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CHAPTER 2 

 

Hepatic and Peripheral 

Glucose Metabolism 
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INTRODUCTION 

An adequate intake, distribution, storage, and mobilization of energy-rich components is 

pivotal for optimal functioning of the body during the day with irregular periods of eating 

and activity. Glucose is one of the most important fuels. Since both low and high plasma 

glucose levels are detrimental, it is important that blood glucose concentrations are kept 

between rather strict limits. Severe complications can occur when blood glucose 

concentrations get too low, as in several inborn errors of metabolism, or when 

concentrations get to high, as in diabetes. The latter can lead to irreversible glycation of 

proteins that impairs their functioning. To keep an appropriate glucose homeostasis, a 

sophisticated system is operational in which the liver plays a central role. This organ has 

the capacity to absorb (in the postprandial state) as well as to produce glucose (in the 

post-absorptive state), allowing maintenance of blood glucose concentration at  

appropriate levels.  

Glucose that is taken up from food via the intestine enters the blood compartment 

and induces a rise in blood glucose levels. Glucose is taken up from the blood into 

various organs via dedicated transporter systems, followed by its phosphorylation by 

hexokinases. The inhibition of hexokinase activity in muscle and adipose tissue, by its 

product, i.e., glucose-6-phosphate, ensures a controlled uptake of glucose in peripheral 

tissue. In reaction to high blood glucose levels, the pancreas reacts by producing an 

additional amount of insulin which signals the liver to stop gluconeogenesis and to 

increase its glucose uptake. The liver is both an “energy consumer” as well as an “energy 

producer”. Firstly, it is able to absorb glucose from the circulation that can be either 

stored as glycogen or metabolized by glycolysis to acetyl-CoA moieties that may finally 

be incorporated into fatty acids that can be stored as triglycerides. Secondly, it can 

secrete glucose into the circulation, derived either from the degradation of glycogen or 

from de novo synthesis out of precursors like lactate, glycerol and amino acids 

(gluconeogenesis). These processes take place simultaneously, making the liver flexible 

in its reaction to changes in blood glucose levels. The coordination of these opposite-

acting pathways is regulated at several levels. Long-term control is exerted at the level 

of gene transcription, mid-term regulation is more at the level of hormonal control, i.e., 

by phosphorylation and de-phosphorylation of enzymes, and short-time control takes 

place at the level of metabolites like fructose-2,6-bisphosphate, glucose-6-phosphate 

and xylulose-5-phosphate. These regulatory mechanisms have been reviewed in detail 

by a number of authors i.e., Radziuk et al. (1), Bollen et al. (2), Van Schaftingen et al. 

(3), Wu et al. (4), Dentin et al. (5), Foufelle et al. (6), Agius et al. (7), Mithieux (8) and 

Wasserman et al. (9) and are shortly described below. Furthermore, the databases 
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UniProt.org, Reactome.org, and NCBI.nlm.nih.gov were used for discussions below. The 

simplified model of total body glucose metabolism, adopted for practical reasons in this 

thesis, is shown in Fig.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Glucose metabolism. 

I. Intestinal glucose absorption into bloodstream II. Hepatic glucose uptake; III. 

Glucokinase flux; IV, Glycogenesis; V. Glycolysis; VI. Gluconeogenesis; VII. 

Glycogenolysis; VIII. Glucose-6-phosphate flux; IX Hepatic glucose output, X;. 

Blood glucose disposal, XI; pentose phosphate flux. 

Note: At least for the time being, it was not possible to calculate fluxes of the 

pentose phosphate route with isotopomer models as presented in this thesis, 

implicating that this route will be largely excluded from further discussions.  
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EXTRA-HEPATIC CARBOHYDRATE METBOLISM 

As discussed above, it is important that cells in the 

peripheral tissue and organs are supplied by sufficient 

amounts of glucose. Ingested glucose is absorbed into 

the blood compartment and transported to peripheral 

tissue and organs. The magnitude of glucose disposal in 

these tissues, i.e., skeletal muscle, brain, and adipose 

tissue depends on blood flow, blood glucose 

concentration, glucose transport across membranes, and rate of intracellular 

phosphorylation of glucose.  

 

Intestine 

After food intake and digestion, food components and/or their metabolites are absorbed 

largely in the small intestine. Polysaccharides are hydrolyzed to monosaccharides, after 

which they are absorbed by a two-step transport system. Firstly, glucose is concentrated 

inside the enterocytes catalyzed by the sodium-dependent glucose transporter SGLT1 

(SLC5A1) localized at the apical membrane. Transport is driven by a electrochemical 

gradient of sodium ions (10). Subsequently, the intracellular glucose is released across 

the basolateral membrane by facilitated diffusion through the actions of glucose 

transporter GLUT2 (11). Next to transport directly through the enterocyte, glucose can 

be phosphorylated to glucose-6-phosphate (G6P) that is metabolized in the glycolysis 

pathway to generate energy. This phosphorylation process is mediated by hexokinase I 

(HK1, EC 2.7.1.1) and II (HK2, EC 2.7.1.1). More recently, it was shown that enterocytes 

might also contribute to endogenous glucose production (see reviews (8;12))  

 

Skeletal Muscle 

Skeletal muscle is the largest site for disposal of blood glucose. Glucose uptake into 

muscle depends on the blood flow through the muscle (see reviews (13) and (9)) and 

the transport rate across the plasma membrane which is mediated by GLUT4 (SLC2A4). 

Transport capacity is regulated by insulin, but also depends on muscular activity. In 

situations of high glucose and/or high insulin levels, the capillary blood flow in the 

muscle is increased as well as the number of GLUT4 transporters at the plasma 

membrane of the cells. The latter process is the result of intracellular trafficking to the 

plasma membrane of vesicles containing GLUT4, followed by docking and finally fusion 

with the plasma membrane (see review (14)). Thus, in this way more glucose can be 

taken up into the cells. Once in the cell, glucose is phosphorylated to form G6P mediated 

by hexokinase I (HK1, EC 2.7.1.1) and II (HK2, EC 2.7.1.1) which are sensitive to its 

Glucose-6-PGlucose

Intestine

Muscle         Brain   Adipose tissue
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product G6P in a feedback manner (see review (15)). After phosphorylation, glucose is 

trapped within the cell because of the lack of glucose-6-phosphatase activity in muscle 

and is stored as glycogen or directly oxidized to generate energy (glycolysis).  

 

Brain 

Glucose is the most important fuel for the brain under normal situations, although 

additional substrates like ketone bodies, acetate, glutamate, pyruvate and especially 

lactate can also be used (16). Because the intracellular concentrations of glucose and 

glycogen are relatively low in the brain, brain cells depend strongly on active transport 

from the circulation (see review (17)). Glucose is transported across the blood-brain-

barrier via the transporter GLUT1 (SLC2A1) after which it is taken up by the different 

cells types in the brain, mainly via the transporters GLUT1 and GLUT3 (SLC2A3). This 

transport is regulated by the systemic glucose concentration in mammalian brain and is, 

under normal conditions, not rate-limiting for intracellular metabolism. In fact, there is a 

near-equilibrium of glucose between blood and brain cells.  

 

Adipose Tissue 

An other important tissue that is able to take up glucose from the circulation is adipose 

tissue,  that represents the largest energy store in the body (~ 10 to 15 kg in humans). 

Although most of the energy stored comes from ingested triglycerides, a small part is 

synthesized from carbohydrates within the adipocytes themselves, i.e., de novo 

lipogenesis (DNL). Unfortunately, there is scarce information about adipocytic DNL, 

compared to the information available about DNL in the liver (see review (18)). Glucose 

transport across membranes of adipocytes is facilitated by GLUT1 and GLUT4 and, once 

within the cell, converted to precursors of DNL, e.g., citrate and acetyl-CoA. The 

expression of enzymes involved in DNL per gram tissue is less for adipose tissue then for 

liver. Yet, because of the size of this “organ”, the total amount of fatty acids newly 

synthesized maybe almost equal in adipose tissue and liver (1-2g per day for each 

tissue) (18). DNL is stimulated by glucose as well as by insulin, whereas it is inhibited by 

glucagon and polyunsaturated fatty acids. Genes involved in lipogenesis that are down-

regulated by polyunsaturated acids are GLUT4, fatty acid synthase, acetyl-CoA 

carboxylase, and stearoyl-CoA desaturase I. Furthermore, transcription factors like 

sterol-responsive element binding protein factor 1c (SREBP1c), NR1H3 (LXRα), MLX1PL 

alias carbohydrate responsive element binding protein (ChREBP) and peroxisome 

proliferator-activated receptors (PPARs) can be modulated by polyunsaturated fatty acids 

(19).  
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HEPATIC CARBOHYDRATE METABOLISM 

The liver is one of the few organs (next to 

kidney and probably the intestine (see reviews 

(8;12)) that are able to synthesize glucose 

from precursors after which it can be secreted 

into the circulation to maintain blood glucose 

levels. The intracellular glucose level in the 

liver is almost equal to that in the circulation 

(portal vein): liver and blood can thus be 

regarded as a single pool. This, in combination 

with its ability to take up glucose, makes the 

liver highly flexible to adjust for changes in blood glucose levels.  

 

Facilitated Glucose Transporter, member 2; GLUT2 (SLC2A2)  

Glucose transport across the plasma membrane of hepatocytes is facilitated mainly by 

GLUT2. Other transporters that may be involved are GLUT9 (SLC2A9) (20) and, the more 

recently described GLUT10 (SLC2A10) (21). An additional mechanism of glucose 

transport was proposed by the group of Thorens, i.e., membrane traffic-based pathway 

of glucose (exocytose) (22-24). GLUT2 transporters are present in hepatocytes but also 

in other tissues that are important for maintenance of blood glucose homeostasis like 

pancreas, intestine, kidney and hypothalamus. The transporters are localized in the 

plasma membrane and have a high capacity for many sugars like glucose, fructose and 

galactose. Because GLUT2 is a high-capacity transporter (25), it keeps the glucose 

concentration across the plasma membrane of the hepatocytes in near-equilibrium. 

mRNA expression of GLUT2 is induced in the post-absorptive state when blood glucose 

and blood insulin levels are high. However, a combination of high glucose and low insulin 

levels also induces expression of the GLUT2 transporter (arises for instance in 

streptozotocin-induced diabetic rodents (11)), indicating that hepatic glucose 

translocation is actually (partly) insulin-independent.  

 

Cycling of Blood Glucose and Glucose-6-phosphate 

Glucose absorption starts with the GLUT2-

mediated entry of glucose into the hepatocytes 

as discussed above. This is followed by its 

phosphorylation in the cytosol by glucokinase to 

form G6P. Using the model presented here, 

intrahepatic G6P can enter three distinctive 
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pathways, i.e., back to blood glucose, conversion into glycogen, or consumption in 

glycolysis. The conversion back to blood glucose is often called “futile cycling”, although 

these simultaneously occurring fluxes enables sensitive regulation and hence quick 

reactions and adaptations to changes in metabolic state (26-28). 

 

Glucokinase (Hexokinase 4); GCK (EC 2.7.1.2) 

The glucose phosphorylation to G6P by GCK 

(hexokinase IV or D and often referred as 

glucokinase) is the second committed step 

in hepatic glucose absorption (see review 

(29)). This enzyme is highly expressed in 

tissues controlling glucose homeostasis, especially liver and pancreatic β-cells, but also in 

gut and brain (30). Despite its name, specificity of GCK is not limited to glucose as 

substrate but other hexoses like mannose and fructose can be phosphorylated as well 

(31). It has a supra-physiological Km for glucose and is not inhibited by G6P in the 

physiological concentration range. The liver-specific promoter of glucokinase is mainly 

regulated by insulin and glucagon (32;33), via a SREBP1c-mediated process (6;34). 

Whether it is controlled by LXR is still under debate (35-37). In addition, it has been 

claimed that GCK could be directly activated by PPARγ  (38). The glucokinase regulator 

(GCKR) is mainly localized in the nucleus and controls the acute response of GCK to 

glucose (39). At low concentrations of glucose (< 5mM), GCKR binds GCK in the nucleus, 

from where it is rapidly released and translocated into the cytoplasm when glucose and 

insulin levels rises. Other ligands for GCKR are fructose-1-phosphate and fructose-6-

phosphate from which the first diminishes and the last enhances the interaction between 

GCK and GCKR (40;41). In the cytoplasm, GCK can interact with the bifunctional enzyme 

6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase-2 (PFKFP2) that is described 

below, resulting in a stable complex preserving GCK as glucose sensor (42;43).  In 

addition, GCK activity is associated with increases in glycogen synthesis, indicating that 

glucose-mediated GCK release is important for control of glycogen synthesis and less for 

glycolysis control (39;44). 

 

Glucose-6-phosphatase, catalytic unit; G6PC (EC 3.1.3.9) 

Glucose-6-phosphate transporter; G6PT (SLC37A4) 

Hydrolysis of G6P to glucose by the 

glucose-6-phosphatase complex (G6Pase) is 

the last step in glucose production from 

both newly synthesized G6P 

Glucose-6-phosphate

ADPATP

Glucose

Glucose-6-phosphateGlucose
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2
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(gluconeogenesis derived) and from glycogen degradation. The reaction is mediated by a 

complex of multiple enzymes that are situated in the endoplasmic reticulum (ER) for 

which Arion et al. proposed a model (45). It consists of four subunits, i.e., a catalytic 

subunit (G6PC) and transporters for each of the metabolites, G6P, glucose and 

phosphate, respectively. The active site of G6PC faces the lumen of the ER, implying that 

substrates as well as products of the reaction have to be transported across the ER 

membrane (46;47). Studies in inherited diseases (GSD-Ia and Ib) have confirmed the 

existence of two of these enzymes. Deficiency in the catalytic subunit is classified as 

GSD-Ia, whereas deficiency of the glucose-6-phosphate transporter (G6PT) is classified 

as GSD-Ib. Deficiencies of phosphate and glucose transporters have, up to now, not 

been reported (48). Around birth, when a newborn has to become self-supporting for 

glucose production, hepatic mRNA expression of G6PC increases which is accompanied 

by an enhanced enzyme activity (49).  In addition, expression of the enzyme depends on 

feeding status. Increases of up to 3.5 times in mRNA expression were seen during the 

first 48 hours of starvation, whereas upon more prolonged fasting (up to 96 hours), the 

increase in expression was reduced to about 1.5 times. Glucocorticoids, i.e., 

dexamethasone increases mRNA expression of G6PC in hepatoma cells (50) as well as its 

activity (51), that becomes even more enhanced by hepatocyte nuclear factor 1α 

(HNF1A) (52). The up-regulation of mRNA expression by HNF1A was seen in relation with 

c-AMP induced stimulation (53;54). Glucose stimulates also G6PC mRNA expression, 

which can be either directly (55) or indirectly mediated by intracellular glucose-derived 

components like xylitol, fructose and intermediates of the gluconeogenic pathway (56). 

At high glucose levels, mRNA expression of G6PC is elevated in cultured hepatocytes, in 

Fao hepatoma cells and in in vivo experiments in rats. Diabetic rats showed a 5-fold 

increase in mRNA expression that was corrected when glucose and insulin levels were 

normalized by treatment with the glucose transport inhibitor phloridzin (56-58). Finally, 

also long-chain fatty acids were known to increase G6PC mRNA and protein levels (59). 

In general, insulin overrides all stimulatory effects of above mentioned components, i.e., 

glucose, glucocorticoids, c-AMP, and fatty acids (60). Next to decreasing mRNA 

expression, insulin also loweres enzyme activity of G6PC (61), an effect that is 

stimulated by HNF1A in mouse hepatoma (62). A reduction in G6PC activity is further 

seen after refeeding of fasted mice with a carbohydrate-rich meal (63), an effect that is 

(probably) mediated by elevated insulin levels (64). Additionally, G6PC activity can be 

inhibited by some amino acids (47) and by fructose, which is probably mediated by 

fructose-1-phosphate (F1P) (65). Unsaturated free fatty acids reduce G6PC activity (66) 

which is also seen at low concentrations of acyl-CoAs (67;68). G6PT that is expressed 

ubiquitously, is already active before birth (69) and increases in expression after birth to 
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reach its adult values after about 4 weeks in rats (70). In HepG2 cells, G6PT mRNA 

levels showed a dose-dependent increase upon glucose administration (71). Increased 

mRNA levels were also seen after c-AMP administration (71) and during starvation (72). 

Insulin reduces G6PT mRNA expression but to a lesser extent then that of G6PC (61;62).  
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Glycolysis and Gluconeogenesis 

Glycolysis and gluconeogenesis are pathways in 

carbohydrate metabolism that act physiologically 

in opposite directions. Both pathways are 

subject to complex modes of control and share 

several enzyme activities. Some of these 

enzymes that are of less importance within the 

scope of this thesis and often operate under 

near-equilibrium conditions, are discussed 

briefly. 

 

Glucose Phosphate Isomerase; GPI (EC 5.3.1.9) 

This protein catalyzes the reversible isomerization of G6P and fructose-6-

phosphate (F6P) and is involved in both glycolysis and gluconeogenesis. 

The reaction is under most conditions close to equilibrium hence the two 

components can be considered as a single pool.    

 

 

 

 

Phosphofructokinase, liver type; PFKL (EC 2.7.1.11) 

The conversion of F6P into fructose-1,6-bisphosphate (F16P) in glycolysis and its 

reciprocal reaction in gluconeogenesis are mediated by different 

enzymes. In glycolysis, the reaction is catalyzed by PFKL that is 

positively regulated by ADP, AMP (73) and by the signaling molecule 

fructose-2,6-biphosphate (F26P), whereas ATP and citrate inhibit 

enzyme activity (73). 

 

 

 

Fructose-1,6-bisphosphatase 1; FBP1 (EC 3.1.3.11 ) 

The irreversible reaction in gluconeogenesis of F16P to F6P is 

catalyzed by FBPase 1, that is allosterically inhibited by AMP and 

competitively by  F26P (74).  
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6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase 2;  

PFKFB2 (EC 2.7.1.105/3.1.3.46) 

The signaling molecule F26P is synthesized from and also 

converted to F6P. Both reactions are mediated by the 

bifunctional enzyme PFKFB2. This enzyme contains two 

different active sites that are regulated in an on/off manner by 

phosphorylation. This phosphorylation is induced by cyclic AMP-

dependent protein kinase that, in turn is, stimulated by glucagon, giving an activation of 

FBPase 2 and a simultaneous inhibition of PFK-2-kinase which, together, results in 

decreased F26P levels. On the other hand, insulin induces de-phosphorylation of the 

enzyme, resulting in an increase of F26P levels (75). Next to these post-transcriptional 

regulations of PFKFB2 activity, insulin as well as glucagon act on gene expression (76). 
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Aldolase B, fructose-bisphosphate; ALDOB (EC 4.1.2.13) 

F16P is converted to the 

triosephosphate isomers 

glyceraldehyde-3-phosphate 

(G3P) and dihydroxyacetone 

phosphate (DHAP) by 

ALDOB. In mass isotopomer distribution analysis (MIDA), this reaction is considered as 

polymerization of triosephosphate isomers to F1P (see also Chapter 4).  

 

Triose phosphate isomerase 1; TPI1 (EC 5.3.1.1) 

There is a fast 

interconversion of the triose phosphate isomers catalyzed by the dimeric protein TPI1. 

With respect to the algorithms in MIDA (Chapter 4), it is crucial that the equilibrium is 

reached very fast.  

 

 

Three enzymes of less importance within the scope of this thesis are: 

 

 

Glyceraldehyde 3-phosphate dehydrogenase; 

GAPDH (EC 1.2.1.12) 

 

 

 

 

   

Phosphoglycerate kinase 1; PGK1 (EC 2.7.2.3)  

 

 

 

 

    

Phosphoglycerate mutase; PGAM1 to PGAM4 (EC 5.4.2.1)  
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Enolase 1, (alpha); ENO1 (EC 4.2.1.11) 

The interconversion of 2PG to phosphoenolpyruvate (PEP) and 

water results in an energy-rich enol-phosphate bond. The reaction 

is catalyzed by ENO1, a multifunctional enzyme that also plays an 

important role in other processes like growth control, hypoxia 

tolerance, allergic processes and autoimmune diseases (see review 

(77)).  

 

 

Pyruvate Kinase, liver and red blood cell; PKLR (2.7.1.40) 

The inter-conversions of PEP to pyruvate (pyr) are mediated by 

different enzymes in glycolysis and gluconeogenesis. In glycolysis, 

the irreversible reaction is catalyzed by PKLR, in a reaction that 

yields ATP. It is one of the key regulatory enzymes in glycolysis 

and is positively regulated by glucose and by other carbohydrates 

in the presence of insulin. PKLR inhibited by glucagon acting 

through cAMP (78). PKLR is also expressed in red blood cells 

whereas pyruvate kinase, muscle type (PKM2) is expressed in muscle. 

 

Pyruvate Carboxylase; PC (6.4.1.1) 

The first committed step in gluconeogenesis is the 

carboxylation of pyr to form oxaloacetate. The 

irreversible reaction is catalyzed by PC and is 

positively regulated by acetyl-CoA. PC is stimulated 

by glucagon and glucocorticoids and inhibited by insulin (78;79).  

 

Phosphoenolpyruvate Carboxykinase 1; PCK1, PCK2 (mitochondrial) (4.1.1.32) 

Next a high-energy phosphate bond in GTP 

is used in the conversion of oxaloacetate to 

phosphoenolpyruvate and CO2. This 

irreversible reaction is catalyzed by PCK1, 

also referred as PEPCK, that is stimulated by 

glucagon and glucocorticoids and inhibited by insulin (80).  
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Pyruvate Dehydrogenase (lipoamide) alpha 1; PDHA1 (EC 1.2.4.1) 

 Finally, pyruvate can be converted irreversibly into CO2 and acetyl-

CoA which may enter the tricarboxilyc acid (TCA) cycle. The reaction 

is catalyzed by PDHA1, that is part of the PDH complex. PDHA1 is 

stimulated by insulin, PEP, and AMP, and competitively inhibited by 

ATP, NADH, and acetyl-CoA.  
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Additional Relevant Reactions 

With respect to the Mass Isotopomer Distribution Analysis protocol we used to calculate 

gluconeogenesis, the metabolic pathways below are essential.  

 

Glycerol kinase; GK (EC 2.7.1.30) 

Glycerol is a precursor of glucose and enters gluconeogenesis at the level 

of the triose phosphates. Firstly, glycerol is phosphorylated to glycerol-3-

phosphate at the expense of ATP in a process mediated by GK. The 

expression of this enzyme is high in liver, kidney, testis and probably 

intestine (81).  

 

 

 

Glycerol-3-phosphate dehydrogenase 1 (soluble); GPD1 (EC 1.1.1.8) 

Glycerol-3-phosphate is in near equilibrium with DHAP, 

mediated by GPD1.  
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Glycogen Metabolism 

As discussed above, G6P plays a central role in 

glucose metabolism. It can be produced in the 

gluconeogenic pathway as well as by 

phosphorylation of blood-derived glucose. G6P 

can be oxidized via glycolysis, as described 

above, but it can also be stored in the form of 

glycogen. On the other hand, when necessary 

stored glycogen can be converted back into G6P. 

This “futile cycling” between G6P and glycogen enables sensitive regulation and hence a 

quick reaction to meet metabolic demands during changes in metabolic needs (26;27). 

Since this cycle plays a crucial role in regulation of glucose homeostasis, it will be 

discussed in detail below. 

 

Phosphoglucomutase-1; PGM1 (EC 5.4.2.2) 

The fast and reversible conversion of G6P to 

glucose-1-phosphate (G1P) with glucose-1,6-

diphosphate as enzyme-bound intermediate, is mediated by PGM1 (82;83). Since the 

reaction is near-equilibrium these two components can be considered as a single pool. 

 

UDP-glucose Pyrophosphorylase 2; UGP2 (EC 2.7.7.9) 

Subsequently, G1P is converted to an 

activated form of glucose, i.e., UDP-glucose 

(UDPglc), that is used in mammals as well 

as in plants as a glucosyl donor. It is in principle a reversible reaction catalyzed by UGP2, 

but because the pyrophosphate is rapidly hydrolyzed to orthophosphate, the reaction 

becomes irreversible towards UDPglc.  

 

Note: both reversible reactions described are fast, which allows the assumption that the 

three components, i.e., G6P, G1P, and for a certain extent UDPglc together with F6P (see 

above) can be considered as a single pool. This is of importance for tracer distribution 

used in MIDA algorithms as discussed in Chapter 4. 

 

Glycogenin 2; GYG2 (EC 2.4.1.186) 

The next step is the formation of a primer in glycogen synthesis by the autocatalytic 

attachment of UDPglc to tyrosine-194 of the protein glycogenin (84). This is followed by 
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elongation by α-1,4-glycosyl linkage of glucose residues from UDPglc in a process that is 

catalyzed by GYG2.  

 

Glycogen synthase 2 (liver); GYS2 (EC 2.4.1.11) (in this thesis referred to as GS) 

Glucan (1,4-alpha-), branching enzyme 1; GBE1 (EC 2.4.1.18) 

When the glycogen chain has reached a length of about 7 glucose 

residues, GS takes over the elongation process that at some point is 

interrupted by GBE1. This enzyme clips off and transfers a terminal 

block of about 6 units to a neighbouring chain where it attaches it to form α-1,6-glycosyl 

linkages creating a branched glycogen molecule. At high concentrations of glucose and 

intracellular G6P, GS migrates from the intracellular site to the plasma membrane where 

glycogen synthesis starts (85-87). Interestingly, it is G6P produced by GCK and not by 

hexokinase I that promotes this GS activation (88). The rate-limiting step in glycogen 

synthesis is mediated by GS. It is highly regulated by phosphorylation and de-

phosphorylation mechanisms (89). De-phosphorylated GS (GSa) is the active catalytic 

form whereas phosphorylated (GSb) is inactive. Phosphorylation of GS takes place at 

multiple serine residues and is, at least in vitro, catalyzed by several protein kinases, 

e.g. protein kinase A, protein kinase C, phosphorylase kinase, Ca2+- and calmodulin-

dependent protein kinase, AMP-stimulated protein kinase, and glycogen synthase kinase-

3β (GSK-3β; EC 2.7.11.26) (2). GSK-3β is inhibited by insulin mediated via protein kinase 

B (PKB alias of AKT1; EC 2.7.11.1) (90). Inactivated GSb can be stimulated to active 

values by G6P in presence of high glucose levels that are comparable with active GSa 

form (2). Additionally G6P stimulates the de-phosphorylation of GSb by glycogen-

associated protein synthase phosphatase-1 (PP1G; EC 3.1.3.16) in an insulin-

independent way (91;92). The de-phosphorylation of GSb by PP1G is counter-regulated 

by an allosteric inhibition of phosphorylase-a. At high concentrations of glucose, 

phosphorylase-a is inactive and abolishes this inhibition. 

 

Glycogen Phosphorylase, liver type; PYGL (EC 2.4.1.1) (in this thesis referred to as GP) 

amylo-1, 6-glucosidase, 4-alpha-glucanotransferase; AGL (2.4.1.25, 3.2.1.33) 

The degradation of glycogen to G1P involves a combined 

action of glycogen phosphorylase and debranching enzyme in 

the presence of phosphate. Debranching enzyme contains two 

catalytic domains, i.e., 4-α-glucanotransferase (EC 2.4.1.25) and amylo-α-1,6-

glucosidase (3.2.1.33). Glycogen phosphorylase releases successively the terminal 

glucose units by cleaving the α-1,4-glycosyl bonds until four units are left. Subsequently, 

debranching enzyme removes a chain of three glucose units from a α-1,6-bondage and 

Glucose-6-P Glycogen

Glycogen

UDPglc
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attaches them to the four units of the neighbouring chain. The remaining α-1,6-glucose 

unit is then released by amylo-α-glucosidase activity (2). The regulation of glycogen 

phosphorylase is mainly at the post-transcriptional level. In the liver this occurs primarily 

by phosphorylation and de-phosphorylation mechanisms. In other glycogen containing 

tissues, like brain and muscle, GP is regulated via allosteric activation (by AMP) or 

inhibition (by G6P). Glycogen phosphorylase is activated from the inactive b- to its active 

a- form (i.e., GPa to GPb) by phosphorylation that is catalyzed by phosphorylase kinase 

B; (PHKB; EC 2.7.11.19). This enzyme itself is also regulated by phosphorylation, the 

conversion from its inactive b- to the active a-form is catalyzed by protein kinase a (PKA; 

E.C. 2.7.11.1) which is activated by insulin. De-phosphorylation of both active enzymes, 

i.e., GPa and PHKa, is catalyzed by the same enzyme, i.e. PP1G. Glycogen breakdown is 

also regulated by intermediary metabolites. Firstly, F1P stimulates PP1G and thereby the 

de-phosphorylation of GPa, resulting in a reduced degradation of glycogen. Secondly, 

when glucose binds to GPa, glycogen degradation is reduced and, in addition, it renders 

the complex more sensitive to inactivation by de-phosphorylation.  
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In Summary, assuming 

that the intracellular glucose 

concentration in hepatocytes 

monitors the glucose 

concentration in the 

circulation, GPa acts as a 

“sensor” for blood glucose 

levels, i.e., a rise in blood 

glucose level will result in a 

reduction in hepatic glucose 

production from glycogen. 

Additionally, glucose 

abolishes the phosphorylase-

mediated inhibition of PP1G, 

resulting in phosphorylation 

of GSb to GSa and enhanced 

incorporation of glucose into 

glycogen. So, a rise in 

glucose levels in the 

circulation generates a feed-

back effect by reducing 

glucose release from 

glycogen accompanied with 

an enhanced glycogen 

synthesis. Auto-regulation 

by glucose levels is 

described in many reviews  

(93;94). 
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