3.3 Insulin like growth factor-1 

IGF-1 is an important polypeptide hormone that is synthesized and secreted primarily by the 

liver. The synthesis is promoted by growth hormone (GH) that is secreted from the pituitary 

gland and is released into the blood. IGF-1 binds to IR as well as to the IGF-1 receptor (IGF-

1R) as the insulin receptor it is a receptor tyrosine kinase [Cadena & Gill 1992]. The binding 

to the receptor induces cell growth and proliferation.  

It especially stimulates cell regeneration in skeletal  

muscle cells, although most cells in the body get  

affected (figure 7). GH works in some ways as an  

antagonist on the actions of insulin. Besides its  

important role in growth stimulation it also induces  

the liver to inhibit gluconeogenesis that is induced  

by insulin. It can as well increase lipolysis in adipocytes.   Figure 7: some of the actions of GH and     

IGF-1 can lower blood glucose levels by suppressing         IGF-1. Due to copyright reasons the      

gluconeogenesis in the kidney. It can also increase the       picture is missing in the electronic 

effect insulin has on glucose transport [Clemmons 2007].   edition. Can be found in Clemmons  

         (2007) 

3.4 Other hormones that can affect the metabolism 

Dehydroepiandrosterone (DHEA) is a steroid hormone synthesized and secreted from the 

adrenal gland. DHEA is a precursor for other important hormones like estrogens and 

testosterone. The hormone can reduce abdominal fat as well as improve the actions of insulin. 

Research suggests that it also can be used as an “anti-aging agent”, and that it can affect 

weight loss and muscle strength. The hormone decreases at older ages, therefore obesity and 

the risk of developing diabetes raises with age. As a nutritional supplement it is classified as 

an anabolic steroid and therefore prohibited [Williams, Nutrition for health, fitness & sport 

2007].  

Cortisol is synthesized and released from the adrenal cortex in response to stress. One of its 

functions is to increase the level of glucose in the blood and do so by promoting 

gluconeogenesis and the breakdown of amino acids. It also is important in keeping glucose 

homeostasis. Because it can cause muscle breakdown it is a catabolic hormone [Williams, 

Nutrition for health, fitness & sport 2007].  
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The female sex hormone estrogens is synthesized and secreted primarily in the ovary, but also 

in the adrenal gland. Besides its functions for the secondary sex characteristics, it also 

promotes breakdown of fat prior to glucose. This is why women burn more fat during exercise 

then men does. Estrogens also have impact on glucose metabolism and homeostasis and can 

therefore be of importance when it comes to the problem of insulin resistance. How this 

functions is however not totally understood [Devries et al. 2006 and Riant et al. 2009]. 

 

Testosterone, the male sex hormone, is synthesized and secreted mainly from testis, though 

some is produced in the adrenal cortex. The hormone is responsible for the male secondary 

sex characteristics, but also for the synthesis of protein and building of muscle. Since it affects 

muscle strength and size, as well as performance, it is therefore anabolic and androgenic. In 

addition testosterone has a great impact on the regulation of lipolysis and has the ability to 

reduce body fat. A lack of sufficient amount of testosterone in men can result in a reduction in 

protein synthesis, fatty acid oxidation and muscle strength. It can also increase adiposity 

[Kadi 2008]. Both women and men produce estrogens and testosterone but in different 

amounts.  

3.5 Adipose tissue 

The adipose tissues that were mentioned in the introduction do not just function as energy 

storage or insulation: they also produce and secrete hormones important for the metabolism 

[Ahima 2006].  

3.5.1 Leptin  

The polypeptide hormone leptin has an important function in metabolic functions such as 

appetite regulation and fat metabolism [O’Doherty et al. 1999]. The hormone also seems to 

control core temperature and metabolic rates, as animals treated with it shows an increase in 

both [Haynes et al. 1997]. Leptin is produced by adipocytes by a gene called the ob (obesity) 

gene and is secreted into the blood stream [Janeckova 2001]. Receptors for the hormone 

(encoded by db gene) are found in the hypothalamus and leptin circulating in the blood stream 

crosses the blood-brain barrier and enters the hypothalamus where it binds to the receptors. 

Those have been found in areas of the hypothalamus known to accommodate feeding 

controlling center as well as satiety center [Janeckova 2001]. So far it is not entirely clear 

what this interaction between leptin and its receptor does, but recent research suggests that it 
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affects a molecule that stimulate food intake [Groff & Gropper, Advanced nutrition and 

human metabolism 2000].  

 

Leptin works directly on the nervous system. A relationship between body fat and leptin 

concentration in the blood exists [Janeckova 2001]. The level of leptin rises (a state called 

hyperleptinemia) during weight gain as adipose tissue grows [Janeckova 2001], leading to a 

decrease in appetite [Janeckova 2001]. The same occurs in the opposite direction: a reduction 

in body fat during weight loss or fasting decreases the concentration of leptin [Janeckova 

2001], which leads to an increasing appetite [Ahima 2006]. Mutation in the ob gene produces 

an inactive form of leptin that leads to hyperphagia , 

(i.e. overeating) and obesity [Groff & Gropper,  

Advanced nutrition and human metabolism 2000].  

Ob/ob mice have a defective leptin gene and are  

therefore obese, when these mice were given leptin  

they drastically decreased their food intake and  Figure 8: to the left a normal mouse, to the 

started to lose their over weight (figure 8) [Erlanson-  right a mouse that lacks the leptin gene. Due  

Albertson, Hunger och mättnad 2007].  to copyright reasons the picture is missing in 

the electronic edition. Can be found in 

Touchette (2004) 

Leptin resistance could be due to a dysfunctional leptin transport to the response center in the 

brain. It can also be caused by a defective leptin receptor or an impaired signaling function.  

Since leptin exerts its effects on glucose and fat metabolism an incorrect signaling may cause 

obesity and a reduced glucose tolerance. So called db/db mice suffer from a defective 

receptor. The decreased sensitivity in the hypothalamus receptor could be one explanation to 

the rise in leptin levels [Janeckova 2001]. A defective receptor caused by a mutation in its 

gene cannot transmit the signal from the bound leptin to the response center in the 

hypothalamus and the result is hyperphagia and obesity [Groff & Gropper, Advanced 

nutrition and human metabolism 2000].  

 

Researchers agree that leptin stimulates the glucose uptake (and therefore a decrease in blood 

glucose levels) and lipolysis in skeletal muscle (though not in adipose tissue) [Ahima2006]. 

All of this is leading to increased insulin sensitivity. The further effects that leptin exerts are 

though debated and unclear, since leptin has shown to have both inhibitory and stimulatory 

mechanisms [O’Doherty et al. 1999]. Ahima (2006) writes that the action of the hormone is to 
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decrease hunger and glucose level; to stimulate a rise in body temperature; to increase fatty 

acid oxidation and to reduce body weight. The author continues with the facts that leptin 

stimulates gluconeogenesis and inhibits glycogenolysis. In research from 1997 by Kamohara 

et al. the result is that it does the opposite and increase glycogenolysis and stimulate glucose 

uptake. Leptin production can be increased by insulin because a link between the two 

hormones has been noticed in tests [Janeckova 2001]. 

3.5.2 Orexin 

The appetite-regulating hormone orexin (also known as hypocretins) is a neuropeptide that 

has been shown to increase appetite as well as food intake. It is synthesized in the 

hypothalamus, with its receptors located in the gut as well as in the hypothalamus feeding 

controlling center, satiety center and feeding controlling center (like the receptors belonging 

to leptin). It seems that whilst leptin decreases food intake and appetite, orexin increases it 

[Janeckova 2001]. The expression of the latter is indirect suppressed by leptin [Ahima2006]. 

Funato et al. (2008) write “When challenged with a high-fat diet, CAG/orexin mice maintain 

elevated energy expenditure, decreased food intake, and resistance to diet-induced obesity, 

hyperleptinemia, and hyperinsulinemia, although these mice show normal adiposity and 

energy homeostasis under a low-fat diet.” 

3.5.3 Resistin  

Resistin is a recently discovered, circulating hormone also synthesized and secreted by WAT 

[Way et al. 2001]. Recent research shows that the hormone is mainly expressed in abdominal 

fat [McTernan et al. 2002] and that elevated levels of resistin can induce insulin resistance. 

Hyperresistinemia (i.e. an increase in resistin) can be a contribution to a reduction in insulin 

sensitivity [Beltowsky 2003] and resistin can therefore link obesity with diabetes type 2 and 

perhaps even cardiovascular diseases [Way et al. 2001 and McTernan et al. 2002]. There is 

also indication that an increase in adipose tissue raises the levels of resistin [McTernan et al. 

2002]. In tests conducted on mice it has been shown that resistin elevates blood glucose levels 

as well as insulin concentration [Beltowsky 2003]. Way et al. (2001) write in their article that 

expression of resistin is regulated by glitazones (a class of insulin-sensitizing drugs that are 

used to treat diabetes type 2). These drugs lower the glucose and lipid levels by the activation 

of PPARγ (described in section 4.2.2). Treatment with PPARγ agonists rosiglitazone and 

GW1929 reduced the expression of resistin both in 3T3-L1 adipocytes in vitro
1 as well as in 

                                                 
1 Cells derived from so called 3T3 cells that can differentiate into adipose-like tissues, used in research 
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WAT of mice fed with a high fat diet. The obtained data suggest that a decrease in resistin 

levels could be important to the /…/“antidiabetic actions of PPARγ agonists”.  

 

Raised levels of resistin have been considered to promote insulin resistance and are therefore 

suggested to be a connection between obesity and diabetes. This together with the proposal 

that PPARγ agonists increase insulin sensitivity by causing reducing resisitin expression was 

however rejected by Way et al. (2001). Their data showed instead that a decrease in resistin 

expression is associated with insulin resistance and that /…/“different PPARγ agonists all 

stimulate resistin expression in two standard rodent models of type-2 diabetes”. They 

conclude that more studies are needed in the aim to determine, among other things, the 

/…/“biological function of resistin and whether it is an effector of insulin resistance in 

obesity” [Way et al. 2001]. Beltowski (2003) also reject the idea that there is a connection 

between obesity and increased resistin levels.  

3.5.4 Adiponectin  

Another recently discovered hormone secreted from WAT is adiponectin. The expression and 

secretion of adiponectin from cultured 3T3-L1 adipocytes are promoted by both insulin and 

IGF-1. PPARs are also involved in the regulation of adiponectin synthesis and their agonists 

reduce adiponectin mRNA abundance in WAT of obese db/db mice with dysfunctional leptin 

receptors. Treatment with PPAR agonists (rosiglitazone) causes a decrease in expression of 

adiponectin [Beltowsky 2003]. Beltowski (2003) writes that “/…/rosiglitazone enhanced 

adiponectin expression in high fat diet-fed db/db mice, as well as in wild type lean C57 mice, 

and the same was observed in vitro in cultured 3T3-L1 adipocytes”.  

Adiponectin can reduce hyperglycemia (i.e. high blood sugar) by increasing insulin sensitivity 

and by doing so it promotes glucose metabolism. It also improves glucose tolerance, 

stimulates oxidation of fatty acid in muscle cells, and thereby decreases triglycerides in the 

blood and the regulation of energy balance. It seems to inhibit enzymes involved in 

gluconeogenesis and thereby reduces glucose production in liver. Adiponectin also regulates 

energy balance as well as body weight. Beltowsky (2003) writes that in mice fed with a diet 

high in fat adiponectin reduced weight gain. This happened because in addition to stimulating 

appetite and food intake adiponectin at the same time also causes a higher body temperature.  

 

Unlike resistin, which is increased in level in adiposity, the expression and blood 

concentrations of adiponectin is markedly reduced in obesity, though it is not clear how this 
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occurs. Hypoadiponectinemia (i.e. a decrease in adiponectin) may lead to insulin resistance 

[Beltowsky 2003]. Adiponectin lower the level of fatty acids and triglycerides in mice 

suffering from obesity, this due to an up-regulation in β-oxidation in muscle cells. In cultured 

hepatocytes (i.e. liver cells) however, this does not occur. Beltowsky (2003) writes that 

“adiponectin has no effect on intestinal absorption of fatty acids/…/” and continues with /…/ 

“adiponectin has no effect on intestinal absorption of fatty acids because it also ameliorates 

postprandial lipemia in animals receiving lipids intravenously rather than high-fat meal. 

Adiponectin also has no effect on adipose tissue hormone-sensitive lipase (HSL), indicating 

that reduction of plasma fatty acids results from accelerated tissue uptake rather than 

inhibition of lipolysis.” β-oxidation can be enhanced by adiponectin, either directly or by 

stimulation the expression of PPARα (described in section 9.1) [Beltowsky 2003].  

4. Receptors 

4.1 Insulin receptors 

The insulin receptors (IR) belongs to a class called receptor tyrosine kinases (RTKs). These 

receptors are transmembrane and extend through the membrane of the cell with a ligand 

recognition receptor on the outside of the cell and a tyrosine kinase domain on the 

cytoplasmic side. Ligand binding causes changes in conformation in the tyrosine residue on 

the interior side. The receptor becomes autophosphorylated and the phosphorylated tyrosine 

on the receptor phosphorylates tyrosines on target proteins so the signals diffuse throughout  

the cell (figure 9) [Cadena & Gill 1992].   

 

 

Figure 9: when binding to the receptor 

insulin promotes a signal transduction that 

leads to glucose transport into the cell by 

GLUTs. Due to copyright reasons the picture 

is missing in the electronic edition. Can be 

found in Cartailler (2004) 

 

There are different types of receptors, including the one that functions as a receptor for insulin 

(together with IGF-1, described in section 3.3) [Cadena & Gill 1992]. The target proteins that 

insulin receptors affect and interact with are called insulin-receptor substrates (IRS) and 

function as signal transmitters. They have an important role as insulin action mediators, and 

must therefore be involved in insulin resistance [Johnston et al. 2003]. Further regulation of 
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the IRS can be due to the action of the regulatory proteins SOCS protein (suppressors of 

cytokine signaling). These interact with the IRS, thereby regulating the effects of insulin 

signaling. The mechanisms by which they do that are not entirely clear yet [Johnston et al. 

2003]. 

4.2 Peroxisome proliferator-activated receptors  

Peroxisome proliferator-activated receptors (PPARs) are nuclear fatty acid receptors located  

throughout the body. They function as transcription 

factors, which regulates the expression of the genes 

that are involved in lipid metabolism. These 

receptors are activated by lipids and probably play a 

large role in metabolic diseases, such as diabetes 

(insulin resistance) and coronary heart disease (figure 

10). Three subtypes are known that all show distinct 

expression patterns. They regulate lipid homeostasis 

depending of the demand in the tissues where they 

are expressed. Lipoproteins function as “ligand  

Figure 10: some of PPARs different actions.    carriers”, i.e. they transport different components  

Due to copyright reasons the picture is  that are recognized by the PPARs [Lee et al. 2006 

missing in the electronic edition. Can be  and Fürnstinn et al. 2007]. 

found in Evans et al. (2004)  

4.2.1 PPARα 

The first subtype, PPARα, is primarily located to the liver, but can also be found in the heart, 

skeletal muscles and kidney, where it regulates the fatty acid catabolism. During starvation 

the energy sources switch from carbohydrates and fat to mainly fat. The fatty acids stored in 

adipocytes are released from these storages and sent to the liver where they are converted to 

either triglycerides or ketone bodies. Studies have shown that PPARα in the liver controls 

genes involved in e.g. uptake of fatty acid and β-oxidation [Lee et al. 2006 and Fürnstinn et 

al. 2007]. 

4.2.2 PPARγ 

The second subtype, PPARγ, is involved in adipocyte differentiation, lipid storage and 

glucose homeostasis and is located in adipocytes and macrophages. Since the adipocytes are 

the primary locations for lipid storage it is here the regulation of lipid levels in the blood due 
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to hormonal signal occurs. It seems that this subtype is responsible for the promotion of lipid 

storage in adipocytes (adipogenesis), as well as an increased oxidation of glucose in muscles 

and a decreased gluconeogenesis in the liver. It also seems to regulate insulin sensitivity and 

activation of the receptor by a class of drugs called thiazolidinedione (TZDs or glitazones) 

increases this sensitivity [Lee et al. 2006].  

 

 

 

 

 

 

 

Figure 11: a summary over the effects PPARα and PPARγ can have. Due to copyright reasons the picture 

is missing in the electronic edition. Can be found in Gani (2008) 

9.2.3 PPARδ/β 

The third, and less understood subtype, is PPARδ/β. It is the PPAR most extensively found in 

the skeletal muscle [Lee et al. 2006 & Fürnsinn et al. 2007], but it is also located in other 

metabolically active tissues such as liver and adipose tissue. Recent studies suggest that it can 

regulate genes involved in fatty acid catabolism [Lee et al. 2006] and that the receptor can 

induce increased /…/“whole-body lipid dissipation”. Through activation in muscle it also 

seems to be able to increase fatty acid oxidation in those tissues, change fuel preference from 

glucose to fatty acids and reduce storage of TG [Fürnstinn et al. 2007]. In an article by Lee et 

al. (2006), the authors mention that treatment with a PPARδ agonist called GW501516 has 

shown to increase HDL cholesterol and causing weight loss, the latter probably due to a rise 

in lipid catabolism and oxidative phosphorylation in fat and muscle. It has also been 

suggested that ligands for PPARδ could act as insulin sensitizers. 

 

Lee et al. (2006) summarise the results they have reached in their attempt to study how 

synthetic PPARδ ligands affect animals that already developed insulin sensitivity. They do 

that in a number of paragraphs: 

 

“PPARδ knockout/mutant mice are metabolically less active and glucose intolerant” 

So called PPARδ null mice (or PPARδ-/-) were compared with wild-type control mice in 

metabolic cages. The null mice gain less weight and have a deficiency in the liver TG 
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production at a young age, but as they grew older the weight difference normalised and no 

major change in levels of e.g. plasma insulin, glucose or lipids between the mutant and 

control mice were noticed. The null mice that had normalised their weight were shown to 

consume less food, water and oxygen and they generated less carbon dioxide than the control 

group. A decrease in metabolic rate (here measured as heat) was noticed as well, which lead 

to the conclusion that less energy were used. With respiratory exchange ratio, RER (RER = 

VCO2/VO2), it was also determined whether it was lipids (RER = 0, 7) or carbohydrates (RER 

= 1) that were oxidized and to what extent. The wild-type “went from burning about 70% of 

their fuel from lipid during the fasted state to nearly 100% from carbohydrates in the fed 

state”. The null mice had much lower RER-values, especially in the fed state, this probably 

due to a /…/“defect in switching their energy source”. Since one of the earliest sign of 

diabetes is an insensitive reaction to the usage of glucose stimulated by insulin in fed states, a 

continued determination of glucose intolerance was conducted. Both groups of mice had, after 

a 6 hour long fast, similar baselines glucose concentration, but after a glucose-tolerance test 

glucose levels of control mice culminated after 20 min and then returned to the baseline. The 

null mice on the other hand had a slower response – something that suggests glucose 

intolerance.  

In addition to this study the mice were administered a high-fat, high-carbohydrate (HFHC) 

diet under a period of 10 weeks. This was performed in an effort to stimulate insulin 

resistance. After the 10 weeks the groups were treated with either the PPARδ agonist GW 

dissolved in the solvent dimethyl sulfoxid (DMSO) or the solvent alone. The two groups both 

gained weight and had remaining low RER values; they also suffered from hyperglycemia as 

well as a similarity in glucose-intolerance. The wild-type group that had undergone GW-

treatment had a lower glucose level in fasting states; this was however totally abolished in the 

null mice. The results support the suggestion that PPARδ have mediator functions with regard 

to insulin sensitivity.  

 

“PPARδ activation increases hepatic and peripheral insulin sensitivity” 

In the aim to study whether PPARδ function as an insulin sensitizer the activity of GW on 

db/db mice were examined. All of them were insulin resistant. Mice treated with GW had 

higher levels of HDL cholesterol, but there were no differences in food intake or in weight 

gain or FFA circulation. The treatment caused a rise in carbohydrate usage, as well as a 

decrease in glucose levels during fasting and an increased glucose tolerance. GW also 

improved insulin sensitivity and the capacity of insulin to decrease glucose level. In a long-
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term study (two weeks) the GW treatment had no effect /…/“on body weight/…/but 

significantly lowered fasting blood glucose and insulin levels.” The authors continue with the 

fact that treatment with GW also lowered serum FFA, this due to an improved insulin 

feedback in adipocytes. 

 

“PPARδ regulates critical transcriptional programs of glucose and fatty acid 

metabolism in liver” 

In the study conducted to understand the mechanism that control PPARδ insulin-sensitizing 

properties liver, muscle and adipocytes between GW-treated db/db mice and control mice 

were examined. In the muscle one of the most important genes of β-oxidation were shown to 

be the target, whereas in adipocytes no /…/“significance differences in expression of relevant 

genes” were noticed. The liver, on the other hand, was the most susceptible tissue and genes 

involved in lipogenesis became activated. These genes can be divided into three groups: the 

first consists of genes responsible for lipogenesis, e.g. acetyl-CoA carboxylase β (ACCβ) or 

fatty acid synthase (FAS). The genes belonging to the second group were responsible for the 

elongation and modification of fatty acids, and the genes in the third group were involved in 

the generation of NADPH to supply lipid synthesis with reducing power. The fact that 

overexpression of glucokinase in liver causes an increase in glycolysis, followed by a rise in 

β-oxidation in muscles, a reduced liver glucose production and an increased insulin sensitivity 

show that PPARδ promotes and increases glucose metabolism. Treatment with GW can also 

inhibit glycogenolysis.  

 

“PPARδ increases glucose consumption, activates the pentose phosphate shunt, and 

promotes fatty acid synthesis” 

The prior studies have shown that PPARδ has an important role in peripheral β-oxidation, but 

this fact does not explain how the receptors enhance insulin sensitivity. It seems that 

/…/”regulation of the glycolytic pathway mediated by the pentose phosphate shunt and 

lipogenesis appears to constitute the second component of the insulin-sensitizing action of 

PPARδ”. The activity of the rate-limiting enzyme in the pentose phosphate pathway, glucose-

6-phosphate dehydrogenase, was measured in control mice as well as in GW-treated db/db 

mice, with the latter group showing a 2-fold increase in liver. Hepatocytes from both groups 

were then investigated, in the aim to determine the conversion rate of glucose to fatty acids. 

Here too, a 2-fold increase in conversion rate was shown in the GW-treated cells. The authors 

also noticed a 20% increase in TG levels in liver of GW-treated mice, though no effect of the 
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content of cholesterol and glycogen was detectible. In their last experiment they looked at 

fatty acid catabolism in isolated strips of soleus muscles and discovered that treatment with 

GW greatly increased the rate of β-oxidation. The obtained results reveal a new role of 

PPARδ in the liver and propose that it /…/“regulates metabolic homeostasis and insulin 

sensitivity through a unique mechanism”. This mechanism contains a /…/“fat-production 

component in liver to consume glucose”, and a corresponding process in the muscle to reduce 

the burden of lipids.  

 

The authors mention in the discussion that the liver is the main site for PPARδ responses and 

that they found a /…/“glucose-burning pathway which contributes to the ability of PPARδ 

agonists to alleviate hyperglycemia and improve insulin sensitivity”. It has been proposed that 

stimulation in β-oxidation has lead to a decreased usage of carbohydrates. This can be due to 

the capacity of PPARδ to /…/“promote glucose flux through the pentose phosphate shunt and 

stimulate fatty acid synthesis in liver”. They continue with the fact that a deletion of the 

GLUT4 gene leads to fatty acid synthesis in liver and that /…/“activation of the pentose 

phosphate pathway and increased skeletal muscle β-oxidation“ due to the inability to use 

glucose were also caused by this deletion. The conclusion was that, at the expense of glucose 

in the liver, fats were made to be consumed in skeletal muscle. PPARδ also appears to have 

the effect to stimulate an /…/“energy substrate-switching phenotype”. Treatment under long 

time shows a decrease in body weight and a reduced concentration of plasma and hepatic TG.  

5. PPARγ coactivator-1α  
The mitochondrial biogenesis is regulated by PPARγ coactivator-1α (PGC-1α). If 

overexpressed in skeletal muscle cells it can cause an increase in mitochondrial content. 

Mitochondrial biogenesis is heavily induced by exercise, and muscle stimulation increases the 

levels of PGC-1α mRNA and protein in the muscles. The coactivator docks on and helps 

activating the transcription factors that /…/“regulate expression of nuclear genes encoding 

mitochondrial proteins” [Wright et al. 2006]. During exercise or muscle stimulation the levels 

of protein in skeletal muscles as well as the levels of PGC-1α mRNA increases.  

It has been thought that the increase in PGC-1α, that has been induced by exercise, control the 

increase in mitochondrial biogenesis. The research Wright et al. (2006) conducted showed 

however that the amount of mitochondrial proteins increased in parallel with the increasing 

amount of PGC-1α. The aim of the research was therefore to /…/“evaluate the hypothesis that 
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the initial phase of exercise-induced adaptive increase in mitochondria is mediated by 

activation, rather than increased expression of PGC-1α” [Wright et al. 2006]. 

 

In the discussion Wright et al. (2006) writes that the expression of mitochondrial proteins 

mediating substrate oxidation and ATP synthesis are regulated by PGC-1α. They continue 

with the conclusions that /…/“overexpression of PGC-1α in muscle cells results in increases 

in mitochondria, with enhancement of the capacity for respiration and oxidative 

phosphorylation.” The authors also write that /…/“transgenic overexpression of PGC-1α 

increases the mitochondrial content of mouse skeletal muscle and conversion of low oxidative 

white muscle fibres to high oxidative red ones.” 

 

Exercise causes a similar effect on muscles as an overexpression of PGC-1α does. This 

involves raised levels of /…/”the mitochondrial enzymes of the citric acid cycle, 

mitochondrial respiratory chain and the fatty acid oxidation pathway”. It also /…/”increases 

the capacity to oxidize pyruvate and fatty acids and to generate ATP via oxidative 

phosphorylation.” In resting muscle PGC-1α is located in the cytosol but moves into the 

nucleus during exercise, where it exerts its coactivation on PPARγ.  

6. Glucose transporters 
Insulin is important for maintaining a steady-state of glucose in the blood as well as regulating 

glucose uptake by the cells in the body. Glucose enters the cell by facilitated transport by 

tissue-specific transporters called glucose-transporter protein (GLUT) that spans the 

membrane. These membrane proteins regulate glucose translocation over the membrane 

between the extracellular and the intracellular compartments; this ensures that the cell always 

gets a constant supply of glucose (figure 12). GLUTs all have different responses to hormonal 

and metabolic regulation, along with different affinities for glucose [Medina & Owen, 2002].  

 

There are a number of GLUTs, with GLUT1-5 being the best described. GLUT1 is expressed 

in all tissues and has a role in the basic uptake of glucose with no need for hormone 

stimulation. GLUT2 is expressed in liver, pancreatic islet cells and retina and has a glucose 

sensing mechanism. It also has a role for fructose transport. GLUT3, expressed in the brain, 

complement GLUT1 when it comes to tissues with a high energy need. This ensures a 

continuous glucose intake and no variation in concentration. GLUT4, also called the ‘insulin-

responsive receptor’, is expressed in striated muscle and adipose tissue [Medina & Owen, 
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2002]. The transporters move from intracellular compartments to the plasma membrane when 

induced by a rise in insulin level. GLUT4 lower the blood glucose concentration by increasing 

the transport of it from the blood over the membrane into muscle and adipose cells [Simpson 

et al. 2001]. GLUT5 is involved in the transport of fructose and is expressed in e.g. intestine 

and erythrocytes. Other GLUTs are expressed in spleen, kidney, and leukocytes among others 

[Medina & Owen, 2002]. 

 

 

 

 

 

 

Figure 12: the function of GLUT. Due to copyright reasons the picture is missing in the electronic edition. 

Can be found in Zhai et al. (2000) 

7. Glucokinase and glucose homeostasis 
The insulin induced enzyme glucokinase is found in the liver where it functions as a glucose 

sensor [Matschinsky et al. 1998]. The enzyme phosphorylates glucose to glucose-6-phosphate 

and, in the presence of insulin, promotes breakdown of glucose to pyruvate e.g. via glycolysis 

[Campbell & Farrell, Biochemistry 2006]. Glycogenesis and lipogenesis are also depending 

on glucose levels and are therefore thought to be regulated by glucokinase. Glucokinase 

controls ATP generation, and due to that the energy production, insulin secretion as well as 

glucose oxidation. Glucokinase regulatory protein (GK-RP) and long-chain acyl-CoA, 

involved in fatty acid metabolism, both inhibit glucokinase [Matschinsky et al. 1998]. 

8. Fate of fat 
The fat that is digested from food is shipped  

through the gastrointestinal tract where it is  

absorbed and converts the food fats into lipo- 

proteins. The function of the lipoprotein is to  

transport cholesterol and water-insoluble lipids  

around in the blood stream (figure 13).  Figure 13: structure of a lipoprotein. Due to  

They are spherical particles with a hydrophobic  copyright reasons the picture is missing in 

the electronic edition. Can be found in Beller 
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core that consist of cholesteryl esters, triglyceride and a variety of fat-soluble substance such 

as fat-soluble vitamins (vitamins A, D, E and K). The lipoproteins contain different types of 

protein. These proteins have structural, regulatory or enzymatic functions. The lipoproteins 

outer layer consists of a monolayer phospholipids and special proteins called apolipoproteins, 

which is important for formation of the lipoproteins. The lipoproteins are generally formed in 

two different ways, the exogenous and endogenous pathways. Chylomicrons are large 

lipoproteins that are formed through exogenous pathways. It is formed in the intestine and 

transported by the blood stream to adipose tissues, muscles or liver cells [Eklund, Om 

kroppens omsättning av kolhydrater, fett och alkohol 2004].  

8.1 Types of lipoproteins 

The lipoproteins can be divided into different classes; chylomicron, very low-density 

lipoproteins (VLDL), low-density lipoproteins (LDL), high-density lipoproteins (HLD) and 

lipoprotein (a). Distinguishes of these lipoproteins is their different proportions of size, 

triglyceride and density.  

 

Chylomicrons as explained before are large lipoprotein that transports lipids from food. The 

lipoprotein is formed in the intestine and transports the triglyceride to the body’s tissue for 

combustion and storage.  

 

VLDL is formed in the liver and contains mostly of triglyceride. The lipoprotein is 

transported to the tissues that provide the body with glycerol and fatty acid. When some of the 

triglyceride content is released to a receptor cell the VLDL is converted to an intermediate 

between VLDL and LDL called intermediate density lipoprotein (IDL). The IDL is either 

taken up in the liver or converted into LDL. 

 

LDL contains a high concentration of phospholipids and cholesterol and a low concentration 

of triglyceride. The lipoprotein LDL is formed when IDL releases most of its stored 

triglyceride to the tissues. The LDL interacts with the cell membrane receptors which delivers 

the cholesterol into the cell. Lipoprotein delivers the cholesterol from the liver to the cells and 

it is also referred as the bad cholesterols.  

 

HDL consists of a high portion of protein, moderate amount of phospholipids and cholesterols 

and only a low amount of triglycerides. They are produced in the intestinal tract and liver. 
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HDL gathers cholesterol from tissues and transports it to liver. This is categorized as the good 

cholesterol. 

 

Lipoprotein (a) resembles to LDL but has a higher density [Groff & Gropper, Advanced 

Nutrition and Human Metabolism 2000 and Eklund, Om kroppens omsättning av kolhydrat, 

fett och alkohol 2004].  

8.2 Lipolysis in the lipid droplets 

In the tissues there is a limited amount of lipid present that can be hydrolyzed, but during 

starvation or prolonged fasting, these storages are insufficient for the required energy demand. 

When there is an increased energy demand, the lipolysis is activated in the adipocytes lipid 

droplets by hormones such as catecholamines [Zimmermann et al. 2009].  

This is a group of hormones  

that is secreted from the adrenal  

medulla at physical stress and low  

blood sugar level. The hormone  

interacts with a G-protein coupled  

receptor such as β-adrenergic receptor  

(figure 14). G-protein coupled receptor  

is a transmembrane protein that mediates          Figure 14: lipolysis induced by noradrenaline. Due  

a signal from outside of the cell and            to copyright reasons the picture is missing in the 

activates an intracellular pathway. Within         electronic edition. Can be found in Holm (2003) 

G-protein coupled receptor is a class       

of adrenergic receptor. These receptors  

are divided into two main groups:  

α and β adrenergic receptors. When a             

catecholamine binds to a β-adrenergic             

receptor this creates an increase of             Figure 15: hormone induced lipolysis. Due to     

adenylate cyclase activity. Adenylate cyclase     copyright reasons the picture is missing in the  

is an enzyme that catalyze the transformation     electronic edition. Can be found in Kraemer &  

of ATP into 3´,5´-cyclic AMP (cAMP) and       Shen (2006). 

pyrophosphate. Due to an increase activity in adenylate cyclase, an increased level of cellular 

cAMP occurs. This is an important second messenger in many biological mechanisms. In this 

mechanism cAMP binds to protein kinase A (PKA) and induces the breakdown of fat. PKA 
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phosphorylate two important proteins in lipolysis (figure 15); hormone-sensitive lipase (HSL) 

and perilipin. This causes the cytoplasmic HSL to become translocated into the lipid droplets. 

The perilipin is an important protein which is mostly found in the adipose tissues lipid 

droplets [Holm 2003, Zimmermann et al. 2004 and Zimmermann et al. 2009]. 

 

The final process of lipolysis yields one glycerol and three unesterified fatty acids which is 

released into the blood stream and transported to fat burning cells such as muscle and liver 

cells. The enzymes that is involved in the lipolysis is so far; adipose triglyceride lipase 

(ATGL), hormone-sensitive lipase (HSL) and monoglyceride lipase (MGL). The lipolysis 

ATGL and HSL is involved in hydrolyzing of tri- and diglyceride (TG, DG). In the last step 

MGL hydrolyze monoglyceride (MG) into glycerol and FFA [Zimmermann et al. 2004 & 

Zimmermann et al. 2009]. 

8.3 The enzymes involved  

HSL and MGL were considered for a long time to be the only enzymes that were involved in 

the lipolysis. The HSL has shown to be capable to hydrolyze TG, DG, MG and numerous 

other substrates. However HSL is most effective in hydrolyzing diglyceride (DG) that is the 

second step in the lipolysis. The enzyme hydrolyzes DG approximately 10 fold faster then 

TG. The MGL is involved the final step in lipolysis and hydrolyzes monoglycerides (MG) 

into fatty acid and glycerol. Both ATGL and HSL are hormone regulated enzymes. However 

for MGL its activity is not affected by hormone stimulation. In the liver glycerol enters 

gluconeogenesis and the fatty acid are either oxidized or converted into ketone bodies. In the 

muscle the fatty acids enters the β-oxidation and produce a large amount of ATP. The 

hormone insulin inhibits lipolysis and promotes lipogenesis. Glucagon promotes lipolysis 

which is a desired effect for losing the body fat [Holm 2003, Zimmermann et al. 2009].  

8.3.1 Adipose triglyceride lipase 

The enzyme ATGL was discovered by three independently groups in 2004 and ATGL could 

hydrolyze triglyceride in the lipolysis and was highly expressed in the adipose tissues. ATGL 

is expressed in other cell types and has also been observed in type I fibers of skeletal muscle, 

cardiac muscle, testis and liver. The enzyme is involved in the initial step of triglyceride 

hydrolysis that converts into DG and one FFA. Mobilisation of fatty acids is not sufficient to 

maintain the energy homeostasis if ATGL is absent in the adipose tissues. This shows that 

ATGL has a central role in the catabolism of the fat storage [Zimmermann et al. 2009]. 
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ATGL is still not fully understood but the enzymes activity is hormone sensitive. The enzyme 

is phosphorylated on two serine residue but how this affects the enzymes function is 

unknown. PKA is not involved in the phosphorylation of ATGL and the kinase which is 

involved here is not known. Zimmermann et al (2009) wrote “Numerous effectors including 

hormones, cytokines, PPAR agonists, diets and food intake have been correlated with changes 

in ATGL mRNA and protein levels.” During fasting or starvation the PPARγ and PPARα 

agonists has been shown to increase the levels of mRNA for ATGL in the adipose tissues 

[Zimmermann et al. 2009].  

 

In 2006, it was shown that the activity of  

ATGL is stimulated by an activator protein  

α/β hydrolase domain containing protein 5,           

also called CGI-58.                   Figure 16: basal state of LD. Due to copyright  

              reasons the picture is missing in the electronic  

               editions. Can be found in Zimmerman et al. (2009) 

The enzyme is both present in the cytosol and on the 

lipid droplets (LD). It also seems that perilipin has an 

important role in ATGLs activation but the enzyme 

do not interact with perilipin because it is not a target 

for PKA phosphorylation.  

 

Figure 17: active state of LD. Due to copyright  

reasons the picture is missing in the electronic  

edition. Can be found in Zimmerman et al. (2009) 

 

It seems instead that CGI-58 has a central role in PKA-mediated ATGL activation. Figure 16 

shows the basal state of lipid droplet. Figure 17 is the activate state of the lipolysis. Under  

non-hormone stimulated conditions HSL is present in the cytosol and during activation the  

enzyme is translocated the lipid droplet. Both of these pictures are a proposed model for the  

mechanism of lipolysis [Zimmermann et al. 2009].  

8.4 Increasing lipolysis 

There are some factors that can increase lipolysis such as caffeine, low glycemic index, high 

protein intake and training. These factors will be explained in more detail in the next section.   
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8.4.1 Caffeine 

According to Acheson et al. (2004) an increased lipolysis occurs after ingesting caffeine or 

coffee, this due to an increased concentration of cateholamines. Other studies have shown that 

caffeine also inhibits the enzyme cyclic nucleotide  

phosphodiesterase (PDE), which catalyze the  

conversion of cAMP into AMP. Due to the  

inhibition an increase of cAMP concentration  

in the tissue occurs that activates HSL and this  

promotes lipolysis. The hormone adrenaline  

increases the concentration of cAMP and induces Figure 18: caffeine induces lipolysis. Due to  

lipolytic activity (figure 18). The caffeine together copyright reasons the picture is missing in  

with catecholamine will create an increased amount the electronic edition. Can be found in  

of cAMP-level more significantly than compared Beauty Spa – Psycho-physical wellness 

when the hormone works alone. The catecholamines  through natural resources
 
 

target the β-adrenergic receptor in the adipocyte which has an adrenergic control of the 

lipolysis but inhibits by α2-adrenoceptor [Acheson et al. 2004].   

 

8.4.2 Glycemic index 

Carbohydrates with a low glycemic index (GI) release less insulin into the blood stream. A 

low GI level will keep the glucose level in the blood stream low. The low level of insulin 

results in a higher level of glucagon, which will promote the lipolysis. A higher GI level on 

the other hand will cause a fast raise in the blood glucose level, with a fast decline in glucose 

concentration after a while. This will also cause an irregular insulin level that can increase the 

desire for sweets, which can lead to consumption of more calories which eventually leads to 

overweight and obesity. The advantage of food with low GI is that the insulin concentration 

remains steady throughout the day. By eating more complex carbohydrates, which are broken 

down more slowly than simpler, the blood glucose level will stay balanced [Ludwig 2000]. 

8.4.3 High protein intake 

A high intake of protein can lower the need for carbohydrates. This will cause a lower level of 

insulin release; instead the secretion of glucagon becomes stimulated and will promote 

lipolysis. A high protein intake will also stimulate the protein synthesis because of the high 

amount of free amino acids in the amino acid pool [Jean et al. 2001].  
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8.4.4 Training 

de Glisezinski et al. (2003) conducted a study with normal weight participants to measure the 

effects training had on lipolysis and β-oxidation. They noticed that an increased fatty acid 

oxidation occurred during training. However the body’s lipolysis did not improve the training 

capacity. Through an increased amount of exercise a raise in lipolysis occurs caused by an 

increased level of catecholamines and a decrease level of insulin. The hormone response in 

the body is regulated by the relative intensity in the training and not by the absolute intensity 

[de Glisezinski et al. 2003]. According to Campbell et al (2009) an increased expression of 

ATGL and HSL occurs during exercise. This is because the glucocorticoid (GC) hormones 

stimulate the expression of the enzymes.  

9. Phosphoenolpyruvate carboxykinase (PEPCK)  
The enzyme PEPCK has two isoforms, the  

cytosolic form PEPCK-C and the mitochondrial  

form PEPCK-M. They have different nuclear genes,  

but the two enzymes catalyze the same reactions  

and have the same molecular weight [Croniger et        Figure 19: mechanisms of PEPCK-C in  

al. 2001]. PEPCK-C is an enzyme which is involved   adipocytes. Due to copyright reasons the 

in metabolic pathways in different parts of the body.   picture is missing in the electronic edition.  

It is involved in the gluconeogenesis in the liver and   Can be found in Forest et al. (2003) 

kidney cortex, but also in the glyceroneogenesis in the liver in both brown and white adipose 

tissue [Hakimi et al. 2007]. In the gluconeogenesis, the glucose is generated from a 

noncarbohydrate substrate such as glucogenic amino acid, pyruvate or lactate (figure 19). 

 

During fasting or starvation, WAT is the key provider of free fatty acids into the blood stream 

which is the action of the lipolysis. In the adipocytes, the glyceroneogenesis takes place when 

free fatty acids are reesterified back into triglyceride. This process requires glycerol-3-

phosphate synthesis, which is generated from pyruvate or lactate [Cadoudal et al. 2007]. 

In the liver, the PEPCK gene expression is induced by a low carbohydrate diet or fasting. The 

gene is inhibited by a high carbohydrate diet. During fasting an increased level of glucagon 

occurs. The transcription of PEPCK-C gene is stimulated by glucagon and glucocorticoids, 

and inhibited by the hormone insulin [Croniger et al. 2001]. The PEPCK-C has a role in both 

lipid and carbohydrate metabolism, where it has a major regulatory role to coordinate them 

[Hakimi et al 2007].  
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Through overexpression or deletion of the gene in transgenic mice, the scientist examined the 

effects. When the gene was overexpressed in WAT an increased glyceroneogenesis occurred 

in the tissue, which lead to obesity. For those mice which had no expression of PEPCK-C in 

WAT, it resulted in lipodystrophy (a medical disease with a significant loss of the body 

adipose tissue in a specific area) [Hakimi et al. 2007]. 

The interesting thing about these mice was that about 

50 % of the mice born were half the size as compared 

to the control mice (figure 20). It is not clear why this 

occurred but this is evidence that the enzyme has a 

critical role in the  metabolic process other then in       Figure 20: Mouse with deletion of PEPCK.  

gluconeogenesis [Croniger et al. 2001].                        Due to copyright reasons the picture is  

missing in the electronic edition. Can be 

found in Croniger et al. (2002) 

   

A study was conducted in 2007 to explore the effect of PEPCK-C through overexpression or 

deletion in different tissues of transgenic mice. The reason why the skeletal muscle was 

chosen is because the metabolic affect is not fully understood [Hakimi et al. 2007]. The 

experiment was conducted by Hakimi et al. (2007) to test the metabolic and physiological 

effects. Hakimi et al. (2007) overexpressed PEPCK-C  

in the skeletal muscle of transgenic mice compared with  

control mice. The PEPCK-Cmus mice had ~ 9 units/g of  

PEPCK-C activity in their gastro-cnemius (outer calf muscle),  

soleus (broad, deep calf muscle) and diaphragm compared  

with the control mice that had only about 0,08 units/g in  

the same muscle groups. Hakimi et al. (2007) noticed that  

the PEPCK-Cmus mice were more active in their home cage  

compared to the control mice. They compared the two groups     Figure 21: Mice in training. Due  

through strenuous training on a treadmill testing. The untrained   to copyright reasons the picture 

PEPCK-Cmus mice ran up to 6 km at the speed of 20 m/min.          is missing in the electronic  

The control mice only ran up to 0,2 km at the same speed            edition. Can be found in Mail  

(figure 21). Both groups started the training period at a nearly    Online 2007 
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equal level of blood lactate concentration where the PEPCK-Cmus ran for 43 min and the 

control mice for 13 min. At exhaustion the blood lactate concentration was at 17 mM for the 

control mice, however for the PEPCK-Cmus it remained at the same low level as before.  

                                                                      

Hakimi et al. (2007) conclude that the PEPCK-Cmus rely heavily on the fatty acids for energy 

to their muscles during the exercise. This explains why the mice did not generate lactate 

during the training. The control mice generated a large amount of lactate because they rapidly 

moved from the fatty acid metabolism to use muscle glycogen as energy source instead. The 

food intake for the two groups also differ, where the PEPCK-Cmus mice ate an average of 

60 % more food than the control mice and also had dramatically less body fat [Hakimi et al. 

2007].   

10. Protein turnover 
The process of protein synthesis and breakdown are together called protein turnover [Norton 

& Layman 2006]. Protein turnover occurs for different reasons. One example is because 

damaged proteins need to be replaced, another is that degradation of proteins provides amino 

acids for oxidation [Driskell & Wolinsky, Nutritional assessment of athletes 2002]. 

 

Muscle grows when synthesis is greater than breakdown, and withers if breakdown exceeds 

the level of synthesis. Norton & Layman 2006 explain that a /…/“zero daily balance between 

synthesis and breakdown” are needed to keep the muscle mass constant. During fasting or 

starvation (e.g. after an overnight period) protein synthesis decreases by 15 to 30% depending 

on the length of the time without food. This catabolic period continues until the sufficient 

amount of energy and amino acids are available to promote protein synthesis. The synthesis 

increases when food is absorbed. The breakdown also increases but at much smaller degree so 

the protein turnover still ends up with a positive balance. These protein turnovers seem to be 

regulated by changes in the initiation step of translation, in which intracellular leucine 

concentration as well as energy level appears to be important [Norton & Layman 2006].  

 

Figure 22: the picture illustrates the protein turnover in 

skeletal muscle. The rate of protein synthesis and reakdown 

under alternative physiological conditions are measured. 

Due to copyright reasons the picture is missing in the 

electronic edition. Can be found in Norton & Layman 

(2006) 
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Training causes a change in protein turnover as well as in amino acid metabolism. Acute 

changes are promoted by energy demand and amino acid availability, whilst changes during 

long time /…/“allow for adaptations of proteins for structure and performance.” Acute 

changes in the metabolism of amino acid caused by intense training are mainly catabolic with 

a negative balance between synthesis and breakdown. This makes the rate at which amino 

acid oxidation occur rise. Long time exercise has however anabolic functions and causes an 

increased protein synthesis and a rise in muscle growth. Norton & Layman (2006) writes 

/…/“thus, exercise requires a sequence of metabolic adjustments from the catabolic period of 

exercise to the anabolic period of recovery”. Endurance training reduces protein synthesis in 

muscle, much like the one caused by fasting, with a negative catabolic phase (figure 22).  

 

A specific point or time line when the change in synthesis and breakdown occurs is yet 

unknown, but until enough dietary protein and energy is available the protein turnover 

remains negative. Resistance training causes a different outcome with a rise in protein 

synthesis. Norton & Layman (2006) continues: /…/“a single bout of resistance exercise is still 

catabolic due to increases in protein breakdown.” This is due to the increased diameter in 

muscle fibres that requires synthesis of muscle proteins, mainly actin and myosine. The 

increased diameter in the fibre size is due to the phase where protein synthesis exceeds protein 

degradation [Driskell & Wolinsky, Nutritional assessment of athletes 2002]. As with the 

intense training the protein turnover is negative until the required protein and energy are 

available [Norton & Layman (2006)].  

11. Branched chained amino acids 
Branched chained amino acids (BCAA) are a group of essential amino acids (EAA) that 

consists of three amino acids, namely leucine, isoleucine and valine [Kimball & Jefferson 

2006]. They make up about 35% or the EAA in muscle protein and about 40% of the amino 

acids that mammals need [Shimomura et al. 2006]. Of the BCAAs it is leucine that is the one 

mainly responsible to protein synthesis in skeletal muscle [Kimball & Jefferson 2006]. 

Oxidation of the BCAAs (especially of leucine) seems to be increased during training and 

other catabolic states [Driskell & Wolinsky, Nutritional assessment of athletes 2002].  

 

The three BCAAs seem to provide energy during training. Shimomura et al. (2004) writes that 

they function as “energy sources and substrates to expand the pool of citric acid cycle 

intermediates” as well as for gluconeogenesis. The BCAAs are oxidized in skeletal muscle, 
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whereas the other EAAs mainly get catabolised in the liver [Shimomura et al. 2004]. Training 

promotes oxidation of the BCAAs, this due to activation of an enzyme complex called 

branched-chain α-keto acid dehydrogenase (BCKDH). The complex is the rate-limiting 

enzyme of the BCAA catabolism. The BCKDH complex is regulated by a cycle of 

phosphorylation and dephosphorylation. Shimomura et al. (2004) recently discovered that 

long-chain fatty acids that functions as ligands for PPARα in rats activated BCKDH in liver 

when administered. This together with a decrease in kinase activity suggests that 

/…/“promotion of fatty acid oxidation upregulates the BCAA catabolism”. Training for 

example promotes β-oxidation. Shimomura et al. (2004) continues with /…/“these findings 

suggest that fatty acids may be one of the regulators of BCAA catabolism and that the BCAA 

requirement is increased by exercise”. If administered before and after training the BCAAs 

have positive effects for /…/“decreasing exercise-induced muscle damage and promoting 

muscle-protein synthesis”. 

12. Leucine 
Six amino acids, namely glutamate, aspartate, asparagine and the three BCAAs, are 

responsible for the amino acid metabolism in muscle. Norton & Layman (2006) writes: 

/…/“the molecular mechanisms determining the key regulation of protein synthesis /…/ place 

leucine in a central role in the initiation of translation”. This is true since it is leucine that has 

the important role to promote the assembly of eIF4F (described below). It also has a vital role 

in the synthesis of alanine and glutamine in muscle since it can function as a nitrogen donor. 

All of this depends however on the intracellular concentrations of leucine. Norton & Layman 

(2006) writes that the /…/“intracellular leucine concentration represents a balance between 

the rates of appearance of leucine from plasma uptake and intracellular protein breakdown 

and the rates of removal of leucine through intracellular amino acid oxidation and protein 

synthesis”. 

 

It is partly the absence of the enzyme branched-chain aminotransferase (BCAT) in the liver 

that causes the effects of leucine. The absence causes the BCAAs to reach the blood in much 

more extent than usually; the levels of them are almost unchanged as they were in the food. 

This means that the amino acids, mainly leucine, get to the tissues in proportion to its dietary 

content. During training the liver and gut also increase the release of leucine and therefore a 

rise in its movement to muscle that leads to a constant supply of it to skeletal muscle [Norton 

& Leyman 2006].  
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Norton & Layman (2006) observed that leucine concentration in the blood drastically 

decreased at the end of endurance exercise. Because of that they became interested in the role 

of leucine in the recovery phase after exhaustive training. They used rats on treadmills to 

measure the changing levels of leucine in blood. After a 2 hour run the rats showed a 25 % 

decreased muscle synthesis when compared to fasting control rats without exercise. The 

experimental animals were then given recovery drinks to evaluate the effects that 

carbohydrates and protein could have on muscle protein synthesis. Blood glucose and insulin 

levels together with glycogen content in muscle increased by recovery drinks containing 

glucose and sucrose. These drinks did not increase the recovery protein synthesis in muscle 

though. On the other hand, food containing protein did cause a complete recovery muscle and 

protein synthesis. This occurred during the first hours after intense training. The observed 

effects on protein ingestion, mainly leucine, after training, showed that it increased protein 

synthesis caused by the activation of the initiation factors in translation step. Supplemental 

leucine intake causes a turnover from catabolic breakdown to anabolic synthesis. Norton & 

Layman (2006) continues /…/“interestingly, plasma levels of leucine do not decrease after 

resistance exercise; likewise, rates of skeletal muscle protein synthesis do not decrease after 

resistance exercise compared with nonexercised controls. However, net protein balance 

remains negative after resistance exercise, as protein breakdown is greater than protein 

synthesis, and remains negative until dietary protein or leucine is ingested.” 

 

Kimball & Jefferson (2006) write that during experiments it has been shown that leucine 

infusions together with insulin and glucose /…/”enhances polysome2 aggregation in skeletal 

muscle in fasted rats” compared to if insulin and glucose were given alone. The results 

indicate that insulin could be important for the leucine promoted protein synthesis in skeletal 

muscle. Oral intake of leucine also promoted protein synthesis in muscles as well as in other 

tissues. Administration of valine or isoleucine alone had no effect however [Kimball & 

Jefferson 2006]. During the first step in the translation process – the initiation phase, leucine 

has an important role in promoting assembly of the eukaryotic translation initiation factor 4F 

(eIF4F). This initiation factor is itself a key component in the mRNA binding step. This leads 

to an enhanced translation of mRNA to proteins by leucine in skeletal muscle. In the liver 

                                                 
2 Polysomes are cluster of ribosomes 
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however the protein synthesis did not increased showing that leucine promotes a rise in the 

translation of just some proteins. 

12.1 β-hydroxy β-methyl butyrate 

The leucine metabolite β-hydroxy β-methyl butyrate (HMB) has been suggested to play 

important roles as anticatabolic, anabolic and lipolytic substrate. Some bodybuilders have 

used HMB because of its anabolic and hypertrophic effects. Various researches indicate that 

HMB could have similar functions as leucine in stimulating protein synthesis, whilst other 

suggests that it also can be part in decreasing body fat content by an up-regulation of the β-

oxidation pathway. Supplementation of HMB can result in less damage to fibers and an 

increased muscle fibers diameter. Experiments conducted on endurance-trained elite cyclist 

showed that if HMB was administered before exercise, the time to reach maximum VO2 

increased. Other researches showed an increase in a reduction in body fat, an increase in fatty 

acid oxidation in skeletal muscle, as well as increased muscle strength. HMB also caused a 

greater protein synthesis. Besides of this HMB can also reduce some of the muscle loss 

following diseases as AIDS [Wilson et al. 2008]. 

 

Wilson et al. (2008) mention some of the research that does not support the arguments in 

HMB administration. The studies showed for example that there was no increase in body fat 

loss, neither in muscle strength. Other studies indicate that it was no difference in sport 

performance or condition. The article writers draw the conclusions that the contradictive 

results could be due to differences in the people tested as well as /…/“inadequate sample 

sizes, and methodological issues including the specificity of testing conditions, cases of 

overtraining, elicitation of an inadequate training stimulus in experienced participants, limited 

dependent variables, and short duration experiments”. Altogether more studies has to been 

done before any conclusions can be done  

13. Glutamine 
Studies have shown that intramuscular glutamine has an important role involving the 

regulation of muscle protein synthesis and breakdown. A special transport system, called Nm, 

is the one responsible for glutamine uptake and transport. It is different from most of the other 

amino acid transport system because it is insulin sensitive. Some studies show that the 

availability of glutamine to muscle increases when insulin is added. The opposite happens if 

glucose is ingested at the same time; a fall in intramuscular glutamine concentration occurs 

due to a decrease in glutamine synthesis. BCAAs are major precursors for the synthesis of 
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glutamine. The assimilation of glutamine by skeletal muscle is activated by increased 

glutamine availability [Mittendorfer et al. 2001].  

 

Glutamine is the most common free amino acid in the body, as it makes up about 80g of the 

amino acid body pool. More than 95% of that is located in skeletal muscles. Glutamine is the 

amide of glutamic acid and functions as /…/“substrate for a number of amidotransferases that 

are responsible for the synthesis of purines, pyrimidines, NAD, glucosamine, and asparagine” 

[Watford 2008]. The major role of glutamine metabolism involves hydrolysis to glutamate 

and ammonia. The glutamate can then undergo further reactions and yield e.g. glutathione, 

proline and arginine. It can also generate either carbon dioxide or glucose via gluconeogenesis 

in liver and kidney. The nitrogen left over is then excreted as urea or ammonia. [Watford 

2008] 

 

Both glutamine and glutamate from nutrients undergoes extensive metabolism in the small 

intestine. If the intake is normal there is no net absorption of the two amino acids and all 

glutamine in the amino acid pool in body is therefore synthesized de novo. Skeletal muscle is 

the main site for the synthesis and release of glutamine, though adipose tissue and lungs also 

have shown to release net glutamine. The liver has the capability to both synthesize and use 

glutamine. The main site for glutamine usage, “under healthy conditions” is in the small 

intestine and its absorptive epithelium. In the intestine it functions as important respiratory 

fuel for enterocytes, i.e. special cells in the small intestine. Glutamine can also be utilized in 

the kidney, /…/“where glutamine is the major substrate for renal ammoniagenesis involved in 

acid-base balance, with the carbon skeleton being recovered through renal gluconeogenesis, 

and the cells of the immune system where glutamine is the major respiratory fuel” [Watford 

2008]. 

 

Besides of the functions described above glutamine also has an important role as transporter 

for carbon, nitrogen and energy. Resent research has shown that it functions in intracellular 

signaling as well. Glutamine is also important as fuel for the immune system. Watford (2008) 

writes: /…/“in hypercatabolic states (i.e. an abnormal high rate of catabolism, Editors 

Comment) there is a large increase in glutamine utilization by the immune cells and the 

kidney together with a net uptake by the liver for acute phase protein synthesis and increased 

gluconeogenesis”. Such states could be exhaustive training, pregnancy or diseases like AIDS. 

This is because the body needs glucose as energy. Watford (2008) continues: /…/”this is 
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accompanied by increased net glutamine synthesis in skeletal muscle, probably arising from 

increased muscle proteolysis, together with a decrease in the utilization of glutamine by the 

small intestine.” 

14. The effects of insulin on amino acid transport and muscle protein during the 
recovery phase after resistance or intense training 
In an article by Biolo et al. (1999) the fact that insulin and exercise both regulates protein and 

glucose metabolism are discussed. The authors write about the evidence that exercise increase 

/…/“the ability of insulin to stimulate glucose uptake in skeletal muscle”. Muscle mass are 

known to increase due to training and studies show that it is in the recovering phase this 

muscle protein growth take place, not during exercise. After training both the rates of protein 

synthesis and breakdown are raised and the/…/“anabolic efficacy of amino acid 

administration on muscle protein deposition is increased.” If these effects of insulin also 

increases after exercise is not yet known. The aim of the study was to investigate if prior 

exercise increased processes that are insulin sensitive, for example protein synthesis, protein 

degradation and transport of amino acids. Biolo et al. (1999) have examined the relationship 

between the effects of insulin and exercise regarding muscle protein synthesis and breakdown, 

as well as transport of amino acids, in untrained men. Five male volunteer, all healthy but 

untrained, were studied after heavy leg exercise, in the post absorptive state. The effects were 

measured 3 hours after the exercise. 

 

All through the experiment the levels of phenylalanine, leucine, lysine (which are all essential 

amino acids) and alanine in the blood were measured. The authors explain: “The rate of 

intracellular appearance for the essential amino acids phenylalanine, leucine, and lysine 

defines the rate of release from protein breakdown. In the case of alanine, the rate of 

intracellular appearance represents the sum of release from protein breakdown and de novo 

synthesis from pyruvate.”  

 

Four different states were studied: basal post absorptive state and hyperinsulinemia during 

rest, and basal post absorptive state and hyperinsulinemia during a post exercise recovery 

phase. In the basal resting state plasma insulin concentration was 60±12 pmol/l. After 

infusion in artery with insulin the concentration increased at rest and after training. Insulin 

concentrations in the systemic circulation also rise after exercise. Without insulin infusion the 

plasma insulin level was the same after training as it was in the basal resting state. Plasma 
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glucose concentration was almost the same in basal resting state and after exercise as well as 

during infusions with insulin at rest and after training with infusions with glucose at different 

rates. The rate of glucose uptake in the leg during the basal post absorptive state was much 

the same at rest and after exercise. Glucose uptake was however notably increased when 

insulin was infused. Amino acid levels were all in a steady state during the ending of each of 

the measured periods. The concentration of leucine decreased after insulin infusion, this 

happened both at rest and after exercise. The levels of the other amino acids did not change 

much though.  

 

The intramuscular concentrations of phenylalanine, leucine and lysine during the basal post 

absorptive state did not differ at rest or after exercise, whereas the concentration of alanine 

increased after exercise when compared to its concentrations at rest. The concentration of all 

essential amino acids in the muscles showed signs to decrease both under rest as well as in the 

recovery period after exercise. Infusions with insulin significantly lower the concentration of 

alanine in muscle after exercise; however it did not at rest. The EAA phenylalanine, leucine 

and lysine all increased in concentration after infusion with insulin, this was true both at rest 

and under the recovery period. According to Biolo et al. (1999) this indicates /…/“an insulin-

mediated suppression of whole body protein turnover both at rest and after exercise.”  

 

The authors declare their results as followed: 

1. The rate of protein synthesis as well as breakdown was greater in the recovery phase than at 

rest.  

2. Muscle protein synthesis was increased by hyperinsulinemia during rest. Protein 

breakdown was however not affected by this.  

3. Protein synthesis in muscle was not further increased by hyperinsulinemia after training. 

The exercise-mediated rise in protein breakdown was blunted though.  

4. There was a three times greater effects on inward alanine transport and glucose uptake 

during the recovery phase, this caused by the stimulatory effects of insulin. Insulin also 

caused a 2-fold increase in the “rate of non protein alanine utilization–i.e. to pyruvate and 

further fates–and shifted muscle alanine balance from net release to net uptake”.  

5. The effects on phenylalanine, leucine and lysine transport caused by insulin were alike both 

at rest and after training. 
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15. Taurine 
The sulfur-containing amino acid taurine is a derivate of methionine and cysteine. It is 

synthesized in a limited amount in the body, but it is also present in the diet. Though it is not a 

component of proteins itself it has a number of important functions in the body. Its role in 

lipid metabolism is one of the best known. As Hultman et al. (2007) writes: /…/“taurine 

enhances the absorption of fat in the intestine by stimulating bile acid synthesis, and the 

degradation of cholesterol”. It also has been shown to be involved in lowering FFA in the 

blood and that it can improve insulin sensitivity [Hultman et al. 2007]. Experiments on rats 

showed that with taurine supplementation that hyperglycemia and insulin resistance was 

lower than in rats that did not get any taurine. This was shown by a decreased lipid level as 

well as a lower abdominal fat accumulation in the test mice. The increased insulin sensitivity 

can therefore be due to the lipid lowering effect that taurine has. Taurine also lowered the 

concentration of cholesterol and TG, both in serum and in liver. Besides its important function 

in increasing insulin sensitivity, it also seems to e.g. stimulate glycolysis and glycogenesis, as 

well as increase glycogen storage in skeletal muscle in mice suffering from type-2 diabetes 

[Nakaya et al. 2000]. 

 

Several athletes uses taurine supplement in beliefs that it enhances endurance. This is true in 

mice, but so far have no studies confirmed that taurine have the same effects in humans. Lack 

of taurine in test animals seems to cause a change in contractile effects in the muscles and an 

impaired exercise capacity. In humans however no such effects caused by a lowered level of 

taurine has been noticed [Galloway et al. 2008]. 

16. Creatine 
Creatine is a nitrogen-containing compound  

derivative from the amino acids methionine,  

glycine and arginine. It can be synthesized  

naturally in the pancreas, kidney and liver.  

Approximately 1 – 2 grams per day is  

synthesized in the body. However, it can  Figure 23: production of ATP by PCr. Due 

also be obtained in food from fish and particularly  to copyright reasons the picture is missing in 

from meat products. 90 – 95 % of the creatine             the electronic edition. Can be found in Horn  

is mostly found in the skeletal muscle. In the  (2008) 
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muscles, creatine is combined with a phosphate and produces phosphocreatine and is involved 

in the energy metabolism. There, creatine approximately exists as two-thirds phosphocreatine 

(PCr) and one-third as free creatine [Paddon-Jones et al. 2004]. If an energy demand is 

needed, phosphocreatine can donate a phosphate group to ADP and produce ATP (figure 23). 

It can only provide temporal energy at a high rate for about 10 – 15 seconds before PCr is 

empty. In resynthesis of ATP during maximal exercise, PCr is the limiting factor. Creatine is 

not only involved in temporal energy buffering but also in spatial energy buffering, glycolysis 

regulation and proton buffering. 

In the skeletal muscle the total creatine concentration is approximately 120 mmol / kg 

[Paddon-Jones et al. 2004].  

17. Arginine 
A typical Western diet contains around  

3 – 6 grams of arginine per day. Arginine  

is an essential amino acid that can be obtained 

from plant proteins such as soybean. In adults,  

arginine can be sufficiently synthesized to  Figure 24: the fate of arginine. Due to  

the normal physiological demands from an arginine- copyright reasons the picture is missing in 

free diet. However, for a growing person the  the electronic edition. Can be found in  

synthesis of arginine is not sufficient and it needs  Gerner (2007) 

to be supplied as a dietary supplement [Paddon-Jones et al. 2004].  

 

Arginine can be synthesized endogenously (i.e. formed in cells and tissues) in the kidneys 

from citrulline and ornithine. It can also be obtained exogenously (i.e. from food) and where it 

gets metabolized in the liver and enterocytes. The rest of arginine reaches the systemic 

circulation, which is the circulation that provides blood to the body except for the lungs. 

Arginine can be converted to ornithine by the enzyme arginase. However the metabolic fate 

for arginine is mainly the transformation into nitric oxide (NO) by the enzyme nitric oxide 

synthase (figure 24). Arginine is not necessary for the stimulation of muscle protein synthesis, 

but it is involved in the building of muscles. After ingesting arginine, an enhanced exercise 

capacity can stimulate the muscle protein synthesis. The importance of NO is that it increases 

blood flow and it is secreted from the walls of blood vessels. The mechanism between muscle 

protein synthesis and muscle blood flow is complex. Under basal conditions ATP production 

is more than sufficient to supply energy for protein synthesis. During muscle protein 



 50 

synthesis, an increased delivery of energy substrate or oxygen is not required; rather the 

synthesis is more related to the delivery of amino acids [Paddon-Jones et al. 2004].  

18. Discussion 
The purpose of this study was to summarise some of the mechanisms involved in regulation 

of fat degradation and muscle protein synthesis. The polysaccharide glycogen is the stored 

form of glucose and can be found in the muscle and liver cells. When there is an increased 

energy demand the glycogen is split back into glucose again. The glycogen in the muscles is 

broken down into glucose-6-phosphate, but can only be used as energy for the cell there. 

However in the liver the glucose can be released into the blood stream so the body’s blood 

glucose level is maintained in a steady state. This glucose provides energy to the rest of the 

body. Only a limited amount of glycogen can be stored in the liver and muscle cells, with the 

rest converted into triglycerides that is stored in the adipose tissues.  If everything function as 

normal and the dietary intake do not exceed the recommended consumption then the 

homeostasis is in balance.  

 

The PPARs are nuclear fatty acid receptors. The three known subtypes are interesting because 

they regulate fatty acid catabolism but in different places in the body. PPARα is primarily 

found in the liver. During starvation or fasting it can promote the conversion of fatty acid 

released from adipocytes into either TG or ketone bodies that will lead to a switch in energy 

source. PPARγ is located in adipocytes. There it controls adipocyte differentiation, lipid 

storage and glucose homeostasis. Regulation of lipid levels in the blood stream is also 

controlled by this subtype and it seems that it can promote lipid storage in adipocytes, as well 

as an increased oxidation of glucose in muscle and a decrease in gluconeogenesis in the liver.  

 

PPARδ is mostly found in skeletal muscle, where it can regulate genes involved in fatty acid 

catabolism. For this study it is this subtype that is the most interesting since it can regulate 

glucose metabolism. By activation in muscle it seems to induce a change in fuel preference 

from glucose to fatty acids and to increase β-oxidation. The study of Lee et al. (2006) showed 

that treatment with the PPARδ agonists GW can cause weight loss, probably due to an 

increased lipid catabolism. Insulin resistant mice treated with GW showed a decrease in 

glucose concentration during fasting and an improved capability of insulin to decrease 

glucose level, leading to increased insulin sensitivity. The agonist also seems to be able to 

target genes of β-oxidation in muscle and hence causes an increase in fatty acid oxidation. 



 51 

Treatment with GW can also cause a decreased glycogen breakdown, as well as a rise in 

activation of genes involved in lipogenesis in the liver. 

 

In the article by Wright et al. (2006), the authors investigate how overexpression of the co 

activator PGC-1α can cause an increase in mitochondrial content in skeletal muscle. Their 

research showed however that the raise in mitochondrial amount was not due to an increased 

expression of the co activators protein. Rather it was the activation of it that caused the rise in 

mitochondrial biogenesis. This causes in turn an increased capacity for respiration, oxidative 

phosphorylation and ATP synthesis. The authors show that exercise, foremost resistance 

training, has similar effects in skeletal muscle. Such training increases the level of PGC-1α 

and affect therefore an increase in mitochondrial content in muscle. The amount of protein 

synthesis rise as well, which would indicate an increase in muscle growth.  

 

The enzyme PEPCK-C is involved in metabolic pathways in different parts of the body. In the 

liver and kidney it is involved in gluconeogenesis and in BAT and WAT it is involved in 

glyceroneogenesis. The transcription of the enzyme gene occurs through a low carbohydrate 

diet where the hormones glucagon and glucocorticoids stimulates it. The function of the 

enzyme in metabolic pathways is however not completely understood. Hakimi et al. (2007) 

overexpressed the gene in the skeletal muscle and noticed that the transgenic mice were more 

active. For example the transgenic mice ran 6 km at 20 m/min compared to the control mice 

that only ran 0,2 km at the same speed. Hakimi et al. (2007) conclude that the transgenic mice 

relied heavily on the fatty acids for energy to their muscle during exercise. The control mice 

relied instead on the glycogen storage and developed later a large amount of lactate in the 

blood stream. Because Hakimi et al. (2007) overexpressed the enzyme in the muscles it 

showed that it has a central role during exercise for energy supply.  

 

Protein turnover occurs all the time in the body. This happens during fasting or starvation, if 

damaged protein needs to be replaced or if the body needs the amino acids for e.g. oxidation. 

To maintain a constant muscle mass the synthesis versus the breakdown must be at an equal 

balance. To build muscles one fundamental rule is that protein synthesis must exceed protein 

breakdown. This occurs when a sufficient amount of amino acids and energy gets availably 

for the body’s synthesis of proteins (a number on how much “sufficient” amount is however 

something we have not found). It is mainly long-term resistance training that has anabolic 

effects on protein synthesis and muscle growth. 
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Training causes first an increased protein breakdown. This is because the body uses the amino 

acids as starting materials in the gluconeogenesis that will generate energy. Long time 

training, with the sufficient amount of energy, causes eventually the synthesis to exceed 

breakdown. However, as Norton & Layman (2006) writes, a specific time line when this 

happens has not yet been discovered. More studies have to been done to evaluate if there is 

one “universal” and, if so, when this switch from breakdown to synthesis occurs.   

 

Shimomura et al. (2004) writes in their article that if BCAAs is administered during training, 

both before and after, the damage on muscle caused by training can be decreased. It can also 

induce protein synthesis. The BCAA leucine seems to be the amino acid mainly responsible to 

protein synthesis in skeletal muscle. It has interesting features in protein turnover and is 

important to promote the initiation step of translation. A study made by Norton & Layman 

(2006) showed that intracellular leucine is involved in the assembly of one of the initiation 

factors. Besides of that it also is an important precursor of glutamine and alanine in skeletal 

muscle. This too shows that leucine probably must be availably in order to build muscles. 

These results indicate that a low amount of leucine can result in decreased protein synthesis, 

maybe even with a loss of muscle as a consequence.   

 

In the study conducted by Biolo et al. (2006) the level of leucine in the blood decreased after 

insulin infusion. This indicates that uptake of leucine from blood can be promoted by insulin. 

Kimball and Jefferson (2006) come to a similar conclusion in their study. They found that 

infusions with leucine, insulin and glucose, as well as oral leucine intake, increased 

aggregation of polysomes in skeletal muscle. This result point towards the fact that insulin 

could be an important factor for the leucine promoted protein synthesis in muscle. 

 

Soybean is a protein-rich plant that contains relatively high amounts of arginine. Arginine has 

an important metabolic fate because it gets transformed into nitric oxide. This increases the 

blood flow in the body and through exercise it can stimulate protein synthesis. Creatine can be 

synthesized from methionine, glycine and arginine. The compound is mostly found in the 

muscle as phosphocreatine which can donate a phosphate group to ADP and generate ATP. In 

this way it can act as an extra energy source during training.  
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Biolo et al. (2006) showed in their research that glucose uptake from blood stream probably 

does not get stimulated by training. It was instead during insulin infusion that glucose uptake 

did increase. This also confirms the important functions of the different GLUTs that are 

responsible for glucose uptake. The GLUTs should be able to take up more glucose if 

stimulated by an extra boost of insulin. The body’s own insulin production and release into 

the blood stream has however not the same strong stimulating effect on the GLUTs.  

 

The metabolism of fat involves a number of different mechanisms. First the fat from food is 

shipped through the body by lipoproteins such as chylomicrons. The lipoprotein transports the 

digested fat to the adipose tissue, muscle or liver cells. In the adipocytes the lipolysis is 

induced by the hormones catecholamines. These hormones activate a chain reaction in the 

cell. The reaction starts when the hormone binds to a β-adrenergic receptor which leads to an 

increase of adenylate cyclase activity. This enzyme catalyses cAMP from ATP. The cAMP 

then binds to protein kinase A which will induce fat breakdown. PKA phosphorylates two 

important compounds in the lipolysis, namely hormone-sensitive lipase and perilipin.  

 

There is some factor that induces lipolysis, which are caffeine, low glycemic index food, high 

protein intake and training. The caffeine inhibits the enzyme cyclic nucleotide 

phosphodiesterase that convert cAMP into AMP. When this enzyme is inhibited a high 

concentration of cAMP occurs and this promotes the enzyme HSL, which promotes the 

lipolysis. However the caffeine cannot induce the lipolysis all by itself, but together with a 

catecholamine hormone this increases the lioplytic activity.  

With a low glycemic index food, the carbohydrates are broken down slowly which will create 

a low level of insulin secretion. When there is a high level of insulin the lipogenesis occurs. 

The hormone glucagon is an antagonist to insulin and will instead promote lipolysis. A high 

protein intake also causes a low level of secreted insulin because the proteins replace the 

simpler carbohydrates. With every diet it is recommended to exercise. This is because the 

level of insulin decreases and glucagon increases during training. Also here catecholamine 

increases in level and together with glucagon this promotes the lipolysis.  

 

All of these described processes are involved in the aim of our study and the function of both 

an increased protein synthesis as well as an increased β-oxidation. However, there are two 

national diseases that all of the above mechanisms also seem to affect – type-2 diabetes and 

obesity. Some of the articles and researches we have dealt with discuss this and possible 



 54 

treatments. For example show the PPARδ agonist GW increased insulin sensitivity and can 

therefore decrease the risk for developing diabetes.   

18.1 Conclusions 

• Complex carbohydrates are better than simpler ones. This is because the level of blood 

glucose does not peak as quickly and thereby the level of insulin remains in a steady 

state. Insulin is anabolic and helps in the muscle building process, as well as promotes 

the lipogenesis. The antagonistic hormone glucagon has the opposite effect, and works 

in a catabolic manner. Therefore it is a balanced level of the hormones that gives the 

best results. An instable level of insulin and/or glucagon causes imbalance in the 

homeostasis, and will promote an exaggerated effect on the various mechanisms in the 

body. This can in the end lead to e.g. obesity or different diseases. 

• The acute effects of training are catabolic with a negative protein turnover. Long term, 

endurance exercise is however anabolic and causes increased protein synthesis, and 

thereby muscle growth. Therefore it is important to carry on with the training over a 

long time. No specific time-line when the switch between protein synthesis and 

breakdown occur has been noticed. 

• The body’s energy level needs to be restored after training and therefore it is necessary 

for it to get the proper amount of glucose. If no energy is availably the body starts to 

break down amino acids as starting material in the gluconeogenesis. 

• Various metabolic processes and functions occur in muscle, adipose tissue and liver. 

Because of that the outcome of the reactions are different.  

• Minimum intake of glucose a day is 100-120 gram. The first that happens during 

starvation is that the stored glycogen becomes converted into glucose which provides 

the body with energy for about 1-2 days. It is in the next stage the extensive protein 

degradation occurs. We did however not find any specific circumstance when the 

gluconeogenesis becomes activated.  

• Neither did we find any specific time or circumstances when the β-oxidation becomes 

triggered. For clearer results this, together with the point above, has to be further 

investigated.  
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21. Abbreviations in alphabetical order 
ATGL – adipose triglyceride lipase 

BAT – Brown adipose tissue 

BCAA – Branched chained amino acids 

BCKDH – Branched-chain α-keto acid dehydrogenase 

cAMP – cyclic AMP 

CGI-58 – α/β hydrolase domain containing protein 5 

db/db – diabetes gene 

DG – diglyceride  

DHEA – Dehydroepiandrosterone 

EAA – Essential amino acids 

eIF4F – Eukaryotic translation initiation factor 4F 
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FFA – Free fatty acid 

GC - glucocorticoids 

GH – Growth hormone 

GLUT – Glucose-transport protein 

GRs – glucocorticoids receptor 

GW – PPAR agonist 

HLD – high-density lipoprotein 

HMB – β-hydroxy β-methyl butyrate 

HSL – hormone-sensitive lipase 

IDL – intermediate density lipoprotein 

IGF-1 – Insulin growth like factor 

IR – Insulin receptor 

LDL – low-density lipoprotein 

LD – lipid droplets 

MG – monoglyceride  

MGL – monoglyceride lipase 

ob/ob – obese gene 

PEPCK – Phosphoenolpyruvate carboxykinase 

PEPCK-C – Cytosolic phosphoenolpyruvate carboxykinase 

PEPCK-M – Mitochondrial phosphoenolpyruvate carboxykinase 

PGC-1 – PPARγ coactivator-1α  

PKA – protein kinase A 

PPAR – Peroxisome proliferator-activated receptor 

RER – Respiratory exchange ratio 

RTK – Receptor tyrosine kinase 

TG – Triglyceride 

VLDL – very low-density lipoprotein 

WAT – White adipose tissue 

 
 

 

 

 

 

 

 


