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Abstract 

In diabetes, insulin is either not available or not effective in suppressing glucose output 

by the liver.  Enhancing hepatic glucose flux through glycolysis by raising fructose-2,6-

bisphosphate (F26BP) levels ameliorates the diabetic phenotype in type 1 and type 2 

diabetic mouse models (WU et al. 2001b; WU et al. 2002).  This is attributed to the well 

characterized allosteric effects F26BP has on glucose metabolism enzymes.  Recent 

studies have determined that raising F26BP levels has an additional role in regulating 

gene expression and signal transduction proteins (WU et al. 2005; WU et al. 2004).  In 

terms of glucose metabolism, raising F26BP levels stimulates glucokinase gene 

expression and inhibits glucose-6-phosphatase gene expression, thus, also favoring 

enhanced glycolysis.  These effects are not limited to glucose metabolism, as raising 

F26BP levels in type 2 diabetic mice leads to decreased weight gain and adiposity as 

well as a decrease in lipogenic enzyme gene expression.  To fully characterize this new 

role of raising F26BP levels on gene expression, a microarray together with iTRAQ 

proteomic analysis was carried out.  Through functional analysis of the microarray 

biological pathways were identified that changed when F26BP levels were raised in 

type 2 diabetic mice.  In this way a wider array of lipid and cholesterol metabolism 

genes was shown to be down-regulated.  Additionally, several other novel effects of 

F26BP on gene expression were elucidated.  Comparison of the microarray and 

proteomic datasets elucidated that 87% of the protein expression changes were 

concomitant with gene expression changes.  It is our hypothesis that some of these gene 

and protein expression changes are mediated through F26BP effect on the insulin 



iv 
 

 

signaling pathway component, Akt.  Raising F26BP levels in a streptozotocin-treated 

mouse model (type 1 diabetic) leads to increased Akt levels and phosphorylation at 

serine-473 (WU et al. 2004).  Based on this, experiments were carried out to determine 

the mechanism by which F26BP activates Akt and interacts with the insulin signaling 

pathway.  Raising F26BP in cultured cells enhances insulin’s effect on Akt and this 

effect requires phosphatidylinositol-3 kinase to be active.  However, different from 

what is observed in vivo, in cell culture F26BP alone is not able to affect Akt 

phosphorylation.  
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Chapter 1 

Overview of hepatic glucose and lipid metabolism: Impairment in diabetes and 

obesity and regulation by F26BP  
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The current understanding of the role of F26BP encompasses both its allosteric regulation 

of glucose metabolism genes as well as the effect on signal transduction pathways, 

leading to the regulation of glucose and lipid metabolism genes.  Although the allosteric 

role of F26BP has been well established through extensive study, the signaling role is yet 

to be fully understood.  Important questions remain; what is the extent of the effect of 

enhancing glycolysis by raising F26BP levels on gene expression; and what is the 

mechanism by which high F26BP levels affect insulin signaling pathway components?  

The work described in this thesis will attempt to address these questions to enhance our 

understanding of the role of F26BPin metabolism and signaling so that it can be 

effectively used to develop therapeutic strategies to combat diabetes and obesity. 

The initial evidence implicating the effect of F26BP level manipulation on the expression 

of a limited number of genes has led to a more comprehensive study of the hepatic 

transcriptome and proteome. Chapter 2 of this thesis describes this work in identifying 

sets of genes and thereby biological pathways that are differentially regulated when 

F26BP levels are raised. Chapter 3 describes the work carried out to map the components 

of the F26BP signaling pathway and how it intersects with the insulin signaling pathway.  

Future directions will be discussed in Chapter 4.  The current chapter will overview 

glucose metabolism, the important regulators of glucose homeostasis, insulin signaling 

and lipid metabolism with a particular emphasis on the liver, the role played by the 

F26BP, how these systems are dysregulated in metabolic diseases, and how F26BP has 

been used so far in several mouse models of diabetes. 
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1. Glucose Homeostasis 

Glucose is a required fuel source for mammalian cells, delivered via the bloodstream. 

Low blood glucose levels principally affect the brain and lead to impaired function and 

unconsciousness. High fasting blood glucose levels lead to diabetes mellitus.  Tight 

control of glucose levels in the blood is therefore essential.  This is clearly apparent in the 

normal individual whose blood glucose levels are maintained within a tight range despite 

periods of food consumption or deprivation (CHERRINGTON 1999).  In the fed state most 

of the circulating glucose is taken up by the peripheral tissues and some is taken up by 

the liver.  During fasting conditions, the liver, and to a lesser extent, the kidneys, produce 

glucose to maintain homeostasis (MEYER et al. 2002).  In the simplest sense, blood 

glucose levels are influenced by food intake, utilization, production.   

By switching between being a net producer to a net consumer of glucose, depending on 

the needs of the body, the liver plays an important role in glucose homeostasis. This 

tightly regulated switching involves adjusting the rates of glucose flux through the major 

pathways of glucose metabolism in the liver.   

 

A. Glucose Metabolism Pathways of the Liver 

Glucose first enters the liver via the glucose transporter, GLUT2, which allows for 

passive movement of glucose across the cell membrane.  Once in the liver, glucose is 

either converted to glycogen via the glycogenesis pathway or oxidized to provide energy 
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or substrate for macromolecule synthesis via the glycolysis pathway.  Glucose is 

produced by the liver either through breakdown of glycogen or synthesized de novo from 

lactate, pyruvate, or amino acids through the gluconeogenesis pathway.  Glycogenolysis 

occurs 2-6 hours after a meal, while gluconeogenesis has a greater contribution to HGP 

during longer fasting periods, however the exact contributions of each remain 

controversial (POSTIC et al. 2004).   

Key enzymes that catalyze the rate determining steps along these pathways control 

glucose flux.  Illustrated in Figure 1, the enzymes include glucose-6-phosphatase (G6P), 

which catalyzes the final step in both gluconeogenesis and glycogenolysis.  This enzyme 

is opposed by glucokinase (GK), which facilitates glucose entry into both glycolysis and 

glycogenesis.  GK is of particular importance because of its unique kinetic characteristics 

that differentiate it from other hexokinases present in non-hepatic tissues.  GK is not 

affected by end-product inhibition and has a comparatively lower affinity for glucose 

compared to other hexokinases.  Therefore, GK can rapidly and efficiently catalyze the 

initial step in both glycolysis and glycogenesis (POSTIC et al. 2004).  Because of its key 

role in glucose metabolism, GK is extensively regulated both hormonally through gene 

expression regulation, as well as post-transcriptionally through GK binding to 

glucokinase regulatory protein (GKRP) or binding to PFK-2 (BALTRUSCH et al. 2001; 

IYNEDJIAN et al. 1989; VANDERCAMMEN and VAN SCHAFTINGEN 1990). 
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Figure 1.  Key enzymes of hepatic glucose metabolism. Key enzymes that regulate flux 

of glucose through the glycolysis, glucose to pyruvate, and gluconeogenesis pathways, 

pyruvate to glucose, in the liver.  Also shown are the positive and negative allosteric and 

gene expression effects of F26BP.  Abbreviations not cited in the text: PEP, phosphoenol 

pyruvate; OAA, oxaloacetate  
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Phosphoenol pyruvate carboxykinase (PEPCK) and fructose-2,6-bisphosphatase 

(FBPase) are enzymes specific to gluconeogenesis.  Pyruvate kinase (PK) and 

phosphofructokinase-1 (PFK-1) are specific to glycolysis.  Glycogen phosphorylase and 

glycogen synthetase are two opposing enzymes of the glycogenolysis and glycogenesis 

pathways, respectively (NORDLIE et al. 1999).  The pathways of glycolysis and 

gluconeogenesis in liver and these important enzymes that determine flux are illustrated 

in Figure 1.  

The regulation of glucose flux through these pathways is immensely complex.  It 

involves a myriad of allosteric effectors and nutrient signals that participate in feedback 

regulation and product inhibition.  For example, allosteric activators of just the PFK-1 

enzyme include: ATP, citrate, and phosphoenol pyruvate, and inhibitors include: ADP, 

AMP, cAMP, fructose-6-phosphate and F26BP (SCHIRMER and EVANS 1990).  This is 

then overlaid with post-translational modification of the enzymes usually triggered by 

hormonal signals.  For example, the activities of glycogen phosphorylase and glycogen 

synthetase are each regulated by insulin and glucagon via phosphorylation and 

dephosphorylation (VOET and VOET 2004).  Substrate cycles also play a crucial role.  

These cycles involve the key regulatory enzymes, and cycle between product and 

substrates.  Such cycling improves the sensitivity of the system to small changes in 

concentrations of metabolic effectors or covalent modification of the enzymes 

(NEWSHOLME et al. 1984; NORDLIE et al. 1999). Finally, the gene expression of enzymes 

is also regulated, which is further discussed below. 

 



8 
 

 

B. Importance of the Liver in Glucose Homeostasis  

 Glucose production by the liver is regulated by three feedback loops.  The first being 

direct effect of plasma glucose levels on liver production.  Secondly, hormones, insulin 

and glucagon, secreted by the pancreas affect hepatic glucose production (CHERRINGTON 

1999).  Insulin acts through the insulin signaling pathway to promote glucose entry into 

glycolysis in adipose and muscle tissues.  In the liver insulin is involved in suppression of 

both gluconeogenesis and hepatic glucose output.  The importance of insulin signaling in 

the liver is dramatically demonstrated in liver-specific insulin receptor knockout mice 

(LIRKO mice).  In these mice, insulin is not able to lower blood glucose levels when 

challenged with a glucose load, hepatic glucose production is high as well as expression 

of liver G6Pase and PEPCK genes.  Additionally, pancreatic β-cell mass is increased and 

plasma insulin levels are high (MICHAEL et al. 2000).  Muscle-specific insulin receptor 

knockout mice (MIRKO mice) by comparison have normal glucose tolerance and normal 

plasma glucose levels (BRUNING et al. 1999).  These results taken together demonstrate 

the importance of liver insulin signaling to the maintenance of whole body glucose 

homeostasis. 

Glucagon opposes the effects of insulin in the liver by promoting the conversion of 

glycogen stores to glucose.  The third feedback loop involves the central nervous 

system’s sympathetic, parasympathetic and endocrine signals to act via the liver and 

pancreas to control blood glucose.  The afore mentioned loops all act acutely.  For 

chronic control, the body uses hormones such as growth hormone, thyroid hormone, and 

cortisol (CHERRINGTON 1999).  In addition, signals from both insulin and glucose affect 
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the gene expression of glucose metabolism enzymes, which promote a phenotypic change 

in the liver in fed-to-fasted state transitions (COLLIER and SCOTT 2004). 

 

C. Gene Regulation 

The phenotypic switch from fed to fasted state requires glucose metabolism genes to be 

coordinately stimulated or repressed.  Insulin and glucose act jointly to influence this 

transition. GK, PK and PFK2 are all induced in the fed state to enhance glucose flux 

through glycolysis.  PEPCK, FBPase and G6Pase are down-regulated (COLLIER and 

SCOTT 2004; O'BRIEN and GRANNER 1996; TOWLE 1995; VAULONT et al. 2000).  There is 

some overlap between the genes controlled by insulin and glucose. However, glucose is 

required to be present for insulin’s effects (O'BRIEN and GRANNER 1996).  Similarly, 

glucose can promote the fasted-to-fed transition on its own, provided insulin is present to 

stimulate GK gene expression.  GK facilitates glucose entry into to glycolysis, it is 

required for increased glycolytic flux, and its expression requires insulin (COLLIER and 

SCOTT 2004; IYNEDJIAN et al. 1989). 
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2. Insulin Signaling 

Secreted by the β-cells of the pancreas, insulin mainly targets the muscle, adipose and 

liver.  Insulin secretion is primarily stimulated by high glucose levels in the blood, 

however it can be stimulated by neural stimuli (sight and taste of food) and by amino 

acids and fatty acids. The role of insulin in each of the target tissues is slightly different. 

In the liver insulin suppresses glycogenolysis and gluconeogenesis, and stimulates 

glycogen synthesis.  As mentioned above, the insulin signal in the liver is crucial for 

whole body glucose homeostasis.  In muscle and adipose tissue insulin stimulates glucose 

uptake through translocation of the glucose transporter GLUT4 (SALTIEL  and KAHN 

2001).  Although not considered insulin sensitive tissues, insulin does play a role in the 

pancreatic β-cell (LEIBIGER et al. 2002) and the brain (BINGHAM  et al. 2002).  Despite the 

difference in the end result of insulin signaling in these tissues, most tissues employ a 

similar cascade of phsophorylation events that communicate the insulin signal.  

Moreover, many of the insulin signaling components are conserved evolutionarily.  The 

insulin signaling pathway is illustrated in Figure 2. 

 

A. Insulin receptor and insulin receptor substrates 

The insulin receptor (IR) belongs to the receptor tyrosine kinase subfamily consisting of 

cell surface receptors with an intracellular tyrosine kinase domain.  Insulin binding to the 

receptor leads to a conformational change and subsequent activation of the intracellular  
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Figure 2.  Insulin Signaling from the IR to Akt targets.  The insulin signaling 

pathway, showing signal transduction from the insulin receptor to Akt.  Also showing 

details on Akt activation by the two phsophorylation events, Thr308 by PDK1 and 

Ser473 by the mTOR/rictor complex. Targets of Akt in various tissues are boxed. 

 



12 
 

 



13 
 

 

kinase domain and receptor autophosphorylation.  IR phosphorylates insulin receptor 

substrates (IRS), of which there are 6 isoforms, as well as several other intercellular 

protein substrates (TANIGUCHI et al. 2006).  These other substrates include the Cbl proto-

oncogene, which is part of the CAP/Cbl lipid raft mechanism for insulin stimulated 

glucose uptake (SALTIEL  and KAHN 2001).  The IR phosphorylates tyrosine residues of 

the IRS proteins which act as docking sites for other proteins that contain Src-homology-

2 (SH2) domains.  SH2 domain containing molecules include the p85 subunit of 

phosphotidylinositol 3-kinase (PI3K) and Grb2 adaptor molecule which is involved in 

activation of the Ras/MAPK pathway (TANIGUCHI et al. 2006).   

Knockout and knockdown studies of the two more widely distributed IRS proteins, IRS1 

and 2, have demonstrated that their functions are not redundant, but complementary.  

Whole body IRS1 knockout mice have defective insulin signaling in the muscle and a 

generalized growth defect, but diabetes does not develop.  Diabetes does develop in an 

IRS2 whole body knockout due to defective insulin signaling in the liver and pancreatic 

β-cell (TANIGUCHI et al. 2006; WITHERS et al. 1998).  Liver-specific knockdown of IRS1 

leads to up-regulation of gluconeogenic enzyme G-6-Pase and PEPCK, and 

downregulation of GK.  Liver-specific knockdown of IRS2 leads to up-regulation of 

lipogenic enzymes SREBP-1c and FAS (TANIGUCHI et al. 2005).  This shows how 

separate aspects of insulin action on glucose metabolism and lipid metabolism can be 

divided between the IRS proteins, and each isoform having its own role to play.  

Structural differences between IRS-1 and IRS-2 as well as differences in their abilities to 

bind SH2 molecules have been shown as explanation for the specific effects of each of 
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these IRS proteins (TANIGUCHI et al. 2006).  Dephosphorylation of the IR and IRS 

catalyzed by protein tyrosine phosphatases (PTPases) attenuates insulin action. One such 

PTPase is PTP1B, whose knockout in mice improves insulin sensitivity (ELCHEBLY et al. 

1999). 

 

B. PI3K 

PI3K is comprised of a p110 catalytic subunit and a p85 SH2 domain containing 

regulatory subunit.  PI3K regulates insulin signaling by generating phosphoinositol-3,4,5-

triphosphate (PIP3) lipid second messengers in the cell.  Proteins that contain a pleckstrin 

homology (PH) domain bind to PIP3 and are activated through this process of 

recruitment to the plasma membrane where they can be phosphorylated.  This is the 

mechanism by which phosphoinositide-dependant kinase 1 (PDK1) phosphorylates Akt 

(protein kinase B/PKB), both downstream components of the insulin signaling pathway 

and both of which contain PH domains. 

Negative regulation of PI3K action is carried out by phosphatase and tensin homologue 

(PTEN) and SH2-containing inositol 5’-phosphatase-2 (SHIP2) that dephosphorylate and 

inactivate PIP3.  As with previously mentioned negative regulators of insulin signaling, 

deletion of these phosphatases leads to improved insulin sensitivity and protection against 

insulin resistance (SLEEMAN et al. 2005; WIJESEKARA et al. 2005). 
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C. Akt 

Akt is a serine/threonine kinase, part of the AGC superfamily of kinases, that is activated 

by recruitment to the plasma membrane via its PH domain and phosphorylation.  Akt is 

phosphorylated at 2 sites, Thr308 and Ser473.   Akt, like other kinases in its family, is 

phosphorylated on its activation loop (Thr308).  This is carried out by PDK-1 (SCHEID 

and WOODGETT 2003).  Unlike other members of its family, however, for full activation 

Akt requires a second phosphorylation event (Ser473).  This is catalyzed by the 

mTOR/rictor (mammalian target of rapamycin - rapamycin insensitive companion of 

mTOR) complex,TORC2 (SARBASSOV et al. 2005).  

Aside from metabolism, signaling through Akt is involved in cell cycle, apoptosis and 

angiogenesis.  Even just within the realm of metabolic signaling initiated from insulin 

stimulation, Akt has a myriad of targets. These targets include other kinases such as 

glycogen synthase kinase 3 (GSK3). Inhibition of GSK3 by phosphorylation increases 

glycogen synthesis (FRAME and COHEN 2001).  Akt’s phosphorylation of AS160 (Akt 

substrate of 160kDa), a Rab-GTPase-activating protein, triggers the translocation of 

GLUT4 containing vesicles to the plasma membrane to facilitate glucose uptake in 

muscle and adipose tissues (SANO et al. 2003).  Akt regulates growth via its indirect 

activation of the rapamycin sensitive mTOR complex, TORC1.  This is achieved by 

phosphorylation and inactivation of tuberous sclerosis complex 2 (TSC2), which 

negatively regulates TORC1 (HARRIS and LAWRENCE 2003).  Akt also phosphorylates 

forkhead transcription factor FOXO1, and this inhibits FOXO1 gene regulation activity 
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by preventing nuclear localization (TRAN et al. 2003).  FOXO1 gene targets include 

gluconeogenic enzymes G-6-Pase and PEPCK (PUIGSERVER et al. 2003). 
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3. Diabetes 

In diabetes, the body either does not make enough insulin or fails to respond to insulin as 

it normally should, resulting in the accumulation of glucose in the blood.  Acting on 

several target organs, insulin is crucial to glucose homeostasis (described above). Type 1 

diabetes is characterized by the body’s failure to produce insulin.  Type 2 diabetes 

involves insulin resistance, that is, failure of the body to respond to insulin, in addition to 

insulin deficiency.  Hyperglycemia, if left untreated, can lead to serious damage to the 

body and can result in cardiovascular disease, kidney failure, retinal damage, nerve 

damage, microvascular damage and poor wound healing (LEROITH et al. 2003). 

According to official data from the International Diabetes Federation, 5.9% of the world 

adult population has diabetes (246 million people), and it has been recognized as a rising 

epidemic.  This non-infectious disease, accounting for 3.8 million deaths per year, poses 

as severe a global threat as an infectious epidemic such as HIV/AIDS.  The explosive rate 

of increase in diabetes patients affects both developing as well as developed countries.  

80% of diabetes patients live in developing countries.  8.4% of the United States 

population has diabetes.  Since it is a chronic disease, diabetes and its complications 

impose a significant economic burden on patients, their families, health care systems and 

nations. 
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A. Type 2 diabetes 

Type 2 diabetes is largely a result of obesity and physical inactivity (TUOMILEHTO et al. 

2001), however a complex interplay between environmental and genetic factors are 

involved in the inherent susceptibility to the disease (O'RAHILLY  et al. 2005).  There are 

several lines of evidence to demonstrate a genetic link to diabetes predisposition ranging 

from twins studies to single-nucleotide polymorphism (SNP) studies.  The control of 

glucose homeostasis is complex, and genetic defects in any one or more of the 

components that are involved can result in type 2 diabetes.  This is evidenced by 

monogenic disorders such as mature onset diabetes of the young (MODY), caused by 

defective GK and hepatocyte nuclear factor (HNF) genes, as well as defects in other 

genes involved with insulin secretion an insulin signaling, insulin resistance and fat tissue 

development (O'RAHILLY  et al. 2005).  More subtle genetic variation in these genes that 

cause protein structure or expression differences can account for susceptibility to the 

disease in the general population.  Extensive work has also been done to evaluate these 

and other candidate genes for their involvement in the pathogenesis or genetic 

predisposition towards diabetes and obesity.  The conclusion has been that no one gene is 

a leading candidate but rather a combination of many genetic factors and their 

interactions with the environment that lead to type 2 diabetes (BELL et al. 2005; LAZAR 

2005; O'RAHILLY  et al. 2005; SREEKUMAR et al. 2008). 
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B. Insulin resistance 

Insulin resistance is one of the underlying causes of type 2 diabetes as well as other 

metabolically related diseases like atherosclerosis and non-alcoholic fatty liver disease.  

Patients that incur resistance to insulin are initially able to compensate by secreting more 

via glucose stimulation of the pancreas.  However, continued hyperglycemia has been 

shown to lead to exhaustion and eventual breakdown of insulin secretion, which 

subsequently manifests as full blown diabetes.  Also, although insulin stimulation of 

glucose metabolism of the liver is impaired, stimulation of lipogenesis continues.  Thus, a 

vicious cycle is initiated whereby lipid accumulation exacerbates insulin resistance 

further (REAVEN 1995). This section of the overview will focus on hepatic insulin 

resistance, which refers specifically to failure to suppress glucose production from the 

liver.  The comparison of experimental impairment of insulin signaling (tissue-specific IR 

knockout) in the liver verses adipose and muscle shows that resistance in the liver in 

particular leads to hyperglycemia and glucose intolerance.  However, it should be noted 

that insulin resistance in adipose tissue is associated with obesity, and insulin resistance 

in both adipose and muscle tissues are important contributing factors to the metabolic 

syndrome. 

There are several factors which, on the molecular level, lead to impaired signal 

transduction along the insulin signaling pathway. On a molecular level, changes in 

expression of the components or negative regulators, post-translational modification, or 

interactions with inhibitory proteins can lead to diminished signaling.  IR presence at the 

cell surface membrane is decreased by over-stimulation in hyperinsulinemic conditions, 
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owing to ligand-mediated internalization and degradation (R6).  IRS proteins are targeted 

in most cases of insulin resistance.  While insulin mediates activating tyrosine 

phosphorylation of IRS, other kinases phosphorylate IRS at serine residues which are 

inhibitory.  Many kinases are involved in the serine phosphorylation of IRS, and some 

kinases activated by insulin itself comprise a negative feedback loop (TANIGUCHI et al. 

2006). 

Insulin resistance is associated with accumulation of lipid in the liver (YKI-JARVINEN 

2005).  This is a result of both increased lipolysis in the adipose tissue due to insulin 

resistance, which leads to increased plasma free fatty acids (FFA) and uptake by the liver, 

as well as increased de novo lipogenesis in the liver due to increased stimulation from 

hyperinsulinemia (LECLERCQ et al. 2007).  Lipid accumulates in the liver in the form of 

triglycerides and affects tyrosine phosphorylation of IRS2 and subsequent 

phosphorylation and activation of Akt as observed in mouse models for hepatic lipid 

dysregulation (KIM  et al. 2001).  Furthermore, in a diet-induced mouse model for hepatic 

lipid accumulation, insulin-stimulated IRS phosphorylation was also decreased.  The 

mechanism proposed for this is c-Jun-N-terminal kinase (JNK) and protein kinase C PKC 

activation by increased lipid accumulation.  JNK, activated by free fatty acids, and PKC, 

activated by fatty acid metabolites, mediate insulin resistance by phosphorylating IRS at 

serine residues.  Deficiency of these kinases protects mice from fatty acid induced insulin 

resistance.  Activation of these kinases associated with inflammatory pathways 

demonstrates how obesity and diabetes are interconnected with a low-grade, chronic 

inflammatory state (HOTAMISLIGIL  2006).  Another mechanism for downregulating IRS 
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activity is through suppressor of cytokine signaling (SOCS) proteins, which are up-

regulated in obesity and contribute to insulin resistance by blocking IR interactions with 

IRS or modifying its kinase activity (EMANUELLI  et al. 2001). 

Accumulation of lipid in the liver is also associated with oxidative stress and 

endoplasmic reticulum (ER) stress, which leads to the induction of JNK as well as NF-κB 

pathways.  It is not clear whether this oxidative stress is the result of accumulation of 

reactive oxygen species or increased beta oxidation of lipids and generation of 

peroxidation products.  However, under such stress conditions JNK and IκKβ are 

activated lead to inactivation of IRS, thus contributing to insulin resistance  (LECLERCQ et 

al. 2007).  ER stress is increased in obesity (OZCAN et al. 2004) and this is linked to the 

unfolded protein response pathways involving JNK and IκKβ.  Furthermore, ER 

chaperone proteins are involved in improving insulin sensitivity in type 2 diabetes 

(OZAWA  et al. 2005). 

The adipose tissue is considered and endocrine organ and secreted adipokinase influences 

insulin sensitivity among a variety of other functions such as lipid metabolism, 

inflammation and immune reactions.  One such adipokine is adiponectin which increases 

insulin sensitivity in the liver.  Its levels decrease with obesity and insulin resistance 

(KERSHAW and FLIER 2004).  Adiponectin binds to its receptor and this leads to 

activation of peroxisomal proliferator-activated receptor alpha (PPARα) (KERSHAW and 

FLIER 2004) and AMP-dependant kinase (AMPK) (YAMAUCHI  et al. 2002). PPARα 

activation leads to induction of β-oxidation genes and repression of inflammatory 

pathways (HOTAMISLIGIL  2006).  AMPK activation inhibits de novo lipogenesis and 
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activates β-oxidation.  In this way, adiponectin levels are important in controlling lipid 

metabolism in the liver as well as controlling inflammatory pathways. 

Tumor necrosis factor α (TNFα) is a proinflamatory cytokine secreted by the adipose 

tissue. TNFα contributes to the accumulation of lipids in the liver by repressing genes 

involved in the uptake of non-esterified free fatty acids.  It also is intricately involved in 

inflammation through activation of JNK and IκKβ (HOTAMISLIGIL  2006).  TNFα is also 

involved in SOCS-3 production (EMANUELLI  et al. 2001).  Activation of JNK, IκKβ and 

SOCS-3 all lead to insulin resistance by inactivation of IRS.  Adiponectin and TNFα 

suppress each others production, thus, high TNFα and low adiponectin levels both 

contribute to insulin resistance.  However, there are also several other adipokines 

involved in hepatic insulin resistance including resistin, leptin, and interleukin-6 

(KERSHAW and FLIER 2004).  

 

C. Strategies to treat diabetes 

An important aspect of management and treatment of diabetes is regular monitoring of 

blood glucose levels.  Type 1 diabetes patients are usually treated with insulin in various 

forms to control hyperglycemia.  Type 2 diabetics are usually treated with oral drugs to 

help deal with the contributing factors to insulin resistance, however in later stages, type 

2 diabetics also become dependent on insulin.  One method to control hyperglycemia in 

type 2 diabetics who are insulin resistant is to stimulate insulin secretion from the 

pancreas.  Insulin secretagogues comprise of sulfonylureas, meglitinides and incretins.  
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Sulfonylureas bind to receptors on the β-cell and trigger insulin secretion via opening of 

ATP-dependant potassium channels, depolarization of the plasma membrane and calcium 

influx into the cell.  First generation sulfonylureas use had been strongly discouraged 

after studies that showed increased adverse side effects, however, third generation forms 

that have now evolved are much more potent and carry less risk of adverse side effects 

(RENDELL 2004).  

The major side effect of sulfonylurea is hypoglycemia, which is in part over come by 

newer form of insulin secretagogues that are short-acting, meglitinides.  These act 

through a similar ATP-dependent potassium channel mechanism (RENDELL 2004).  

Another category of insulin secretagogues are incretin mimetics such as glucagon-like 

peptide (GLP) analogues or agonists.  Incretins are gastrointestinal harmones that 

increase insulin secretion from the pancreas.  Incretin activity is inhibited by dipeptidyl 

peptidase-4 (DPP-4).  Drugs that inhibit DPP-4 activity increase incretin levels in the 

blood and thus stimulate more insulin secretion. 

Aside from increasing insulin secretion, several drugs target insulin sensitive tissues and 

help improve insulin sensitivity.  Metformin comes under the category of biguanide anti-

diabetic drugs that suppress hepatic glucose output.  Metformin acts by stimulating 

AMPK and increasing insulin sensitivity.  Unlike insulin and sulfonylureas it does not 

induce weight gain, but does carry a risk of lactic acidosis.  Thiazolidinediones (TZDs) 

are a class of insulin sensitizing drug that act by inducing the activity of PPARγ.  TZDs 

have a slow rate of onset of action and are more often used in combination with other 

drugs.  Disacaridase inhibitors are another class of drug that slow the digestion and 
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uptake of sugars in the intestine. In doing so these drugs lower the glycemic peak patients 

experience after eating (RENDELL 2004).  Most often these drugs are used in 

combinations with each other, for example, an insulin secretagogue is used in 

combination with an insulin sensitizer. 

 

D. Lipid metabolism and diabetes 

The liver has a key role not only in controlling glucose homeostasis (described above), 

but also lipid homeostasis.  In addition to being able to store ingested carbohydrates as 

glycogen, the liver can also use these carbohydrates to synthesize lipids de novo through 

the lipogenesis pathway.  Glucose flux through glycolysis is crucial to providing carbons 

from glucose for lipid synthesis.   

Lipid metabolism involves the synthesis of fatty acids, which is a condensation reaction 

involving acetyl-CoA 2 carbon units as a precursor to build a fatty acid chain.  Key 

enzymes in this process are acetyl-CoA carboxylase (ACC), which catalyzes the form 

ation of malonyl-CoA from acetyl-CoA, and fatty acid synthase (FAS), which catalyzes 

successive rounds of the condensation reaction. (See Figure 2, Chapter 2 for an outline of 

fatty acid synthesis).  Fatty acyl-CoAs produced from fatty acid synthesis are in some 

cases elongated.  They are also combined with glycerol-3-phosphate from the glycolysis 

pathway to form triacylglycerols. 



25 
 

 

Lipogenesis is regulated according to the nutritional state, communicated through 

nutrient and hormonal signals that act by various short and long term mechanisms.  The 

ACC catalyzed reaction is the committal step to fatty acid biosynthesis and is regulated 

by phosphorylation.  Glucagon, signaling through cAMP, leads to the phosphorylation 

and inactivation of ACC.  This is countered by citrate and insulin mediated 

dephosphorylation.  Citrate is part of a feed-forward mechanism as it a precursor to 

Acetyl CoA (VOET and VOET 2004).   

Insulin induces the expression of key lipogenic enzymes such as ACC and FAS by 

signaling through transcription factor, sterol response element binding protein -1c 

(SREBP-1c).  Importantly, insulin action through SREBP-1c also stimulated GK gene 

expression, thus regulating the flux of carbons from glucose to lipid.  Glucose is also 

involved in stimulating lipogenic genes via the carbohydrate response element binding 

protein (CHREBP) (BROWNING and HORTON 2004). 

Malonyl-CoA is an important intermediary that is involved in the control of lipid 

metabolism through its inhibition of carnitine palmitoyltransferase 1 (CPT-1).  CPT-1 is 

the gatekeeper for fatty acid entry into the mitochondria for β-oxidation.  Inhibiting CPT-

1 keeps newly formed fatty acids out of the mitochondria (VOET and VOET 2004).  

AMPK is also important in regulating lipid metabolism as it is activated by AMP and 

ATP levels and is thought of as the energy gauge of the cell.  High ATP levels inhibit 

AMPK, letting the cell know that energy supplies are plentiful.  AMPK phosphorylates 

ACC, and when AMPK is inhibited, ACC is now active and able to promote lipid 
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synthesis and prevent lipid breakdown by producing malonyl-CoA (BROWNING and 

HORTON 2004). 

The dysregulation of lipid metabolism and the accumulation of lipid stores in obesity are 

contributing factors to type 2 diabetes.  Although insulin is unable to suppress hepatic 

glucose production, the hyperinsulinemia of type 2 diabetes actively stimulates lipid 

synthesis and accumulation of lipids in the liver leading to worsening of insulin 

resistance.  Increased lipolysis, also stimulated by insulin, leads to increased lipid 

accumulation in the liver.  Obesity and increased storage of fat in adipose tissue, 

especially visceral adipose tissue can lead to dysregulation of adipokine levels and 

contribute to insulin resistance that way.  Thus, any treatment of type 2 diabetes must 

also factor in proper regulation of lipid metabolism. 

 

E. Use of gene arrays to study diabetes 

DNA microarrays employ a high throughput technology to measure transcript 

abundances for thousands of genes simultaneously.  They consist of an arrayed series of 

thousands of DNA oligonucleotide probes that are designed to hybridize specifically to a 

target sequence of a gene from a cDNA or cRNA sample.  Probe-target hybridization is 

then detected using a fluorophore from which relative abundances of the specific gene 

transcript can be calculated.  By comparing the expression profile from a wild type 

sample with a diseased sample, the transcript changes associated with the disease state 

can be identified.  Such a process can aid medical treatment by identification of genes 
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and pathways that may be dyregulated in a disease state.  Based on the transcription 

changes, biomarkers can be selected that help identify early stages of the disease.  

Furthermore, by analyzing individual patient gene profiles personalized therapies can be 

designed. 

The current epidemic of type 2 diabetes and the metabolic syndrome is caused by both 

lifestyle factors and a complex genetic component.  The disease is multifactorial and can 

manifest as a result of multiple gene dysregulations that are interrelated with other 

metabolic diseases such as obesity.  Microarrays have been found to be beneficial to 

obtain a more global view of gene dysregulations and numerous such microarray studies 

have identified candidate genes that are dysregulated in diabetes and obesity (LAN et al. 

2003; SREEKUMAR et al. 2002; SUH et al. 2005; YANG et al. 2002).  Extensive work to 

evaluate candidate genes for their involvement in diabetes has led to the conclusion that 

no one gene is a leading candidate but rather a combination of many genetic factors and 

their interaction with the environment (BELL et al. 2005; LAZAR 2005; O'RAHILLY  et al. 

2005; SREEKUMAR et al. 2008).   

Often many of the transcript abundance changes identified for individual genes by 

microarray are too numerous or too modest to be meaningful biologically. In such cases 

global pathway analysis using functional analysis tools such as gene set enrichment 

analysis and MAPPFinder have become a useful to supplement a microarray study 

(DONIGER et al. 2003; SUBRAMANIAN  et al. 2005).  Such tools used in human studies 

comparing non-diabetic obese and diabetic obese patients have identified pathways that 

are involved in the onset of diabetes in obese patients (TAKAMURA  et al. 2008).  From 
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such a study pathways and genes can be identified to help prevent or delay the onset of 

disease by making appropriate lifestyle changes or medical therapy. 

The microarray and functional analysis described in this thesis (Chapter 2) compares 

diabetic mice with mice treated with PFK-2 mutant enzyme (BPD) to raise F26BP levels.  

This treatment has been demonstrated to be successful in ameliorating the diabetic 

phenotype in type 1 and type 2 diabetic mouse models.  By comparing diabetic animals to 

treated ones using microarray this study identifies how the genetic profile or signature of 

diabetes is affected by our treatment and to what extent is it effective.  Previous studies 

have identified several gene expression changes in diabetic and BPD-treated mice.  This 

microarray study builds on previous work and allowed better characterization of the 

genes and pathways affected when F26BP levels are raised. 
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5. The Fructose-2,6-bisphosphate System 

A. Fructose-2,6-bisphosphate 

The sugar diphosphate, fructose-2,6-bisphosphate (F26BP), was discovered 29 years ago 

during the search for the mechanism by which glucagon stimulates hepatic 

gluconeogenesis (WU et al. 2001b).  It is not an intermediate of glucose metabolism; it is 

synthesized and broken down by the bifunctional enzyme, PFK2.  F26BP was found to be 

the most potent allosteric activator of PFK1, decreasing the kd for its substrate, fructose-

6-phosphate, and relieving product inhibition by ATP (PILKIS  et al. 1982b; PILKIS  et al. 

1981b).  It also acts synergistically with AMP to activate PFK1 (PILKIS  et al. 1982a; 

UYEDA et al. 1981; VAN SCHAFTINGEN et al. 1981).  In addition, F26BP also inhibits 

FBPase by increasing the kd for its substrate, fructose-1,6-bisphosphate, and increases the 

effect of AMP inhibition (PILKIS  et al. 1981a).  As mentioned before, PFK1 and FBPase 

are important enzymes that influence the rates of glycolysis and gluconeogenesis.  

Because F26BP can reciprocally affect both these enzymes, it plays a crucial role in 

controlling glucose flux through the opposing pathways of glucose metabolism (HERS et 

al. 1982; HERS and VAN SCHAFTINGEN 1982; PILKIS  et al. 1983a; UYEDA et al. 1982). 

Since F26BP has such a unique role in regulating glucose metabolism, it has been studied 

in diabetic mouse models of as a proof of principle for a therapy in humans.  Raising 

hepatic F26BP levels has been shown to correct the diabetic phenotype in type 1 and type 

2 diabetes mouse models in terms of lowering blood glucose and insulin levels (WU et al. 
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2002; WU et al. 2004).  An engineered mutant of PFK2 (discussed below) was used in 

these experiments to raise F26BP levels.   

These studies have lead to the discovery of another level of F26BP regulation of glucose 

metabolism enzymes.  Overexpression of the mutant PFK2 to raise F26BP levels in 

streptozotocin-treated normal mice leads to the stimulation of GK gene expression.  

Furthermore, raising F26BP levels in this way leads to down-regulation of G6Pase gene 

expression (WU et al. 2004).  This is significant because these animals have no detectible 

insulin which is known to stimulate GK and suppress G6Pase gene expression (ARGAUD 

et al. 1996; FORETZ et al. 1999; IYNEDJIAN 1993; IYNEDJIAN et al. 1988), suggesting that 

the effects of F26BP have insulinomimetic properties in terms of the ability to induce GK 

gene expression (WU et al. 2002; WU et al. 2004).  This insulinomimetic nature was 

further realized when it was demonstrated that raising F26BP levels in STZ-treated 

animals lead to increased phosphorylation of a component of the insulin signaling 

pathway, Akt, at serine-473 (WU et al. 2004).  

 

B. The Bifunctional Enzyme PFK2 

The liver bifunctional enzyme, PFK2, plays a unique role in glucose homeostasis by 

controlling the levels of the regulatory molecule F26BP. The synthesis and degradation 

of this molecule are catalyzed by the distinct kinase and bisphosphatase domains of PFK2 

respectively.  The kinase reaction is given as: 
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fructose-6-phosphate + ATP ⇋ fructose-2,6-bisphosphate + ADP 

The γ-phosphate of ATP is transferred to the C-2 carbon of F-6-P to form β-D-F26BP via 

a sequential ordered mechanism (LEE et al. 1995; PILKIS  et al. 1984).  The 

bisphosphatase reaction is given as: 

fructose-2,6-bisphosphate + H2O ⇋ fructose-6-phosphate + Pi 

This reaction is a two step process.  The first step proceeds relatively quickly to produce 

a covalent phosphohistidine (His-P) intermediate at histidine-258 (PILKIS  et al. 1983a; 

PILKIS  et al. 1983b).  This intermediate is relatively stable (OKAR et al. 1995).  The 

subsequent dissociation of the F6P and hydrolysis of the His-P comprise the rate 

determining step (OKAR et al. 2004; STEWART et al. 1985).   These reactions have been 

reviewed extensively elsewhere (EL-MAGHRABI and PILKIS  1984; OKAR et al. 2004; 

PILKIS  et al. 1995).  

Considered separately, the reactions are relatively slow; however, since the enzyme 

catalyzes both reactions, the levels of F26BP can be adjusted rapidly.  Additionally, since 

the kinase reaction consumes ATP, it is important that the reaction rate be relatively slow 

so that a smaller amount of ATP is used to control F26BP levels (OKAR et al. 2004). 

The kinase and bisphosphatase reactions are not freely reversible, therefore, the levels of 

F26BP are determined by the balance between the two opposing reactions (OKAR et al. 

2001).  Each isoform of PFK2 is characterized by the ratio of the kinase to bisphophate 

reactions rates (K/B ratio).  This ratio depends on which of the PFK2 isoforms are 
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present, the levels of several metabolite effectors and post-translational modification of 

the enzyme.  A myriad of metabolic and hormonal signals converge upon the bifunctional 

enzyme to affect the K:B ratio, which determines F26BP levels and ultimately determines 

the direction of glucose flux.  α-glycerol phosphate, phosphoenol pyruvate, and citrate 

decrease the kinase activity or increase the bisphosphatase activity, as would be expected 

from negative feedback regulation (PILKIS  et al. 1995; VAN SCHAFTINGEN 1987). The 

bisphosphatase activity is also affected by GTP and ATP levels (LEE et al. 1994). 

Phosphorylation of PFK-2 at Ser-32 affects the kinase as well as the bisphosphatase 

activity of the enzyme and hence alters the K:B ratio.   Site directed mutagenesis studies 

of PFK-2 demonstrate that the N- and C-termini are important in communicating the 

phosphorylation state of the enzyme at Ser-32 to the active sites (PILKIS  et al. 1995).  

Consistent with crystal structure data, it is hypothesized that upon phosphorylation of 

Ser-32 the enzyme undergoes tertiary and quaternary structural changes whereby the 

termini of the enzyme interact with the active sites (KURLAND et al. 1992; OKAR et al. 

2004; ZHU et al. 2001).  Phosphorylation of this site is mediated by cAMP-dependant 

protein kinase A (PKA) that is initiated by a signal from glucagon binding to its receptor 

(PILKIS  et al. 1988).  Dephosphorylation is mediated by glucose via xylulose-5-

phosphate-dependant protein phosphatase 2A (PP2A) (NISHIMURA et al. 1994; 

NISHIMURA and UYEDA 1995).  

A signal from insulin is also involved in dephosphorylating the enzyme. Hepatic F26BP 

levels are increased in response to insulin stimulation of streptozotocin (STZ)-treated 

mice (WU et al. 2004).  Experiments have shown that the increase in F26BP and 



33 
 

 

dephosphorylation of PFK2 brought about via insulin are independent of cAMP levels 

and PKA activity, suggesting that an as yet unknown phosphatase is responsible for 

dephsophorylating PFK2 in response to insulin (ASSIMACOPOULOS-JEANNET and 

JEANRENAUD 1990; VARGAS et al. 1994).  Interestingly, the effect of insulin on the 

dephosphorylation of PFK2 is not mediated through Akt, a downstream component of the 

insulin signaling pathway (Wu, Lange, Birnbaum: unpublished data). 

The kinase and bisphosphatase catalytic sites reside within separate domains that are 

housed within a catalytic core in the center domain of the protein.  This core is flanked by 

N- and C-terminal regions that regulate the activity of the catalytic core.  PFK2 functions 

as a dimer whose structure is stabilized by protein-protein interactions across the kinase 

domains (HASEMANN et al. 1996).  It is this tertiary and quaternary structure of the 

enzyme that allows coupling of the two activities of the bifunctional enzyme.  

Furthermore, it is hypothesized that phosphorylation of the Ser-32 of the liver isoform 

leads to changes in the tertiary and quaternary structure, which allows for coordinated 

regulation of both activities of the enzyme.  This hypothesis is supported by crystal 

structure of the rat testis (HASEMANN et al. 1996) and human liver PFK2 (LEE et al. 1998; 

LEE et al. 2003).  In this way, metabolic signals that affect the phosphorylation state of 

PFK2 are quickly translated into changes in F26BP levels (OKAR et al. 2004).  The 

metabolic signals that are involved in switching PFK-2 between high and low K/B ratios 

and their effect on F26BP levels is illustrated in Figure 3.  
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Figure 3.  Regulation of the Ser-32 phosphorylation state of PFK-2.  Effects of the 

three main hormonal and nutrient signals, insulin, glucagon, and glucose on the post-

translation modification of PFK-2 by phosphorylation at Ser-32.  Phosphorylation leads 

to a low K:B ratio, overall breakdown of F26BP and a decrease in cellular levels.  

Dephsophorylation leads to a high K:B ratio, production of F26BP, and higher cellular 

levels. 
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C. Engineered PFK-2 mutants 

To experimentally manipulate F26BP in vivo levels mutants of the rat liver PFK-2 were 

made and cloned into adenoviral delivery vectors.  A serine-32 to alanine and histidine-

258 to alanine mutations render PFK-2 constitutively kinase active and deficient in 

bisphosphatase activity (BPD).  An alanine residue at the 32 position cannot be 

phosphorylated, therefore, the enzyme remains at a high K:B ratio regardless of the 

metabolic state.  Mutating the His-258 site renders the enzyme bisphosphatase deficient, 

since this site is essential for the bisphosphatase catalytic activity.  Since this mutant 

continually makes F26BP and does not break it down, its overexpression in mouse livers 

to an increase in F26BP levels (WU et al. 2002; WU et al. 2004). 

A kinase dead mutant PFK-2 enzyme (KD) is used to lower F26BP levels.  The serine-32 

to aspartate mutation mimics a phosphorylated residue allowing the enzyme to have a 

low K:B ratio. The threonine-55 to valine mutation disrupts the catalytic activity of the 

kinase domain and renders the enzyme kinase dead.  Overexpression of this mutant in 

mouse livers lowers the F26BP levels as this enzyme is only able to catalyze the 

breakdown of F26BP.  

 

D. Metabolic engineering of glucose metabolism enzymes 

Metabolic engineering is the targeted and purposeful manipulation of pathways of an 

organism.  In most cases, such manipulations in hepatic glucose metabolism enzymes 
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have been shown to correct the diabetes phenotype.  Moreover, these manipulations are 

independent of hormonal regulation, and can be used to compensate for dysregulation of 

the fasted-to-fed transition in the liver, important for whole body glucose homeostasis. 

Studies have carried out metabolic engineering of several metabolic enzymes or 

transcription factors, either by genetic manipulation or vector-mediated overexpression in 

animal models.  This section will go over studies that have used metabolic engineering 

and then discuss more specifically metabolic engineering using F26BP. 

GK, the major glucose phosphorylating enzyme in the liver that controls glucose entry 

into glycolysis, has been heavily studied through experimental manipulation in diabetic 

mouse models.  Since GK gene expression levels correlate with glucose and insulin levels 

and are very low in diabetic patients as well as animal models, it is a good target for 

manipulation.   Transgenic mice exhibiting a 2-fold increase in GK gene expression have 

increased hepatic glycogen storage, and are resistant to STZ-induced diabetes.  In STZ 

animals, where plasma insulin levels are very low, glucose is the only signal present.  

This signal alone cannot facilitate the switch from glucose production to utilization in the 

liver; however, when provided with extra copies of GK, the fasted-to-fed transition is 

able to proceed.  This is evidenced by increase in expression of PFK-2 and LPK and a 

decrease in PEPCK gene expression (COLLIER and SCOTT 2004; FERRE et al. 1996).  

A larger fold up-regulation in GK gene expression carried out by adenoviral 

overexpression shows similar results in terms of increased glycogen stores and increased 

glycolytic flux to ameliorate diabetes.   However, in addition, there is an increase in 
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plasma triglyceride levels and free fatty acids and resulting in hyperlipidemia in both rat 

and mouse model systems (O'DOHERTY et al. 1999; WU et al. 2005).   

Overexpression of protein factors that affect the activity or abundance of glucose 

metabolism enzymes has also been an effective means to lower blood glucose levels and 

treat diabetes.  Glucokinase regulatory protein (GKRP) binds and sequesters GK in the 

nucleus, stabilizes the GK protein and stores GK for use when required.  Overexpression 

of GKRP protects against development of type 2 diabetes (SLOSBERG et al. 2001).  GK 

overexpression leads to increased glocogen stores as described above.  To enhance 

glycogen storage directly, some groups have overexpressed scaffolding proteins that bind 

the glycogen particle with enzymes that regulate glycogen synthesis and breakdown.  

Targeting protein phosphatase 1 (PP1) to the glycogen particle in this manner enhances 

glycogen storage.  Gm is a muscle isoform of one of these scaffolding proteins that when 

overexpressed in hepatocytes, increases glycogen synthesis.    Overexpression of a 

truncation mutant form of Gm, Gm∆C in STZ-treated mice increases glycogen stores and 

normalizes blood glucose levels, despite very low levels of GK.  It has been suggested 

that an indirect pathway working through extrahepatic tissues is responsible for this 

increase in glycogen storage since GK is not available in the liver for direct flux of 

glucose to glycogen (YANG and NEWGARD 2003). 

Transcription factors have also been overexpressed to treat diabetes.  SREBP-1c is and 

insulin responsive transcription factors that regulates the expression of lipogenic genes as 

well as GK and PEPCK. STZ-mice treated with an adenovirus overexpression SREBP-1c 

restores glucose metabolism gene regulation to normal levels in terms of inducing GK 
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and FAS genes and repressing PEPCK expression.  These effects are reflected in the 

physiology of these animals demonstrated by increased glycogen storage and increased 

triglyceride levels (BECARD et al. 2001).  ChREBP is a glucose responsive transcription 

factor, which heterodimerizes with Mlx to transactivate ChoRE elements in lipogenic 

genes as well as some glucose metabolism genes (MA et al. 2006).  Overexpression of a 

dominant negative Mlx to inhibit ChREBP regulation of genes reduces triglyceride levels 

and improves glucose intolerance (IIZUKA  et al. 2009).  Overexpression of the 

protooncogene c-Myc in mouse livers increases the expression GK, PFK-2, Liver-PK, 

and SREBP-1c and represses PEPCK and PPARγ gene expression.  This overexpression 

not only restores euglycemia in STZ-treated mice (RIU et al. 1996), but also prevents the 

development of diet induced obesity and insulin resistance (RIU et al. 2003).  

Interestingly, c-Myc is able to induce glucose metabolism genes in the absence of insulin 

and decreasing its levels inhibits glucose regulation of certain genes such as Liver-PK 

and G6Pase, but does not affect PEPCK gene expression (COLLIER et al. 2003).  Based 

on this it is proposed that a c-Myc could be an required factor in glucose and insulin 

regulation of gene expression, but an alternative view is that the c-Myc signal is primarily 

involved in coupling cell proliferation with glucose metabolism (COLLIER and SCOTT 

2004). 

The work carried out in this thesis is concerned with a type of metabolic engineering to 

correct the diabetic phenotype.  The overexpression of PFK-2 engineered mutants in the 

liver to raise F26BP levels and enhance glycolysis is able to correct the diabetic 

phenotype in type 1 (STZ-treated) and type 2 (KK/H1J) diabetic mice (WU et al. 2001b; 
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WU et al. 2002).  This is similar to the GK overexpression in that it also enhances 

glycolysis and ameliorates diabetes.  Both types of glycolytic enhancement are able to 

lower blood glucose and insulin levels; however there is a stark difference in lipid 

metabolism.  Enhancing glycolysis at the first step of glycolysis using GK overexpression 

leads to hyperlipidemia in normal rats (O'DOHERTY et al. 1999), and worsens the 

adiposity of type 2 diabetic mice (WU et al. 2005).  GK overexpression leads to increased 

plasma triglycerides and free fatty acids (O'DOHERTY et al. 1999; WU et al. 2005), as 

well as increased hepatic lipogenesis and increased expression of ACC1 and FAS genes 

(WU et al. 2005).  This concurrent increase in glycolysis and lipogenesis is expected, 

however, it is not the case when glycolysis is enhanced at the F-6-P to F-1,6-P using BPD 

overexpression.  With this manipulation we observe an increase in glycolysis along with 

a decrease in lipogenesis.  Diabetic mice treated with BPD show decreased adiposity.  

Gene expression of ACC1 and FAS are decreased, thus supporting the physiological 

conditions reported (WU et al. 2005) .  The increase in glucose breakdown without 

concurrent increase in lipid stores is counterintuitive.  We expect an increase in lipid 

metabolism and storage. However, this is not the case with BPD-treatment of diabetic 

mice. 
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1. Abstract 

In an effort to reduce hepatic glucose production and lower plasma glucose levels that are 

characteristics of diabetes, we have devised a treatment whereby we enhance glycolysis 

in the liver of a type 2 diabetic mouse model (KK/H1J).  We achieve this by raising the 

levels of a potent regulator of glucose metabolism, fructose-2,6-bisphosphate (F26BP). 

Treating the mice in this way, we have demonstrated amelioration of the diabetic 

phenotype in terms of lowering plasma glucose and insulin levels. These treated mice 

also display reduced weight gain, reduced adiposity, and normalized plasma and hepatic 

lipid levels.  These latter metabolic changes brought about by raising F26BP levels are 

counterintuitive.  A concurrent increase in glycolysis and lipogenesis is expected, 

however, we observe an increase in glycolysis with a concurrent decrease in lipogenesis.  

Preliminary analysis of gene expression in these mice has revealed alterations in gene 

expression of several genes that support the therapeutic effect of raising F26BP levels 

(WU et al. 2005; WU et al. 2004).  To further profile F26BP effects on hepatic gene 

expression, we have applied a comprehensive approach to identify sets of genes and 

thereby biological pathways that are differentially regulated when hepatic glycolysis is 

accelerated in diabetic mice.  Comparing diabetic and treated animals, we hope to further 

clarify the molecular and genetic signature of type 2 diabetes and obesity and elucidate 

how this signature is affected by raising F26BP levels.  Our study examining gene array 

as well as the hepatic proteome has identified multiple gene and protein expression 

changes.  Of particular relevance, we note that fatty acid metabolism and cholesterol 
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metabolism pathways are significantly down-regulated in diabetic mice treated with a 

PFK-2 mutant engineered to raise F26BP levels, which underlie the changes we see in the 

metabolic parameters.  
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2. Introduction  

Type 2 diabetes is caused by both a decrease in insulin responsiveness and inability to 

compensate for this by producing more insulin (LAZAR 2005).  Insulin signaling in the 

liver is responsible for suppressing gluconeogenesis.  When this signaling is ineffective, 

net hepatic glucose output (HGO) liver is increased and is an important factor 

contributing to hyperglycemia.  In an effort to reduce hepatic glucose production and 

lower plasma glucose levels we have devised a treatment whereby we accelerate glucose 

flux through glycolysis in the liver.  We achieve this by adenovirus-mediated 

overexpression of an engineered bisphosphatase-deficient PFK2 enzyme (BPD) (WU et 

al. 2005). This mutant constitutively catalyzes the formation of fructose-2,6-bisphosphate 

(F26BP), an allosteric regulator of 2 key glucose metabolism enzymes.  High F26BP 

levels activate phosphofructokinase-1 (PFK1) and inactivates fructose-1,6-

bisphosphatase (FBPase), thereby, enhancing glycolysis and suppressing gluconeogenesis 

(WU et al. 2001b).  By treating streptozotocin-treated (type 1) and KK/H1J (type 2) 

diabetic mice with BPD, we have demonstrated amelioration of the diabetic phenotype in 

terms of lowering plasma glucose and insulin levels (WU et al. 2001b; WU et al. 2002).  

The type 2 diabetic/obese KK/H1J treated mice also display reduced weight gain and 

adiposity, along with normalized plasma and hepatic lipid parameters (WU et al. 2005).  

This and other evidence (WU et al. 2004) demonstrates that the effect of raising F26BP 

levels goes beyond the classically-defined allosteric regulation role.  Preliminary analysis 

of gene expression in diabetic mice treated with BPD has revealed alterations in gene 
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expression of several glucose and lipid metabolism genes that support the therapeutic 

effect of raising F26BP levels (WU et al. 2005; WU et al. 2001a; WU et al. 2004).    

To build on this previous work and further characterize F26BP effects on liver gene 

expression, we have applied a comprehensive approach to identifying sets of genes that 

are differentially regulated when hepatic glycolysis is enhanced in diabetic mice.  

Numerous microarray studies have identified candidate genes that are dysregulated in 

diabetes and obesity (LAN et al. 2003; SREEKUMAR et al. 2002; SUH et al. 2005; YANG et 

al. 2002).  Extensive work has also been done to evaluate candidate genes for their 

involvement in the pathogenesis or genetic predisposition towards diabetes and obesity.  

The conclusion has been that no one gene is a leading candidate but rather a combination 

of many genetic factors and their interaction with the environment (BELL et al. 2005; 

LAZAR 2005; O'RAHILLY  et al. 2005; SREEKUMAR et al. 2008).  This has prompted more 

comprehensive studies that analyze sets of genes, thereby biological pathways, that may 

be involved in disease (MOOTHA et al. 2003; TAKAMURA  et al. 2008).  We have done 

these types of functional analysis using Gene Set Enrichment Analysis (GSEA), and 

Gene Map Annotator and Pathway Profiler (GenMAPP).  Our study is designed to 

compare diabetic and treated animals, to further clarify the molecular and genetic 

signature of type 2 diabetes and obesity and how this signature is affected by enhancing 

hepatic glycolysis.  Since not all gene expression changes are translated into changes in 

protein expression, we have followed up this transcriptome study with an analysis of the 

hepatic proteome comparing diabetic and treated animals. 
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3. Materials and Methods 

Adenovirus preparation – The PFK2 rat liver isoform engineered mutant enzyme 

(BPD) contains a serine-32 to alanine mutation and a histidine-258 to alanine mutation, 

and is designed to be bisphosphatase-deficient but kinase active.  Therefore, this enzyme 

is able to continually catalyze the formation of F26BP but not its breakdown.  

Overexpression of this mutant leads to higher levels of F26BP as compared to wild-type 

(WU et al. 2002; WU et al. 2004).  BPD was cloned into an adenoviral vector (Ad-BPD) 

as previously described (WU et al. 2001b; WU et al. 2004). Adenovirus encoding green 

fluorescent protein (Ad-GFP) was used as a control. 

Animal treatments – 12-14 week old male obese KK/H1J mice, a polygenic model of 

type 2 diabetes and obesity (CLEE and ATTIE 2007; IGEL et al. 1998; WU et al. 2005), 

weighing approximately 35g were obtained from the Jackson Laboratory (Bar Harbor, 

Maine). All mice were fed ad libitum, individually housed and maintained on a 12:12 

hour light-dark cycle, with lights turned on at 06:00.  On day 0, adenovirus, Ad-BPD or 

Ad-GFP, was administered via the tail vein at a dose of 2.5x1011 pfu.  On day 7, blood 

samples were collected from the tail vein for plasma glucose and insulin measurements.  

The mice were immediately sacrificed via cervical dislocation after anesthesia. The 

abdominal cavity was quickly opened. The liver was trimmed and rapidly frozen in liquid 

nitrogen and stored at -70oC for further analysis.  All animal protocols were reviewed and 

approved by the Institution for Animal Care and Use Committees of the University of 

Minnesota. 
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Hepatic F26BP measurements – F26BP was extracted from liver tissue using 80oC heat 

treatment in 50 mM NaOH and measured using the potato PFK1 activation method (WU 

et al. 2001b). 

Plasma Insulin and Glucose measurements – Infinity glucose kit (Thermo Fisher 

Scientific, Hudson, NH) was used for plasma glucose measurements. Rat Inlsulin ELISA 

kit (Crystal Chem. Inc., Downers Grove, IL) was used for plasma insulin measurements. 

RNA Isolation – RNA from each mouse liver was isolated separately.  TRIzol reagent 

(Invitrogen Corporation, Carlsbad, CA) was used to isolate total cellular RNA. The RNA 

quality was determined by analyzing the rRNA 28s:18s ratio using the 2100 Bioanalyzer 

instrument and RNA cell analysis kit (Agilent Technologies, Santa Clara, CA). 

Microarray Analysis  – RNA samples were pre-processed for microarray hybridization 

by the University of Minnesota Biomedical Genomics Center Affymetrix Microarray 

core.  Briefly, RNA samples were reverse transcribed to cRNA, biotin-labeled, 

fragmented and hybridized onto the GeneChip Mouse genome 430A 2.0 (MOE430A 2.0) 

(Affymetrix, Santa Clara, CA) arrays. MOE430A 2.0 contains 22,690 probes 

representing approximately 14,000 well-characterized mouse genes.  Raw intensity data 

obtained from hybridization step were processed using Affymetrix Microarray Suite 

version 5.0 (MAS5) software for background correction, normalization and condensation.  

An average of 500 was chosen to scale the probe intensities from each array. In addition, 

for each probe, a detection p-value associated with the signal to noise ratio was 

determined using MAS5.  
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Functional Analysis - Gene Set Enrichment Analysis (GSEA) (MOOTHA et al. 2003), 

was used to identify functional classes which are enriched in BPD and GFP gene 

expression data . GESA is a functional analysis tool that mines prior defined gene sets 

and identifies gene sets that are enriched in either of the treatment conditions based on a 

user specified metric. In addition, statistical significance, in terms of a p-value, is tagged 

to each of the enriched gene sets. A powerful aspect of this method is, other than 

identifying differentially expressed gene sets, it can identify gene sets whose members 

are differentially expressed by modest amounts but in a coordinated fashion. The metric 

used in the current study was signal to noise ratio.  321 gene sets were used, composed of 

curated gene sets obtained from online databases: BioCarta, GenMAPP, KEGG, Gene 

ontology and Sigma-Aldrich pathways.  Once enriched gene sets have been identified, the 

subset of members that contributed to the enrichment, the leading edge subset, can be 

further examined for expression changes of individual genes. 

In addition, we used GenMAPP (DAHLQUIST et al. 2002) together with its accessory 

program MAPPFinder (DONIGER et al. 2003) to identify gene ontology (GO) terms and 

microarray pathway profiles (MAPPs) that are significantly up- or down-regulated 

between the two conditions.  MAPPFinder assigns genes in the data set to GO terms or 

MAPPs. It then calculates a z score for each term or MAPP based on the the number of 

genes linked to the particular term or MAPP and the number of genes meeting the criteria 

for change in expression  (DONIGER et al. 2003).  The criteria used for our study was 

greater than 2 fold increase or less than a -2 fold decrease in gene expression. 
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Preparation of liver proteins - To prepare liver lysates, frozen livers (~ 0.2 g/each) of 

mice treated with Ad-BPD or Ad-GFP were pooled.  Pooled livers from each group were 

homogenized in 20 ml of lysis buffer (50 mM Tris, pH 8.5, 5 mM EDTA, and 0.1% 

SDS).  After centrifugation, the clear liver lysates were quantified for total protein using 

BCA kits (Thermo Fisher Scientific, Hudson, NH).  Samples were reduced and blocked 

following protocols provided with the iTRAQ kits (Applied Biosystems Inc., Foster City, 

CA).  Briefly, a total of 300 µg clear liver lysate was precipitated in ice-cold acetone.  

The acetone precipitate was dissolved in Dissolution buffer.  After protein quantitation, a 

total of 100 µg acetone-cleaned protein was used for reducing the proteins and blocking 

cysteins.  Each of the BPD and GFP samples was mixed with 20 µl Dissolution buffer 

and 1µl of the Denaturant.  After dissolving, each sample was mixed with 2 µl Reducing 

reagent and incubated at 60 °C for 1h.  After spinning, each sample was mixed with 1 µl 

of Cystein-Blocking reagent and incubated at room temperature for 10 min followed by 

trypsin digestion.  

Peptide labeling with the iTRAQTM  reagents:  After trypsin digestion, peptides of each 

sample were labeled with iTRAQ reagents.  Briefly, BPD sample was mixed with iTRAQ 

reagents 117 and denoted BPD-117; whereas GFP sample was mixed with iTRAQ 

reagents 114 and denoted GFP-114.  Each mixture was incubated at room temperature for 

1 h.  BPD-117 mixture and GPF-114 mixture were combined into a fresh tube.  Before 

microcapillary liquid chromatography (µLC)/MS/MS analysis, the BPD-117/GFP-114 

complex was chromatographed on a strong cation exchange column.   Peptides were 

eluted as a single fraction in elution buffer.  
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Peptide analysis:  The cleaned peptide preparations were analyzed by µLC/MS/MS 

using the QSTAR System.  A total of 20 µl of peptide mix was loaded onto a pre-column 

at a flow rate of ~0.02 ml/min.  Mobile phase A consists of 0.1% formic acid in 5% 

acetonitrile and 95% water, whereas mobile phase B consists of 0.1 % formic acid in 

95% acetonitrile and 5% water.  A linear gradient from 10- 30 % mobile phase B was 

used for peptide elution, at a flow rate of ~ 0.2 µl/min across the µLC column.  Peptides 

eluting from the capillary column were detected by the mass spectrometer using a 

protocol that alternated between one MS and three MS/MS scans for the three most 

abundant precursor ions in the MS survey scan.   

Protein identification and quantification:   The MS/MS spectra were analyzed using 

INTERACT software.  The identified peptides were filtered using Peptide Prophet, a 

publicly available probabilistic scoring algorithm (KELLER et al. 2002).  Using this 

statistical model, each peptide assignment to a spectrum was evaluated by a number of 

different criteria including database search scores and the number of tryptic termini of the 

assigned peptides to distinguish correctly from incorrectly assigned peptides in the 

dataset.  A probability score (P) between 0 and 1 was given to each match and a score of 

1 representing the highest confidence match.  Peptides showing a P score of 0.9 or greater 

were considered as correct sequence match (XIE and GRIFFIN 2006).  For protein 

quantification, the Pro QUANT software was used to fragment the iTRAQ reagent 117 

and 114 labeled peak of a peptide.  Peak areas for peaks at m/z 117 and 114 represent the 

amount of a peptide in the BPD and GFP samples.  A ratio of 117 to 114 was given.  A 

ratio is the relative amount of a given protein in BPD sample to GFP sample.  After 
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peptide searching against mouse protein database, a protein report was generated.  The 

cut-off values of the ratios of 117:114 are either greater than 1.25 (up-regulation) or 

smaller than 0.75 (down-regulation).  
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4. Results 

Ad-BPD treatment of KK/H1J mice raises hepatic F26BP and lowers plasma 

glucose and insulin levels.  Adenoviral overexpression of the PFK2 engineered mutant 

enzyme (BPD) is an effective means to raise hepatic F26BP levels (OKAR et al. 2001; 

WU et al. 2005; WU et al. 2001b).  KK/H1J mice, a polygenic model of type 2 diabetes 

and obesity (CLEE and ATTIE 2007; IGEL et al. 1998; WU et al. 2005), were administered 

Ad-BPD, or Ad-GFP as a control. Seven days after adenovirus treatment levels of hepatic 

F26BP were determined.  Consistent with our previous reports, BPD overexpression in 

the mouse liver raises hepatic F26BP levels compared to GFP control (Figure 1A).  

Raising F26BP levels in this way increases whole body glycolysis in BPD-treated 

diabetic mice compared to controls.  It also demonstrated that net hepatic glucose 

production is decreased and whole body glucose uptake is increased. These parameters 

were measured in a previous study using euglycemic/hyperinsulinemic clamp of KK/H1J 

mice treated with either BPD virus or GFP control virus (WU et al. 2005).  In the present 

study we determined plasma glucose levels before and after a 4 hour fast on day 7 after 

adenovirus treatment. Plasma glucose levels are lower in BPD treated mice compared to 

GFP, in both the fed and fasted state (Table 1).  Since lowering plasma glucose levels 

decreases glucose stimulated insulin secretion, we observed a decrese in plasma insulin 

levels in mice treated with BPD compared with controls (Table 1). 

 

  



53 
 

 

Figure 1. Hepatic F26BP levels.  Obese KK/H1J mice were treated for 7 days with 

either Ad-GFP or Ad-BPD adenovirus. Mouse livers were harvested and assayed for 

F26BP levels using the PFK-1 activation method (WU et al. 2001b) (A).  RNA from mice 

was isolated for RT-PCR analysis using primers for the indicated genes.  Fold change 

was calculated compared to RPL32 gene expression (B-F).  PFK-2 6-phosphofructo-2-

kinase/fructose-2,6-bisphosphatase, ACC1 acetyl CoA carboxylase, PPARα peroxisomal 

proliferative-activated receptor alpha, SCD-1 sterol CoA desaturase, S-14 thyroid 

harmone responsive spot 14. Data are mean ± SE n=3. **p < 0.01 
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Liver transcriptome and proteome profiling.  We used the Affymetrix mouse genome 

430A 2.0 array to profile the expression of about 14,000 well characterized mouse genes 

in livers of KK/H1J mice treated with either GFP or BPD adenovirus.  By calculating the 

average fold change (BPD/GFP) we determined that the expression of 453 genes were 

significantly down-regulated, and the expression of 1545 genes were up-regulated greater 

than 2 fold.  To identify sets of related genes that were differentially regulated we used 

gene set enrichment analysis (GSEA) (MOOTHA et al. 2003; SUBRAMANIAN  et al. 2005).  

This method uses prior defined gene sets that include functionally related genes or genes 

of a biological pathway.  The method then combines gene expression information about 

genes in a particular gene set to increase signal over noise and improve on statistical 

significance.  We screened through 321 gene sets.  Table 3 shows the top 10 gene sets 

enriched in the GFP treated group based on normalized enrichment score (NES), 

indicating that these gene sets are down-regulated upon BPD treatment.  Table 5 shows 

the top 10 gene sets that are enriched in the BPD-treated group; these are gene sets up-

regulated upon BPD treatment. 

Using GenMAPP and its accessory tool MAPPFinder, we identified GO terms that are 

significantly enriched either in the GFP or BPD-treated group based on z score (Table S1, 

S2).  Using a similar technique we identified pathway profiles or MAPPs that are 

specifically enriched in either GFP or BPD treated mice (Tables 4 and 6).   
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Figure 2. Scheme for iTRAQ labeling and peptide identification and quantitation by 

mass spectrometry.  Protein samples were prepared from KK/H1J mouse livers treated 

with GFP or BPD adenovirus and trypsinized, and peptides of each sample were labeled 

with iTRAQ reagents. GFP samples were labeled with the 114 label and BPD samples 

were labeled with the 117 label.  The labeled peptides were then combined and 

chromotographed on a strong cation exchange column.  The peptides were then analyzed 

by microcapillary liquid chromatography MS/MS for peptide identification and 

quantitation. 
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Figure 3.  Protein expression changes verses gene expression changes.  146 proteins 

from the proteomic dataset were matched to their respective transcripts in the microarray 

dataset.  Of these, 87% of protein expression (quadrant 1 and 3) changes are concomitant 

with gene expression changes. Fold change of protein of is plotted against fold change of 

transcript.  
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In addition, we also profiled protein abundance changes in GFP mice compared with 

BPD-treated mice. Using the iTRAQ method-based MS/MS analysis, 759 proteins were 

quantitatively identified from livers of KK/H1J mice.  In response to increasing hepatic 

F26BP levels, 88 proteins were down-regulated, whereas 71 proteins were up-regulated.  

Comparison of proteomic and genomic data revealed a number of transcripts whose 

protein abundance changed concomitantly with gene expression upon treatment with high 

levels of F26BP.  146 proteins and genes were found in common between the genomic 

and proteomic data.  Of these, 127 gene expression and protein abundance changed in the 

same direction, and 29 were found to be changing in opposite directions (Figure 3). 

Reduced lipogenic gene expression and protein abundance in livers of Ad-BPD 

treated KK/H1J mice.  Hepatic gene expression of fatty acid synthatase (FAS) and 

acetyl CoA carboxylase (ACC) was decreased in BPD treated diabetic mice (WU et al. 

2005).  We have confirmed that the expression levels of FAS and ACC are both down 

regulated in KK/H1J mice treated with Ad-BPD in this microarray study.  In addition we 

find that the expression of ATP citrate lyase (ACLY), steroyl CoA desaturase-1 (SCD-1), 

acetyl-CoA synthase-2 (ACC-1), thyroid hormone responsive Spot 14 (S14), and SREBP 

cleavage activating protein (SCAP) genes were also all decreased by greater than 2 fold.  

We confirmed that the mRNA levels of SCD-1 and S-14 are decreased significantly in 

Ad-BPD livers compared to GFP controls by carrying out realtime PCR (Figure 1D, E).  

From GSEA we determined that the fatty acid metabolism gene set was down-regulated 

upon BPD treatment (nominal p-value < 0.01).  Some of the genes of this pathway 

contributing to the enrichment score, the leading subset, include:  acyl-CoA 
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dehydrogenase (ACADSB), aldehyde dehydrogenase 7 A1 (ALDH7A1), and enoyl CoA 

hydratase 1 (ECHS1).  The pyruvate metabolism gene set was also down-regulated in 

BPD-treated mouse livers (nominal p-value = 0.021).  This gene set included some 

overlap with genes from the fatty acid metabolism gene set.  Genes in the leading subset 

of the pyruvate metabolism gene set include: acetyl CoA synthetase short chain family 

member (ACSS2), liver and red blood cell isoform of pyruvate kinase (PKLR), and 

malate dehydrogenase 1 (MDH1).  The peroxisome proliferator-activated receptor 

(PPAR) signaling pathway gene set, involved in the regulation of lipid metabolism, was 

also found to be down-regulated in BPD-treated mouse livers (nominal p-value = 0.019).  

The leading subset of this gene set include: fatty acid transporter 5 (FATP5, SLC27A5), 

peroxisome proliferator-activated receptor alpha (PPAR-α), PPAR-γ and retinoid X 

receptor gamma (RXR-γ).  PPAR alpha mRNA levels were confirmed to be down-

regulated by realtime PCR (Figure 1C).  In addition, the lipid biosynthesis MAPP was the 

most highly enriched MAPP from the MAPPFinder analysis of down-regulated MAPPs 

(adjusted p-value =0.006) (Table 4). 

From the proteomic profiling we determined that 15 lipid metabolism proteins had 

changed in level of expression (Table 2).  By examining both the proteomic and genomic 

data we determined that both protein and mRNA levels were decreased for the following 

lipid metabolism genes: enoyl coenzyme A hydratase 1 (ECH1), acyl-coenzyme A 

oxidase 1 (ACOX1), hydroxyacyl-coenzyme A dehydrogenase (HADH), FAS, and 

pyruvate carboxylase (PCX).  Most of the lipid metabolism genes belong to the fatty acid  
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Figure 4. Fatty acid biosynthesis gene and protein expression changes. Gene 

expression changes in the fatty acid biosynthesis pathway. Enzymes of the pathway are 

shown in boxes. Un-shaded boxes indicate a 1.5 fold decrease in mRNA, and shaded 

boxes indicate a 2 fold decrease. Boxes with italics typeface indicate enzymes whose 

protein expression changes concomitantly with mRNA level. Boxes with boldface type 

indicate gene expression change was confirmed by RT-PCR. Acc acetyl CoA 

carboxylase, Acly ATP citrate lyase, Fas fatty acid synthase, Acaa acetyl-Coenzyme A 

acyltransferase 2, Hadhsc L-3-hydroxyacyl-Coenzyme A dehydrogenase, short chain, 

Ech1 Mus musculus enoyl coenzyme A hydratase 1, peroxisomal, Echs1 enoyl 

Coenzyme A hydratase, short chain, 1, mitochondrial, Echdc enoyl Coenzyme A 

hydratase domain containing 1, Pecr peroxisomal trans-2-enoyl-CoA reductase, Pcx 

pyruvate carboxylase, Decr1 2,4-dienoyl CoA reductase 1, mitochondrial, Scd1 sterol 

CoA desaturase, Acsl acyl-CoA synthetase long-chain family member 1, Acas acetyl-

Coenzyme A synthetase 2 (ADP forming). 
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Figure 5.  Glucose and lipid metabolism protein expression changes.  Changes in 

protein expression changes were quantitated using iTRAQ.  Proteins shown in the ovals 

are down-regulated and ones shown in the squares are up-regulated.  FAS, fatty acid 

synthaze; LCFACL , long chain fatty acyl-CoA ligase; PC, pyruvate carboxylase; TI , 

triose isomerase; PK, pyruvate kinase; LDH , lactate dehydrogenase. 
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biosynthesis pathway; however, several are also involved in beta oxidation of lipids.  

Figure 2 summarizes the changes in fatty acid biosynthesis taking into account both the 

genomic and proteomic data, as well as confirmations of gene expression changes done 

by RT-PCR. 

Reduced expression of steroid and cholesterol biosynthesis genes in livers of Ad-

BPD treated KK/H1J mice.  The cholesterol biosynthesis gene set received the highest 

enrichment score of the down-regulated gene sets from the GESA (nominal p-value < 

0.01).  Genes in this set code for enzymes involved in the cholesterol biosynthesis 

pathway. Individually, farnesyl diphosphate synthetase (FDPS), sterol-C4-methyl 

oxidase-like (sc4mol), lanesterol synthetase (LSS), NAD(P) dependent steroid  

dehydrogenase-like (NSDHL), and sterol-C5-desaturase (SC5D) transcript levels were 

decreased greater than 2 fold in BPD treated mice. Transcript levels of 

phosphomevalonate kinase (PMVK), 7-dehydrocholesterol reductase (DHCR7), and 3-

hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR) were decreased greater than 

1.5 fold in BPD mice (Figure 3).  These are some of the genes that make up the leading 

edge subset of genes of this set.  Many of these genes also overlap with the steroid 

biosynthesis gene set, which received the second highest enrichment score of the down-

regulated gene sets (nominal p-value < 0.01). 

Other significant changes in gene expression or significant enrichment of gene sets.  

Oxidative phosphorylation, amino acid metabolism, and coagulation pathway gene sets 

were identified by GSEA to be enriched the GFP-treated group indicating down 
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regulation upon BPD treatment.  Also amino acid catabolic process and electron transport 

were among the top 10 GO terms that were most down-regulated, corroborating with the 

GSEA (Table S1).  We also observed that component of the insulin signaling pathway 

Akt-1 (protein kinase B) is increased by 2.19 fold the livers of BPD-treated mice 

compared to GFP controls.  In addition, many downstream Akt targets are up-regulated 

by greater than 2 fold.  The targets include: anti-apoptitic factors - bcl-2 associated-X 

protein (bax), B-cell lymphoma-extra large (bcl-XL) and fas ligand (fasL), cell cycle 

regulators - p27KIP1, cyclin D, and c-Myc, and glycogen synthase.  In addition to the 

cell cycle genes above, several cell cycle and DNA replication gene sets were up-

regulated in BPD-treated diabetic mice (Table 5). In corroboration with this, cell cycle, 

mitotic cell cycle, M phase and regulation of cell cycle MAPPs are among the 10 most 

up-regulated (Table 6) and DNA replication, cell cycle, cell division and cell cycle phase 

are among the GO terms most upregulated (Table S2). 
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Figure 6. Cholesterol biosynthesis gene expression changes. Gene expression changes 

in the cholesterol biosynthesis pathway. Enzymes of the pathway are shown in boxes. 

Un-shaded boxes indicate a 1.5 fold decrease in mRNA, and shaded boxes indicate a 2 

fold decrease. Hmgcs1 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1, Hmgsr1 3-

hydroxy-3-methylglutaryl-Coenzyme A reductase,  Mvk  mevalonate kinase,  Pmvk 

phosphomevalonate kinase, Mvd  mevalonate (diphospho) decarboxylase, Idi1  

isopentenyl-diphosphate delta isomerase, Fdps farnesyl diphosphate synthetase, Fdft1 

farnesyl diphosphate farnesyl transferase 1, Sqle squalene epoxidase, Lss lanosterol 

synthase, Cyp51 cytochrome P450, 51, Sc4mol sterol-C4-methyl oxidase-like, Nsdhl 

NAD(P) dependent steroid dehydrogenase-like, Sc5d sterol-C5-desaturase, Dhcr7 7-

dehydrocholesterol reductase. 
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5. Discussion:  

Enhancing hepatic glycolysis by increasing hepatic F26BP levels not only ameliorates the 

diabetic phenotype but also reduces obesity in type 2 diabetes mouse model KK/H1J (WU 

et al. 2005).  The site of glycolytic modulation is key.  Enhancing glycolysis at the first 

step of glycolysis using glucokinse (GK) overexpression leads to hyperlipidemia in 

normal rats (O'DOHERTY et al. 1999), and worsens the adiposity of type 2 diabetic mice 

(WU et al. 2005).  GK overexpression leads to increased plasma triglycerides and free 

fatty acids (O'DOHERTY et al. 1999; WU et al. 2005), as well as increased hepatic 

lipogenesis and increased expression of ACC1 and FAS genes (WU et al. 2005).  This 

concurrent increase in glycolysis and lipogenesis is expected, however, it is not the case 

when glycolysis is enhanced at the F-6-P to F-1,6-P using BPD overexpression.  With 

this manipulation we observe changes in metabolism that are counterintuitive: an increase 

in glycolysis along with a decrease in lipogenesis.  Diabetic mice treated with BPD show 

decreased adiposity.  Gene expression of ACC1 and FAS are decreased, thus supporting 

the physiological conditions reported (WU et al. 2005) .   

In the present study we have extended this preliminary examination of hepatic gene 

expression in BPD-treated diabetic mice.  Using gene chip technology and functional 

analysis, we have applied a comprehensive approach to identifying sets of genes and 

thereby biological pathways that are differentially regulated when hepatic glycolysis is 

enhanced at the PFK1 step in diabetic mice.  Since type 2 diabetes and obesity are 

multifactorial disorders (BELL et al. 2005; O'RAHILLY  et al. 2005), we chose to analyze 
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our microarray data using GSEA  and GenMAPP, thus allowing us to examine expression 

changes in groups of genes clubbed based on function or components of a pathway.  In 

this way we are able to identify smaller changes in gene expression across an entire 

biological pathway that, when viewed together, may prove to be significant (MOOTHA et 

al. 2003). Furthermore, this type of analysis would allow us to identify a larger number of 

gene expression changes and would give us a better description of the ongoing biology.  

Our results demonstrate that there is a major difference between the hepatic transcriptome 

of KK/H1J diabetic mice treated with control virus and those treated with BPD virus.  We 

observe significant down-regulation in gene expression of lipid, cholesterol, amino acid 

metabolism, as well as oxidative phosphorylation and coagulation pathways. Up-

regulated pathways include cell cycle, DNA replication and p53 pathways.  A recent 

study looked at pathways and genes involved in the pathogenesis of obesity, by profiling 

genes of obese diabetic patients compared with non-obese diabetic patients.  Pathways 

found to be up-regulated in diabetic patients included: glucose, lipid and protein 

metabolism pathways as well as oxidative phosphorylation pathways (TAKAMURA  et al. 

2008).  We observe down regulation of these same pathways when we enhance glycolysis 

in KK/H1J mice, suggesting that treatment with BPD reverses many of the gene 

expression dysregulations brought about by diabetes in these patients. 

Cholesterol biosynthesis is increased in obese patients, and patients with metabolic 

syndrome (CHAN et al. 2003; MIETTINEN and GYLLING  2000; PIHLAJAMÄKI  et al. 2003).  

This increase in cholesterol biosynthesis, associated with increased lipogenesis and fatty 

liver, is thought to be brought about by activation of sterol regulatory element-binding 
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proteins (SREBPs) during hepatic insulin resistance.  While SREBP-1c predominantly 

regulates gene expression of lipogenic enzymes, SREBP-2 regulates gene expression of 

enzymes involved in cholesterol biosynthesis. Overexpression of SREBP-2 in mouse 

liver increases transcript levels of all cholesterol biosynthesis enzymes (HORTON et al. 

2002).  When F26BP levels are raised in the livers of diabetic mice using overexpression 

of BPD we observe a decrease in gene expression of 8 genes involved cholesterol 

biosynthesis pathway. Since these genes are all under the regulation of SREBP-2, our 

results suggest that BPD treatment leads to down-regulation of cholesterol synthesis via 

deactivation SREBP-2. 

Furthermore, we observe a decrease in the expression of SREBP cleavage activating 

protein (SCAP) mRNA.  SCAP is involved in the sterol-mediated proteolytic processing 

of SREBPs. This processing eventually leads to release of the N-terminal domain of 

SREBPs into the nucleus to activate transcription of genes whose promoter contains 

sterol response elements (SRE) (HORTON et al. 2002). Knockout of SCAP in mice leads 

to a decrease of SREBPs in the nucleus and a decrease in expression of SREBP target 

genes, such as the cholesterol biosynthesis enzymes (MATSUDA et al. 2001).  Down-

regulation of SCAP mRNA levels in BPD treated mice further strengthens the argument 

that BPD treatment of diabetic mice leads to down-regulation of cholesterol biosynthesis 

via a mechanism that involves SCAP and SREBP-2.  

Lipogenic genes are also down-regulated in BPD-treated mice.  This is evidenced by 

enrichment of the fatty acid metabolism, pryruvate metabolism, and PPAR signaling 

pathway gene sets in the GFP-treated group based on GSEA, and is consistent with the 
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reduced adiposity phenotype of BPD-treated diabetic mice described previously (WU et 

al. 2005).   Lipogenic genes are induced by glucose and insulin signals working through 

ChREBP and SREBP-1c, respectively.  ChREBP is the principal transcription factor that 

induces glucose responsive genes by binding to ChoRE elements.  A microarray analysis 

by Ma, et al. describes the genes under ChREBP regulation (MA et al. 2006).  In 

comparison with that study we note that several ChREBP target genes are down-

regulated in BPD-treated mice.  These include liver pyruvate kinase (LPK), S14, and 

fatty acid synthase (FAS).  S14 is noteworthy because it is the most highly down-

regulated lipogenic gene in our study (-9.07 fold).  S14 null mice have reduced weight 

gain compared to wild type.  The role of S14 in the liver is compensated for by a paralog 

of S14, S14R (LAFAVE et al. 2006), however, expression of S14R does not change in our 

study. 

Insulin, acting through SREBP-1c, works synergistically with the glucose signal to 

induce lipogenesis in the liver.  Microarray analysis has shown that SREBP-1c can 

activate all genes required for hepatic lipogenesis (HORTON et al. 2003).  Overexpression 

of SREBP-1c in mouse liver leads to increased lipogenesis and hepatic steatosis  

(SHIMANO  et al. 1997).  SCAP also effects processing of SREBP-1c (HORTON et al. 

2002), and consistent with the decreased expression of SCAP, targets genes of SREBP-1c 

such as stearoyl-CoA desaturase (SCD-1) (BENÉ et al. 2001), acetyl CoA synthetase 

(ACSA) (IKEDA et al. 2001),and ATP citrate synthetase  (ACLY) (HORTON et al. 2003), 

are down-regulated in BPD-treated diabetic mice.  Hyperinsulinemia and hyperglycemia 

lead to increased signaling through ChREBP and SREBP-1c transcription factors to 
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increase hepatic lipogenensis.  Both glucose and insulin levels in the blood are decreased 

upon BPD treatment, and decreased signaling through ChREBP and SREBP-1c is most 

likely responsible for the down-regulation of lipogenic genes in this case.    However it is 

important to note that reducing blood glucose and insulin levels using GK overexpression 

does not lead to a similar decrease in adiposity as observed with BPD overexpression.  

This suggests that a unique signal generated during BPD treatment is responsible for 

these effects on lipogenesis.   

PPAR-γ is another transcription factor that is involved in inducing lipogenic gene 

expression.   Although it is not as highly expressed in the liver as in the adipose tissue, 

studies have shown that liver PPAR-γ is involved in triglyceride homeostasis.  

Expression of PPAR-γ in the liver is increased in diabetic mouse models compared with 

normal mice (BROWNING and HORTON 2004).  PPAR agonists also target the liver in 

addition to the main target, adipose tissue (GAVRILOVA  et al. 2003).  Our study shows a 

decrease in PPAR-γ gene expression in the livers of BPD-treated diabetic mice.  This in 

part explains the decreased expression of PPAR-γ targets, ACC-2, FAS, and SCD-1.  In 

addition, other nuclear receptor family genes involved in metabolism are down-regulated 

in BPD-treated diabetic mice as demonstrated by the enrichment of PPAR signaling 

pathway gene set in the GFP treatment condition, which includes PPAR-α, PPAR-γ, 

PPAR-δ, and retinoid X-receptor gamma (RXR-γ) in the leading subset. 

We propose that gene and protein expression changes observed in this study are brought 

about by a signal generated by high F26BP levels, which acts through signal transduction 

pathways.  There are several lines of evidence that demonstrate raising F26BP levels via 
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manipulation of PFK-2 affects signaling proteins.  Firstly, BPD treatment of type 2 

diabetic mice leads to an increase in AMP-regulated protein kinase (AMPK) 

phosphorylation (WU et al. 2005).   AMPK controls lipogenesis in the liver by 

phosphorylating ACC and ChREBP, and acting indirectly on SREBP-1c gene expression 

(BROWNING and HORTON 2004).   Based on this we propose that the coordinate down-

regulation of lipogenic genes and decreased protein expression could be through an 

AMPK mechanism. 

Secondly, raising F26BP levels affect Akt (protein kinase B, PKB).  BPD overexpresion 

in streptozotocin-treated mice to raise F26BP levels leads to an increase in total Akt 

levels and phosphorylation at serine-473 (WU et al. 2004).  Furthermore, perturbing 

glucose flux by lowering F26BP levels in normal mice blocks insulin-stimulated increase 

in Akt phosphorylation (WU et al. 2006).  In this study we have observed Akt1 gene 

expression is increased in BPD-treated diabetic mice.  In addition, many downstream Akt 

targets are up-regulated. Most notably these include anti-apoptotic factors and cell cycle 

regulators.  Gene sets for cell cycle genes are among those that are up-regulated upon 

BPD treatment of diabetic mice (Tables 5, 6 and 8).   

Lastly, recent studies have demonstrated that synthesis of F26BP in the nucleus by the 

adipose or ubiquitous isoform of PFK-2, PFKFB3, can directly increase p27 

phosphorylation (YALCIN  et al. 2009). This evidence indicates that F26BP may couple 

glucose metabolism with cell proliferation.  This is highlighted in our study by the 

enrichment of cell cycle gene sets in the GFP-treated group indicating up-regulation of 

these gene sets upon BPD treatment.  Whether the overexpressed PFK-2 enters the 
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nucleus to synthesize F26BP, or whether F26BP made in the cytoplasm enters the 

nucleus is not known.  When taken together this evidence demonstrates the potential of 

F26BP to act on signaling pathways and their components.  Hence, we postulate that this 

would be a potential mechanism for F26BP-mediated signal to be communicated into 

gene and protein expression changes.  However, as yet, it has not been firmly established 

whether the effects on gene and protein expression are a direct result of F26BP or an 

indirect effect caused by F26BP-mediated enhanced glycolysis.  We should also note that 

involvement of the overexpressed PFK-2 mutant protein itself in these effects cannot be 

ruled out.  Further investigation into these possibilities is currently underway. 

This study has demonstrated a considerable number of gene and protein expression 

changes in the livers of KK/H1J mice upon BPD treatment.  We have provided additional 

evidence to confirm our previous findings that raising hepatic F26BP levels in type 2 

diabetic mice leads to a decrease in lipogenesis and thereby correction of hyperlipidemia.  

We provide further evidence to indicate that this down-regulation of gene expression is 

through an AMPK-mediated mechanism.  In addition to AMPK, we have evidence to 

implicate the involvement of SCAP in the down-regulation of both lipid and cholesterol 

biosynthesis.  In extending our model beyond effects on carbohydrate and lipid 

metabolism, we have identified down-regulation in oxidative phosphorylation and blood 

clotting pathways, and up-regulation of cell cycle pathways.  Overall we have shown that 

pathways and genes that are increased in diabetes and obesity are by and large down-

regulated after treatment with BPD, indicating that enhancing glucose metabolism in this 

fashion is a viable therapy for both diabetes and obesity.   



77 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Table 1. Plasma glucose and insulin levels 

Ad-GFP Ad-BPD 

Glucose (mg/dl)   

Before fast 283.16 ± 43.13 148.47 ± 9.41* 

After fast 218.36 ± 12.94 115.45 ± 9.05** 

Insulin (ng/ml) 9.70 ± 1.24 4.43 ± 0.22* 

Obese KK/H1J mice were treated with adenoviruses, Ad-

GFP or Ad-BPD. On day 7 plasma glucose levels were 

measured before and after a 4 hour fast. Plasma insulin 

levels were measured after the 4 hour fast. Data are means 

± SE. *p < 0.05, **p < 0.01. 



78 
 

 

Table 2.  Effects of increasing hepatic F26BP levels on abundance of liver proteins  

For carbohydrate metabolism For lipid metabolism 

↑ 6PFK2/FBP2 * ↑ Annexin A5 

↑ Alpha enolase (EC 4.2.1.11) ↑ Fatty acid-binding protein, liver (L-FABP) 

↑ Lactate dehydrogenase 1, A chain ↑ Prosaposin Alpha enolase (EC 4.2.1.11) 

↑ Malate dehydrogenase    3,2-trans-enoyl-CoA isomerase, mitochondrial precursor 

↑ Pyruvate kinase (EC 2.7.1.40)    3-hydroxy-3-methylglutaryl-coenzyme A synthase 2 

↑ Transaldolase    Acetyl-Coenzyme A dehydrogenase, long-chain 

↑ Triosephosphate isomerase    Acetyl-coenzyme A dehydrogenase, medium chain 

   Aldolase 2, B isoform    Acyl-CoA-binding protein 

   Citrate synthase (EC 4.1.3.7)    Apolipoprotein A-I 

   Fructose-1,6-bisphosphatase (EC 3.1.3.11)     Cytochrome P450 3A11 (EC 1.14.14.1) 

   Fumarate hydratase (EC 4.2.1.2)     Lphospholipase 1A (EC 3.1.1.5) (Lysophospholipase I) 

   Glyceraldehyde 3-phosphate dehydrogenase    Microsomal triglyceride transfer protein, large subunit 

precursor 

   Glyoxylate reductase/hydroxypyruvate reductase    Nonspecific lipid-transfer protein, (Sterol carrier protein 2) 

   Phosphoglycerate mutase 1 (EC 5.4.2.1) ↓ Acyl-coenzyme A oxidase 1, peroxisomal (EC 1.3.3.6)  

   Phosphoglycerate kinase 1 ↓ Cytochrome b5 

   Transketolase (EC 2.2.1.1) ↓ Cytochrome P450 2C29 (EC 1.14.14.1) (Aldehyde 

oxygenase) 

↓ Alcohol dehydrogenase 1 (class I) ↓ Cytochrome P450 2D10 - mouse 

↓ Alcohol dehydrogenase 5 ↓ Cytochrome P450 2E1 - mouse 

↓ Glucuronosyltransferase (EC 2.4.1.17) ↓ Cytochrome P450 CYP2D22 

↓ Malate dehydrogenase, cytoplasmic (EC 1.1.1.37)  ↓ Enoyl coenzyme A hydratase 

↓ Pyruvate carboxylase (EC 6.4.1.1) ↓ Fatty acid synthase (Fasn protein) 

↓ Succinate-CoA ligase ↓ Glycerol-3-phosphate dehydrogenase 

↓ UDP glycosyltransferase 2 family ↓ Hydroxyacyl-coenzyme A dehydrogenase, type II 

↓ Isovaleryl CoA dehydrogenase 

  ↓ Long-chain-fatty-acid--CoA ligase 2 (EC 6.2.1.3) 

Protein abundance changes in Ad-GFP treated compared with Ad-BPD treated KK/H1J obese mice determined using iTRAQ 

method-based MS/MS analysis. *PFK-2 protein being overexpressed. 
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Table 3. Ranking of the 10 most down-regulated gene sets with GSEA 

Name Size ESa NESb NOM p-valuec FDR q-valued FWER p-valuee 

Cholesterol Biosynthesis 15 -0.86 -2.59 <0.0001 <0.0001 <0.0001 

Biosynthesis of Steroids 23 -0.78 -2.58 <0.0001 <0.0001 <0.0001 

Valine Leucine and Isoleucine Degradation 41 -0.61 -2.36 <0.0001 <0.0001 <0.0001 

Glycine Serine and  Threonine Metabolim 35 -0.60 -2.24 <0.0001 0.0002 0.001 

Metabolism of Xenobiotics by Cytochrome P450 31 -0.58 -2.13 <0.0001 0.0017 0.009 

Argenine and Proline Metabolism 27 -0.59 -2.10 <0.0001 0.0025 0.016 

Propanoate Metabolism 30 -0.57 -2.09 <0.0001 0.0023 0.017 

Oxidative Phosphorylation 103 -0.44 -2.07 <0.0001 0.0025 0.021 

Complement and Coagulation Cascades 59 -0.49 -2.05 <0.0001 0.0028 0.026 

Androgen and Estrogen Metabolism 28 -0.58 -2.05 <0.0001 0.0028 0.029 

Gene sets are ranked by normalized enrichment score (NES) calculated from GSEA run on gene expression data comparing GFP-treated and BPD-treated 

mouse livers from KK/H1J mice. Down-regulated gene sets are enriched in the GFP treatment group. aEnrichment Score that is assigned to each gene. 
bNormalized Enrichment Score for differences in size of gene set. cNominal p-value. dFalse Discovery Rate q-value. eFamily Wise Error Rate p-value. 
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Table 4. Ranking of the top 10 most down-regulated MAPPs as analyzed with MAPPFinder 

MAPP Name On MAPPa Changed(%)b Present (%)c Z Score Permute P Adjusted Pd 

lipid biosynthesis 126 17.6 85.7 4.639 <0.0005 0.006 

metabolism 274 13.3 76.6 3.995 <0.0005 0.093 

membrane fraction 158 14.8 89.9 3.974 0.001 0.096 

transporter activity 230 13.8 72.6 3.782 0.001 0.117 

transferase activity* 115 15.3 73.9 3.249 0.002 0.659 

nucleoside-triphosphatase activity 251 0.9 85.7 -3.407 0.002 0.616 

pyrophosphatase activity 268 0.9 85.4 -3.555 0.002 0.589 

cell fraction 177 13.8 89.8 3.721 0.003 0.583 

ubiquitin cycle 287 1.9 72.1 -2.750 0.003 0.8 

hydrolase activity** 273 1.3 85.0 -3.317 0.003 0.636 

MAPPs are ranked according to z score, which is a score based on the percentage of genes changing and the percentage of genes present on a particular 

MAPP.  A fold change of less than or equal to -2 was used as the criteria for determining gene expression change.  The z score is based on an N of 6332 genes 

linked to a MAPP and an R of 418 distinct genes meeting the set criteria.  aNumber of genes on MAPP.  bPercent of genes changing over total genes on 

MAPP.  cPercent genes present on MAPP. dP-value adjusted for size of MAPP. *transferring one-carbon groups. **acting on acid anhydrides, in phosphorus-

containing anhydrides. 
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Table 5. Ranking of the top 10 most up-regulated gene sets with GSEA 

Gene Set Name Size ESa NESb NOM p-valc FDR q-vald FWER p-vale 

Cell Cycle KEGG 71 0.77 2.64 <0.0001 <0.0001 <0.0001 

G1 to S Cell Cycle Reactome 64 0.75 2.57 <0.0001 <0.0001 <0.0001 

Cell Cycle 101 0.71 2.56 <0.0001 <0.0001 <0.0001 

DNA Replication Reactome 39 0.76 2.39 <0.0001 <0.0001 <0.0001 

p53 Signaling Pathway 61 0.64 2.17 <0.0001 <0.0001 <0.0001 

G2 Pathway 21 0.77 2.09 <0.0001 0.0002 0.001 

p53 Pathway 16 0.82 2.08 <0.0001 0.0001 0.001 

Cell Cycle Pathway 21 0.75 2.07 <0.0001 0.0003 0.002 

Raccycd Pathwat 21 0.71 1.97 <0.0001 0.0010 0.009 

Pathogenic Escherichia Coli Infection EHEC 38 0.62 1.91 0.001 0.0034 0.033 

Gene sets are ranked by normalized enrichment score (NES) calculated from GSEA run on gene expression data comparing GFP-treated and BPD-treated 

mouse livers from KK/H1J mice. Down-regulated gene sets are enriched in the GFP treatment group. aEnrichment Score that is assigned to each gene. 
bNormalized Enrichment Score for differences in size of gene set. cNominal p-value. dFalse Discovery Rate q-value. eFamily Wise Error Rate p-value. 
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Table 6. Ranking of the top 10 most up-regulated MAPPs as analyzed with MAPPFinder 

MAPP Name On MAPPa Changed (%)b Present (%)c Z Score Permute P Adjusted Pd 

immune response 199 35.4 79.4 6.199 <0.0005 <0.0005 

cell cycle 129 37.4 89.1 5.831 <0.0005 <0.0005 

mitotic cell cycle 109 35.6 92.7 4.988 <0.0005 0.001 

M phase 103 35.5 90.3 4.742 <0.0005 0.002 

inflammatory response 107 34.1 85.0 4.328 <0.0005 0.009 

cytoskeletal protein binding 179 29.9 86.0 4.259 <0.0005 0.01 

enzyme inhibitor activity 163 31.3 70.6 4.081 <0.0005 0.011 

response to wounding 181 29.0 89.5 4.078 <0.0005 0.011 

regulation of cell cycle 177 28.5 89.3 3.846 <0.0005 0.024 

extracellular matrix 237 27.1 85.7 3.842 <0.0005 0.025 

MAPPs are ranked according to z score, which is a score based on the percentage of genes changing and the percentage of genes present on a particular 

MAPP.  A fold change of greater than or equal to 2 was used as the criteria for determining gene expression change.  The z score is based on an N of 6332 

genes linked to a MAPP and an R of 1083 distinct genes meeting the set criteria.  aNumber of genes on MAPP.  bPercent of genes changing over total genes on 

MAPP.  cPercent genes present on MAPP. dP-value adjusted for size of MAPP. 
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Table 7.  Ranking of the top 10 most down-regulated GO terms 

GO ID GO Name GO Typea Number in GO Changed (%) Present (%) Z Score Permute P Adjusted P 

5506 iron ion binding F 321 22.2 74.5 9.843 <0.0005 <0.0005 

4497 monooxygenase activity F 132 29.0 75.8 9.095 <0.0005 <0.0005 

16491 oxidoreductase activity F 918 15.1 71.4 9.092 <0.0005 <0.0005 

9063 amino acid catabolic process P 56 38.6 78.6 8.604 <0.0005 0.001 

46906 tetrapyrrole binding F 183 24.6 73.2 8.489 <0.0005 0.001 

20037 heme binding F 183 24.6 73.2 8.489 <0.0005 0.001 

9310 amine catabolic process P 66 33.3 77.3 7.733 <0.0005 0.026 

44270 nitrogen compound catabolic process P 67 33.3 76.1 7.733 <0.0005 0.026 

42598 vesicular fraction C 158 23.0 79.7 7.494 <0.0005 0.037 

16712 oxidoreductase activity* F 51 34.1 86.3 7.384 <0.0005 0.037 

Gene Ontology (GO) terms are ranked according to z score, which is a score based on the percentage of genes changing and the percentage of genes present 

for a particular term.  A fold change of greater than or equal to 2 was used as the criteria for determining gene expression change.  The z score is based on an 

N of 6332 genes linked to a MAPP and an R of 1083 distinct genes meeting the set criteria.  aType of GO term: C, component; F, function; P, process.  *acting 

on paired donors\, with incorporation or reduction of molecular oxygen\, reduced flavin or flavoprotein as one donor\, and incorporation of one atom of 

oxygen 
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Table 8.  Ranking of the top 10 most up-regulated GO terms 

GOID GO Name GO Typea Number in GO Changed (%) Present (%) Z Score Permute P Adjusted P 

2376 immune system process P 749 31.4 71.4 9.878 <0.0005 <0.0005 

6955 immune response P 503 35.5 66.6 9.83 <0.0005 <0.0005 

50896 response to stimulus P 2967 24.1 42.4 8.188 <0.0005 <0.0005 

9897 external side of plasma membrane C 103 46.4 94.2 8.161 <0.0005 <0.0005 

5578 proteinaceous extracellular matrix C 269 37.4 70.6 8.054 <0.0005 <0.0005 

31012 extracellular matrix C 278 37.2 68.7 8.001 <0.0005 <0.0005 

6260 DNA replication P 161 42.4 73.3 7.815 <0.0005 <0.0005 

51301 cell division P 218 37.0 83.0 7.728 <0.0005 <0.0005 

7049 cell cycle P 762 27.9 69.6 7.599 <0.0005 <0.0005 

22403 cell cycle phase P 289 34.6 74.0 7.436 <0.0005 <0.0005 

 Gene Ontology (GO) terms are ranked according to z score, which is a score based on the percentage of genes changing and the percentage of genes present 

for a particular term.  A fold change of greater than or equal to 2 was used as the criteria for determining gene expression change.  The z score is based on an 

N of 6332 genes linked to a MAPP and an R of 1083 distinct genes meeting the set criteria.  aType of GO term: C, component; F, function; P, process.   
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Chapter 3 

Regulation of Akt phosphorylation by F26BP  
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1. Introduction  

Resistance to insulin-mediated glucose uptake is a characteristic of the cluster of 

metabolic defects collectively named the metabolic syndrome, which is a rising epidemic 

in the world today.  The cause of insulin resistance and type 2 diabetes has been linked to 

several genes as well as lifestyle factors, which on a molecular level lead directly or 

indirectly to impaired insulin signal transduction.  The severity of loss of insulin 

signaling in the liver is made apparent in the liver-specific insulin receptor knockout 

(LIRKO) mouse model.  These mice exhibit severe glucose intolerance, resistance to the 

blood glucose lowering effect of insulin, impairment in the ability of insulin to suppress 

hepatic glucose output and to regulate of hepatic gene expression (MICHAEL et al. 2000).  

This is clear evidence that hepatic insulin signaling is important in regulation of whole 

body glucose homeostasis.   

Targeting the liver and raising hepatic F26BP levels in the type 2 diabetic/obese mouse 

model, KK/H1J, corrects the diabetic and obesity phenotype in terms of normalizing 

hyperglycemia, hyperinsulinemia and the aberrant lipid profile (WU et al. 2005).  An 

interesting feature of this treatment is that it mimics the effects of insulin and is able to 

overcome the present hepatic insulin resistance. Specifically, glucokinase (GK) gene 

expression is stimulated, glucose-6-phosphatase gene expression gene expression is 

repressed (WU et al. 2002), and AKT/protein kinase B (PKB) Ser-473 phosphorylation is 

increased (WU et al. 2002; WU et al. 2004) upon raising F26BP levels in diabetic mice.  

These effects are attributed to normal insulin signaling, which is impaired in these 
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diabetic mice and is restored with treatment that raise hepatic F26BP levels.  The effects 

of F26BP on signal transduction and gene expression are in addition to allosteric effects 

F26BP has on glucose metabolism enzymes (reviewed in chapter 1).  Together these 

effects make F26BP a strong candidate for manipulation in a strategy to treat of diabetes.  

Extensive work has been done to appreciate the importance of the allosteric effects of 

F26BP; however, aspects of the effects on signal transduction are not as well understood. 

The work described in this chapter examines the relationship between F26BP and AKT 

and how high F26BP levels can lead to increased AKT phosphorylation.  To this end the 

signaling components upstream of AKT that contribute to activating and phosphorylating 

AKT have been examined.  AKT becomes fully activated by recruitment to the plasma 

membrane and phosphorylation at 2 sites.  Recruitment to the plasma membrane involves 

pleckstrin-homology (PH) domain of AKT binding to phosphotidylinositol-3,4,5-

triphosphates (PIP3).  PIP3 are produced by phosphotidylinositol 3-kinase (PI3K) in 

response to upstream insulin signaling via the insulin receptor substrates (IRS).  PI3K 

inhibitors were used to determine whether PI3K is required for AKT phosphorylation 

mediated by raising F26BP levels.  The mTOR/rictor complex (TORC2) is the kinase 

responsible for phosphorylating AKT at Ser473.  Based on this, it was determined 

whether the mTOR kinase activity for its substrate, AKT, is enhanced under high F26BP 

conditions using an in vitro kinase assay.  Furthermore, to examine how the F26BP-

mediated signal interacts with the insulin signal, F26BP levels were manipulated in liver 

cells in combination with or without insulin treatment, and the effects on AKT 

phosphorylation were examined. 
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2.  Materials and Methods 

Adenovirus preparation – The PFK-2 rat liver engineered mutant enzyme (BPD) 

contains a serine-32 to alanine mutation and a histidine-258 to alanine mutation, and is 

designed to be bisphosphatase deficient but kinase active.  Therefore, this enzyme is able 

to continually catalyze the formation of F26BP but not its breakdown.  Overexpression of 

this mutant leads to higher levels of F26BP levels as compared to wild-type (WU et al. 

2002; WU et al. 2004).  PFK-2 kinase dead mutant (KD) has a serine-32 to aspartate and 

a threonine-55 to valine mutation.  Overexpression of this mutant enzyme lowers F26BP 

levels (WU et al. 2006). BPD and KD were cloned into adenoviral vectors, designated 

Ad-BPD and Ad-KD, as previously described (WU et al. 2001b; WU et al. 2004). 

Adenovirus encoding green fluorescent protein (Ad-GFP) was used as a control. 

Animal treatments – 12-14 week old male obese KK/H1J mice, a polygenic model of 

type 2 diabetes and obesity (CLEE and ATTIE 2007; IGEL et al. 1998; WU et al. 2005), 

weighing approximately 35g were obtained from the Jackson Laboratory (Bar Harbor, 

Maine). All mice were fed ad libitum, individually housed and maintained on a 12:12 

hour light-dark cycle, with lights turned on at 06:00.  On day 0, adenovirus, Ad-BPD or 

Ad-GFP, was administered via the tail vein at a dose of 2.5x1011 pfu.  On day 7, mice 

were immediately sacrificed via cervical dislocation after anesthesia. The abdominal 

cavity was quickly opened. Tissues were trimmed and rapidly frozen in liquid nitrogen 

and stored at -70oC for further analysis. 
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Hepatic F26BP measurements – F26BP was extracted from liver tissue using 80oC heat 

treatment in 50 mM NaOH and measured using the potato PFK1 activation method (WU 

et al. 2001b). 

RNA Isolation and RT-PCR – TRIzol reagent (Invitrogen Corporation, Carlsbad, CA) 

was used to isolate total cellular RNA from cell culture samples.  

Cell Culture - HEK-293 cells and H4IIE cells (VARGAS et al. 1994) were cultured in 

Dulbecco’s Modified Eagle Media (DMEM) supplemented with 10% fetal bovine serum 

(FBS) on 10 cm plates.  Once cells reached 60% confluency they were treated with 

adenoviral vectors, GFP or BPD, in DMEM without serum for 2 hours.  The cells were 

then washed in PBS and incubated overnight in DMEM without serum.  After starve the 

cells were treated with 100nM insulin for 30 mins. 

In vitro Kinase Assay – Immunoprecipitation of mTOR using mTOR-specific antibody 

(Cell Signaling) was done on HeLa cells.  Approximately 2 million cells were harvested 

from 10 cm plates at 50% confluency.  The immune complexes containing mTOR were 

washed several times and dried before its use in the kinase assay.  For the kinase assay 

immune complexes were incubated for 30 minuets at 30ºC with non-phosphorylated Akt 

substrate and ATP. The reactions were also incubated with either 10, 50, or 100 µM of 

F26BP, or F16BP used as a control.  The reactions were quenched with SDS-PAGE 

running buffer.  Total Akt and phosphorylation of Akt at Ser-473 were determined by 

Western blot using antibodies from Cell Signaling Technology (Beverly, MA). 
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3. Results 

A. Raising F26BP levels in H4IIE cells work synergistically with insulin to increase AKT 

phosphorylation.   

Increase in total AKT and phosphorylation of AKT at serine-473 has been demonstrated 

in a streptozotocin (STZ) treated mouse model (type 1 diabetic) when F26BP levels are 

raised (WU et al. 2004).  Raising F26BP levels in these mice as well as in type 2 diabetic 

mice stimulates GK gene expression (WU et al. 2002; WU et al. 2004).  Based on this it is 

hypothesized that an F26BP signal acts on the insulin signaling pathway to stimulate 

expression of genes, in this case GK.  The effect of overexpression of BPD on AKT in 

mice reaches a plateau after 1.5 to 2 days.  A cell culture model can be used to examine 

acute signaling features of the F26BP signal that may not be apparent in a longer time-

scale experiment in animal models.  To better examine how F26BP interacts with the 

insulin signaling pathway, we raised F26BP levels in an H4IIE rat hepatoma cell line.  

Previous studies have used H4IIE to examine effects on F26BP (VARGAS et al. 1994).  

Adenoviral treatment of these cells to overexpress BPD is successful in increasing in 

PFK-2 protein levels (Figure 1B) and increase in F26BP levels (Figure 1A) in compared 

to GFP-treated control cells.  The increase in F26BP levels is modest compared to 3-5 

fold increases seen in BPD-treated mouse liver (WU et al. 2002).  Interestingly, raising 

F26BP levels alone was not sufficient to increase Akt serine-473 phosphorylation (Figure 

1B), again, contrary to what is seen in STZ-treated mice.  However, raising F26BP levels 

in combination with 100nM insulin treatment for 30 minuets induced an increase Akt 

phosphorylation (Figure 1B).  Treatment with insulin and BPD has an additive effect on  
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Figure 1 – Raising F26BP levels in H4IIE cells.  H4IIE cells were treated with 

adenoviral vectors, GFP or BPD, for 2 hours and then incubated overnight under serum 

starved conditions.  Cells were then treated with 100 nM insulin for 30 or 60 minutes. (A) 

F26BP levels were measured in nanomoles per plate, and are representative of 2 

experiments. Indicated groups are GFP, GFP treated with insulin for 30 minutes, and 

BPD. (B) Western blot with PFK-2, phosphor-Akt Ser-473, and total Akt antibodies.  

Data is representative of 2 separate experiments. 
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Akt phosphorylation, as the increase in phosphorylation is greater than with insulin alone, 

which is maximal at 30 minutes. 

 

B. Raising F26BP levels in HEK-293 cells increases Akt Ser-473 phosphorylation, and this 

effect is inhibited by Wortmannin treatment.   

Since several studies have used HEK-293 cells to examine the insulin signaling pathway, 

we have overexpressed BPD in these cells to examine the effects of F26BP on 

components upstream and downstream of Akt.  Overexpression of BPD increases Akt 

Ser-473 phosphorylation (3.4 fold) compared to GFP controls. This effect is synergistic 

with insulin-mediated increase in Akt phosphorylation, as both BPD and insulin 

treatment together has an additive effect on Akt phosphorylation (4.5 fold).  This is 

similar to what we observe in H4IIE cells (above).  We decided to examine this effect on 

Akt phosphorylation with the use of signaling inhibitors.  Wortmannin is a specific 

inhibitor of phosphoinositide-3-kinase (WYMANN  et al. 1996) and is known to inhibit 

insulin-stimulated Akt phosphorylation of Akt (REF).  Wortmannin treatment not only 

blocks the insulin effect on Akt in H4IIE cells, but also blocks the effect of BPD 

treatment on Akt Ser-473 phosphorylation (Figure 2). 
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Figure 2 – Raising F26BP levels in 293 cells, effects on Akt phosphorylation.  293 

cells were treated with BPD adenoviral vector for 2 hours and then incubated overnight 

under serum starved conditions.  Cells were then treated with 100 nM of Wortmannin for 

30 minuets and then with 100 nM insulin for 30 minuets.  Western blot was carried out 

with total Akt or phosphorylated-Akt Ser-473 antibodies. 
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C. F26BP does not enhance mTOR/rictor kinase activity for its substrate, Akt, in vitro.  

The mTOR/rictor complex or TORC2 is known to be the kinase responsible for 

phosphorylating Akt at Ser-473.  We wanted to examine if the effect of F26BP on Akt 

Ser-473 phosphorylation is mediated through TORC2.  We carried out an in vitro kinase 

assay to determine if F26BP can enhance TORC2 kinase activity towards its substrate, 

Akt.  Figure X shows that incubation of TORC2 immune complexes with F26BP had no 

effect on increasing Akt Ser-473 phosphorylation.  This suggests that F26BP cannot 

enhance TORC2 kinase activity directly under in vitro conditions, but does not rule out 

an in vivo effect. 
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Figure 3 – F26BP effects on TORC2 kinase complex in vitro.  TORC2 complexes 

were immunoprecipitated from HeLa cells using mTOR antibody.  The immune 

complexes were incubated for 30 minuets with ATP, unphosphorylated Akt substrate, 

and either F26BP or F16BP used as a control.  Reactions without immune complexes 

were also used as a control.  Western blot was carried out with total Akt or phosphor-Akt 

Ser-473 antibodies. 

  



98 
 

 

 

  



99 
 

 

4. Discussion 

The metabolic syndrome comprises of several metabolically related abnormalities that 

manifest as type 2 diabetes, atherosclerosis and non-alcoholic fatty liver disease.  

Pathogenesis is not well understood but insulin resistance as well as visceral obesity are 

thought to be important underlying causes.  Insulin resistance in the liver results in failure 

to suppress hepatic glucose production, impairment of glycogen synthesis, as well as, 

dysregulation of lipid metabolism genes in the liver (LECLERCQ et al. 2007).  Normal 

functioning of hepatic insulin signaling plays a key role in the fasting-to-fed transition 

that switches the liver from net producer to a net consumer of glucose, and proper 

functioning of this signal is crucial for whole body glucose homeostasis (COLLIER and 

SCOTT 2004).   

Raising F26BP levels is able to correct the diabetic phenotype in both STZ-treated (type 

1) and KK (type 2) diabetic mice models (WU et al. 2002; WU et al. 2004).  In the classic 

view this is attributed to the allosteric effects F26BP has on glucose metabolism enzymes 

and the enhanced flux of glucose thru the glycolysis pathway (reviewed in chapter 1).  

Additionally, raising F26BP levels in diabetic mice also stimulates the expression of GK 

and represses the expression of glucose-6-phosphatase.  Total AKT levels and 

phosphorylation at Ser473 are also increased with high F26BP levels and is hypothesized 

as the mechanism that brings about the changes observed in gene expression of GK and 

G-6-Pase.  It is not clear whether high hepatic F26BP levels, and F26BP, per se, are 
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directly responsible for these effects or if they are mediated via the enhanced glycolysis 

brought about by high F26BP levels.  

This study examines the F26BP-mediated signaling effects on AKT phosphorylation 

using a cell culture and in vitro model system.  In this way the acute signaling features 

that may not be apparent in longer time-scale experiments in animal models can be 

examined.  Additionally, the essential components required for signal transduction can be 

identified, and direct effects of F26BP that may be clouded by secondary signals from 

glucose, other hormones and tissues in the whole animal can also be examined. 

Raising F26BP levels alone does not increase AKT phosphorylation In H4IIE cells.  

Ser473 phosphorylation is only induced when F26BP levels are raised in combination 

with insulin treatment.  The combined treatment has a greater effect on AKT 

phosphorylation than insulin alone (Figure 1) suggesting that raising F26BP levels may 

be involved in enhancing insulin signaling rather than a more direct role in inducing 

signaling through the pathway independently.  This effect is also seen in HEK-293 cells 

where combined treatment of BPD and insulin leads to the highest level of AKT 

phosphorylation compared to the treatments individually (Figure 2).  In STZ-treated 

animals raising F26BP levels can substitute for insulin, but in these cases it can only 

enhance the signal from insulin. 

Other interesting aspects in the relationship between F26BP, insulin signaling and AKT 

arise when F26BP levels are lowered in normal 129J mice.  Under these conditions the 

mice develop hepatic insulin resistance and hyperglycemia (WU et al. 2006).  Most 
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interestingly, in relation to the current study, insulin-mediated stimulation of AKT 

phosphorylation is blocked when F26BP levels are lowered in the liver.  Based on this 

evidence the conclusion was made that F26BP is necessary for insulin action on AKT. 

And based on the evidence presented in this study, raising F26BP levels can enhance 

insulin action on AKT.   

In the type 2 diabetic condition insulin levels are elevated due to insulin resistance.  

There are several molecular mechanisms for insulin resistance. These include: decreased 

expression or increased degradation of insulin signaling components, or increased 

expression of negative regulators such as tyrosine phosphatases (Pten) or PIP3 

phosphatases (SHIP) (VINCIGUERRA and FOTI 2006).  Inhibitory phosphorylation of IRS 

triggered by lipid metabolites, oxidative stress, endoplasmic reticulum (ER) stress, or 

proinflamatory cytokines can also lead to decreased insulin signaling (GUAL et al. 2005; 

HOTAMISLIGIL  2006).  When F26BP levels are raised under these conditions, the insulin 

signal is once more able to stimulate expression of GK and suppress G-6-Pase gene 

expression and alleviate the insulin resistance (WU et al. 2002).  Most likely this is 

occurring via a mechanism where F26BP acts on downstream components of the insulin 

signaling pathway, between the insulin receptor and AKT, to enhance the insulin signal 

we observe in cell culture, and thus countering the molecular mechanism bringing about 

insulin resistance.  Further research is warranted to address how raising F26BP levels is 

able to overcome insulin resistance, and specifically what aspects of the molecular 

mechanism of insulin resistance are overcome. 
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By using the PI3K inhibitor Wortmannin we are able to demonstrate that the effect of 

raising F26BP levels is dependent on an active PI3K.  PI3K production of PIP3 is 

required to recruit AKT to the plasma membrane where it gets phosphorylated.  

Therefore, this result indicates that F26BP-mediated effects on AKT require the same 

cellular machinery as insulin signaling in terms of PI3K and PIP3-dependent AKT 

recruitment to the plasma membrane.  Furthermore, F26BP cannot directly enhance the 

kinase activity of the TORC2 complex for its substrate AKT in vitro, however an indirect 

mechanism involving additional factors found in vivo is cannot be ruled out.  Further 

examination of upstream components of the insulin signaling pathway is required to 

determine exactly how raising F26BP levels is able to increase AKT phosphorylation.  

Specifically, experiments to address the involvement of negative regulators of insulin 

signaling and the involvement of TORC2 kinase in vivo would give a better 

understanding of F26BP signaling. 

Although cultured cell lines such as HEK-293 cells have been used extensively in 

studying the insulin signaling pathway, a caveat of this study has been that the insulin 

signaling system has been examined in wild type cells with normal functioning insulin 

signaling, and perhaps in some aspects altered functioning because of the nature of the 

transformed cells.  A better system to study how insulin resistance of type 2 diabetes is 

overcome by F26BP would address the questions posed here more effectively.  

Unfortunately a liver cell culture model for diabetes and insulin resistance currently does 

not exist.  The next best alternative would be to return to the diabetic mouse model, 

despite shortcomings in terms of the ability to study acute aspects of signaling that can 
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easily be studied in cell culture.  Nevertheless, this study has yielded interesting aspects 

of how the F26BP-mediated signal interacts with the insulin signal and elucidated some 

of the important requirements for the F26BP-mediated signal. The knowledge gained 

here can be applied to the disease condition, and, with equal importance, to the whole 

body system to gain a better understanding of how enhancing glycolysis in the liver by 

raising F26BP levels can be used to treat insulin resistance. 
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A. Future studies based on the gene array experiment from Chapter 2 

The hepatic transcriptome analysis of diabetic verses BPD-treated mice identified 

multiple genes and several pathways that are differentially regulated.  Chapter 2 focused 

on the effects on lipid and cholesterol metabolism genes in particular, as those were most 

striking and more relevant to the physiological changes we observed from previous 

studies of these mice (WU et al. 2005).  In addition to these changes, the cell cycle 

pathway was one of the most up-regulated pathways identified by gene set enrichment 

analysis (GSEA) and MAPPFinder (See Chapter 2). This is an interesting finding given 

that lowering F26BP delays the cell cycle in HeLa cells (CALVO  et al. 2006; PEREZ et al. 

2000).  Furthermore, it has been demonstrated that raised F26BP levels contribute to the 

Warburg Effect of transformed cell lines.  This is the increased aerobic glycolysis even in 

the presence of oxygen.  Neoplastic transformations require a large increase in glycolysis 

and the adipose or ubiquitous isoform of PFK-2, PFKFB3, is required for Ras 

transformation in its capacity to increase F26BP levels and enhance glycolysis (TELANG 

et al. 2006).  Most interestingly, nuclear targeting of PFKFB3 and increase of F26BP 

levels therein directly increases proliferation via direct action on cyclin-dependent 

kinases in HeLa cell lysates (YALCIN  et al. 2009). 

However, it is not certain why cell cycle genes are up-regulated in liver cells.  It could be 

that these cells are recovering from damage due to lipid accumulation and steatosis that is 

now normalized as a result of BPD-treatment.  Another possibility is that with 

overexpression of the rat liver PFK-2 mutant, BPD, it is also entering the nucleus to some 

degree and affecting cell cycle regulators (YALCIN  et al. 2009).  Hepatocytes are known 
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to enter a G1 phase from G0 to regenerate lost tissue after partial hepatectomy (ROSA et 

al. 1990).  Further study needs to be undertaken to address whether this is the case after 

BPD-treatment.  A method to do this would be to prepare histological slides of liver cells 

from normal, diabetic and treated mouse livers, stained for cell proliferation.  This would 

determine if there was any cell proliferation occurring. The next step would be to 

determine whether this cell proliferation is triggered directly by F26BP or indirectly.  

Nuclear extract from liver cells could be examined for presence of BPD and activation of 

cell cycle proteins by Western Blot analysis. 

Other newly identified pathways that are affected by raising F26BP levels in diabetic 

mice are the coagulation pathway and oxidative phosphorylation (OXPHOS) pathway 

(Chapter 2).  The coagulation pathway and fibrinolytic system are dysregulated in obesity 

and are a possible link between obesity and cardiovascular risk.  Many of the coagulation 

pathway factors are made in the liver.  Normalizing of obesity phenotype and decreased 

weight gain in BPD-treated animals verses diabetic animals could be the reason for 

down-regulation of the coagulation pathway, but more study is needed to confirm this 

hypothesis.  Obesity also up-regulates genes involved in OXPHOS in human patients 

(TAKAMURA  et al. 2008) and down-regulation of the OXPHOS pathway in mice protects 

against obesity and diabetes (POSPISILIK et al. 2007).  Further research can confirm the 

effects on these pathways by directly examining the biochemistry involved and then to 

determine if F26BP affects these pathways directly or of this effect is secondary to 

correction of the diabetic and obesity phenotype of these mice. 
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B. Future studies based on the Akt and insulin signaling experiments from Chapter 3 

Raising F26BP levels leads to increased Akt protein levels and Akt phosphorylation as 

evidenced by work done in mouse models (WU et al. 2004) and enhances insulin’s effects 

on Akt phosphorylation as evidenced by the work presented in chapter 3.  We also 

determined if mRNA levels of insulin signaling pathway components changed upon 

BPD-treatment of diabetic mice in the microarray study.  Akt transcript levels were 

increased by 2.2 fold upon BPD treatment, further strengthening the evidence for F26BP 

effects on Akt.  mRNA levels of phosphoinositide 3-kinase (PI3K), a kinase upstream of 

Akt in the insulin signaling pathway are also increased by 2.78 fold.  The gene 

expressions of several downstream targets of Akt are also up-regulated, such as glycogen 

synthase (2.31 fold) and several cell cycle genes (Chapter 2, Tables 5, 6 and 8).  These 

gene expression changes in the insulin signaling pathway components are summarized in 

Figure 1. 

An important question still looming is whether F26BP mediates its effects directly, or are 

these effects mediated by the overexpressed PFK-2 protein, or via the resulting enhanced 

glycolysis.  Evidence to date has shown that enhancing glycolysis at the F-6-P to F-1,6-P 

step is unique.  Similar enhancement using GK overexpression does not yield the same 

results.  Increase in the glucose-6-phosphate pool and flux through the pentose phosphate 

pathway to activate protein phosphatase 2A is the proposed mechanism for the difference 

in effects between BPD and GK treatment of diabetic mice (WU et al. 2005).   Other 

evidence demonstrates that F26BP has the potential to directly act on signaling 

molecules.  As mentioned above in HeLa cell lystates high F26BP level increases the  
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Figure 1.  Gene expression changes in the insulin signaling pathway upon BPD 
treatment of diabetic mice.  The insulin signaling pathway, showing signal transduction 
from the insulin receptor to Akt.  Targets of Akt in various tissues are in dashed line box. 
In solid line boxes are the gene expression level changes in KK/H1J mice upon BPD 
treatment. 
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phosphorylation of p27 (p27Kip1) (YALCIN  et al. 2009).  It is possible that F26BP affects a 

pathway other than glycolysis which generates a signaling metabolite. 

The question of how direct are F26BP effects on signaling can be approached in different 

ways.  To elucidate whether the PFK-2 protein is involved in mediating these effects, a 

completely dead mutant of PFK-2, deficient in both kinase and bisphosphatase activities 

was constructed by combining the mutants present in kinase dead and bisphosphatase 

deficient mutants.  This mutant should have no effect in the F26BP levels and can be 

used to determine if PFK-2 protein itself can mediate the effects on signaling proteins 

such as an increase in Akt phosphorylation without alteration of F26BP levels. 

To determine if F26BP itself or the enhanced glycolysis is responsible for mediating the 

effects on signaling proteins we can raise F26BP levels in a PFK-1 deficient system.  

F26BP is a potent activator of PFK-1 and it is this allosteric regulation that enhances 

glycolysis (reviewed in Chapter 1).  Raising F26BP levels in the absence of PFK-1 and 

therefore limited glycolysis would demonstrate that F26BP could increase Akt 

phosphorylation directly. 

The effect of F26BP on the expression of glucose metabolism genes such as GK and 

G6Pase is thought to be mediated by F26BP effects on the insulin signaling pathway.  

This is demonstrated by increase in Akt phosphorylation.  To determine whether F26BP 

acts through the insulin signaling pathway to regulate genes, F26BP levels can be raised 

in a system where insulin signaling is impaired.  Hepatic F26BP levels could be raised in 

the livers of Akt2 knockout mice or liver insulin receptor knockout (LIRKO) mice 
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followed by determination of GK and G6Pase expression levels, and compared to wild 

type mice.   

We propose that in a type 2 diabetic system, F26BP is able to overcome hepatic insulin 

resistance to correct the dysregulation of genes normally regulated by insulin.  

Experiments in chapter 3 have shown that F26BP cannot substitute for the insulin signal 

but can enhance it.  This is most likely the mechanism that underlies its ability to 

overcome insulin resistance.  This hypothesis can be further examined by looking at 

mediators of insulin resistance, such as: c-Jun N-terminal kinase (JNK), protein kinase c 

(PKC), and suppressor of cytokines signaling-3 (SOCS3), in a type 2 diabetic model 

system, and determine how these factors are affected by high F26BP levels.  Most of 

these insulin resistance factors target the IRS.  Although no change in IR and IRS 

phosphorylation was detected in diabetic verses treated mice when these proteins were 

initially examined (C. Wu, unpublished results), recent data on the serine phosphorylation 

and down-regulation of IRS prompts us to re-examine this protein. 

The most striking results demonstrating the usefulness of raising hepatic F26BP levels on 

the expression of genes and the activity of signaling proteins have come from diabetic 

model systems treated with BPD.  Raising F26BP levels in normal cultured liver cells has 

not demonstrated as dramatic as an effect as doing so in a diabetic system, although it has 

been useful to tease apart acute signaling mechanisms in cell culture.  Inducing a diabetic 

state in normal mice by lowering F26BP has also yielded interesting results.  An 

interesting concept is that the diabetic condition is different from the normal condition 

and should be treated as a separate states during experimentation.  For example, 
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manipulation of the F26BP system has different consequences in the diabetic state verses 

the normal state.  This is evidenced by differences in the induction of F26BP levels and 

Akt phosphorylation under different background states.  In diabetic mice, we observe a 3-

5 fold increase in F26BP when PFK-2 mutant BPD is overexpressed (WU et al. 2002), 

while in wild type cultured hepatocytes we only see a 2 fold increase using the same 

manipulation (Chapter 3, Figure 1A).  The case is similar for stimulation of Akt 

phosphorylation.  In streptozotocin-treated diabetic animals (type 1) raising F26BP can 

stimulate an increase Akt phosphorylation in the absence of insulin, while in cultured 

wild type hepatocytes F26BP acts to enhance the insulin signal (Chapter 3, Figure 1B).  

Based on these observations future research should be focused on either correcting a 

dysregulated diabetes system, or purposefully dysregulating a normal system to induce 

diabetes and examine the components affected. 

It should also be noted that immortalized hepatocytes and other cells cultured in vitro are 

different compared to a hepatocytes in intact liver, in vivo.  Even primary cultured cells 

undergo dedifferentiation and re-differentiation during the extraction process and may be 

altered compared to their state in vivo.  Furthermore, the liver is made up of several other 

cell types besides hepatocytes, which make up 35% of the liver.  These other liver cells 

are comprised of Kupffer cells, sinusoidal endothelial cells and hepatic stelate cells and 

are actively involved in important functions of the liver and may play a role in hepatic 

insulin sensitivity and glucose metabolism (LECLERCQ et al. 2007). 

A major setback to manipulation of cellular F26BP using overexpression of mutant PFK-

2 has been the role of the endogenous PFK-2 to counter-regulate the intervention.  
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Knockout or knockdown of endogenous PFK-2 is an essential strategy not only to more 

effectively manipulate F26BP with overexpressed protein, but to examine the necessity of 

the PFK-2 and F26BP, in maintaining normal hepatic metabolism.  To this end lentiviral 

vectors for shRNA knockdown of the rat PFK-2 liver isoform were constructed and 

tested in vitro, but further work is required to test these vectors in vivo. 

F26BP was discovered 27 years ago during investigations into the mechanism whereby 

glucagon inhibits glycolysis and stimulates gluconeogenesis.  Since that time, extensive 

work has established the allosteric role of F26BP on glucose metabolism enzymes.  More 

recent work has begun to improve our understanding of the role of F26BP on signaling 

transduction and regulation of gene expression. However, there remains much to be done 

to unravel the true nature of regulation by the PFK-2/F26BP system.  
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