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ABSTRACT 

Insulin signaling is mediated by a complex, highly integrated network which 
functions to control multiple metabolic and growth processes throughout the 
organism. A key enzyme in the insulin signaling network is 
phosphatidylinositol 3-kinase (PI3-kinase). PI3-kinase catalyzes the production 
of the lipid second messenger, phosphatidylinositol 3, 4, 5- triphosphate 
(PIP3), which is involved in various cellular functions such as cell growth, 
survival and apoptosis. In this thesis, we have investigated the impact of 
oncogenic mutations of PI3-kinase, as well as deletion of its key subunit 
isoforms on glucose metabolism. We also identified a PH-domain containing 
protein ARAP2, and investigated its role in lipid droplet formation.  

In Paper I, we investigated the effect of combined hepatic deletion of the PI3-
kinase subunits p110α and p85α (L-DKO) on insulin signaling and glucose 
homeostasis. L-DKO mice developed impaired glucose-tolerance, but 
surprisingly displayed intact IRS1-associated lipid kinase activity. The mice 
exhibited decreased body weight, but similar adipose tissue weight, hepatic 
glucose production as well as normal insulin tolerance, demonstrating a 
paradoxical milder phenotype compared to mice having only p110α deleted in 
the liver.       

In Paper II, we investigated the effects of the hot spot mutations E545K and 
H1047R of p110α on hepatic and whole body glucose homeostasis. The 
expression of these mutations resulted in a reprogrammed cellular metabolism 
with marked accumulation of lipids and glycogen in the liver. Wild-type (wt) 
p110α expression did not result in hepatic lipid or glycogen accumulation 
despite having similarly increased expression of glycolytic and lipogenic 
genes. Furthermore, there was no difference in the kinase activity between the 
wt and mutant-expressing mice, which suggest that the metabolic effects 
exhibited by the p110α mutants are linked to kinase-independent function(s) of 
the oncogenic p110α. 

In Paper III, we identified ARAP2 as a PH-domain containing protein in the 
lipid droplet proteome. We show that knockdown of ARAP2 leads to 
diminished lipid droplet formation by decreasing the rate of triglyceride 
synthesis. The lower triglyceride synthesis rate resulted from decreased basal 
glucose uptake through lower expression of GLUT1, as well as reduced 
GLUT1 levels in the plasma membrane and lipid micro-domains. The effect on 
GLUT1 was mediated by increased glucosylceramide synthesis. 
Keywords: Type 2 diabetes, phosphatidylinositol 3-kinase, metabolism, lipid 
droplets, ARAP2 
ISBN: 978-91-628-9803-8 



 

 



SAMMANFATTNING PÅ SVENSKA 
Insulinsignalering medieras genom ett komplext sammanflätat nätverk som 
kontrollerar metabola processer och cell-tillväxt. Phosphatidylinositol 3-kinase 
(PI3-kinase) är ett centralt enzym i detta nätverk och spelar en betydande roll i 
ett flertal cellulära funtioner så som upptag av glukos, syntes av fetter och 
proteiner och cellens överlevnad. I den här doktorsavhandlingen har vi 
undersökt effekten av olika mutationer i genen som kodar för PI3-kinas, som 
tidigare visat sig vara vanligt förekommande i cancersjukdomar. Samtidigt har 
vi modifierat olika viktiga komponenter av enzymet för att studera dess 
påverkan på glukosmetabolism. Vi har även identifierat ett nytt protein, så 
kallad ARAP2 och undersökt dess roll i en av cellens grundläggande processer 
för inlagring av fett. 

Delarbete I: Här har vi använt genetiskt modifierade möss som saknar två 
viktiga komponenter (p110α och p85α) av PI3-kinas i levern för att studera 
deras påverkan på insulinsignalering och glukosmetabolism. Mössen utvecklar 
försämrad förmåga att upprätthålla en normal glukoshomeostas och kan inte 
svara normalt på insulin, men blir inte diabetiska och uppvisar  normal 
kroppsvikt, fettvävnad och intakt glukosproduktion i levern.   

Delarbete II: Vi har studerat effekterna av två vanligt förekommande 
mutationer av PI3-kinas, som kallas E545K och H1047R. Vi undersökte 
effekterna på lever och helkropps glukosmetabolism och upptäckte att 
mutationerna resulterade i massiv fett-och glykogen-ansamling i levern. Vi 
fann att denna ansamling av fett och glykogen inte orsakades av en ökad 
aktivitet av PI3-kinas utan skedde via helt nya och tidigare okända signalvägar 
för enzymet. 

Delarbete III: Här har vi identifierat ett nytt protein, så kallad ARAP2, som 
sitter på cellulära fettdroppar. Vi visar att sänkta nivåer av ARAP2 ger upphov 
till minskad fettproduktion vilket leder till minskad bildning av fettdroppar. 
Den minskade fettproduktionen beror på minskat glukosupptag, vilket i sin tur 
beror på minskat uttryck av en glukostransportör som kallas GLUT1. 
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1 INTRODUCTION 
Type 2 diabetes (T2D) is the most common form of diabetes mellitus. 
Complications in diabetes result in various diseases such as cardiovascular 
diseases, renal failure, retinopathy and peripheral vascular diseases. T2D has 
emerged as a worldwide epidemic (1). In 2014, global prevalence of diabetes 
was approximately 9% (382 million) among adults and is estimated to rise to 
592 million by the year 2035, with majority occurring in the low- and middle-
income countries (2). While diabetes can be managed effectively, cost of 
diabetes on the healthcare system presents an economic burden on the societies 
worldwide. In 2010, the cost of diabetes on the Swedish healthcare system was 
estimated to be 4000 USD per person and the global expenditure is expected to 
rise >30% by 2030 (3). Diabetes is considered as one of the leading causes of 
death and hence prevention efforts are warranted.  

T2D is a result from the interaction of genetic (~5%) and environmental 
factors. However, high calorie food intake and sedentary lifestyle is a major 
contributing factor to the development of metabolic diseases, obesity and type 
2 diabetes (T2D) (4). 

1.1 T2D and insulin resistance 
Eating stimulates the secretion of insulin from pancreatic β-cells. The 
postprandial rise in glucose triggers the secretion of insulin from β-cells to 
allow the body to control the plasma glucose levels. This control is governed 
by the balance between glucose absorption, production by the liver, uptake and 
metabolism by peripheral tissues.  

T2D is a disease state involving various metabolic perturbations, particularly 
insulin resistance. Insulin resistance is a decreased ability of insulin to inhibit 
glucose production in the liver and promote glucose uptake/utilization in 
tissues such as muscle and adipose tissue (5). In T2D, the resistant cells do not 
respond to insulin produced by pancreatic β-cells, and therefore, leads to 
increased levels of insulin (hyperinsulinemia) as a result of over-secretion of 
the hormone to compensate for the increased glucose levels (hyperglycemia). 
After an initial over-secretion of insulin, β-cells cannot keep pace to the 
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increasing demand of insulin and at later stages fail to produce and secrete 
insulin leading to the development of T2D (6, 7).  

Figure 1.  Actions 
of insulin in the 
control of whole-
body metabolism 

 

 

 

 

 

            

Insulin is a peptide hormone that plays a central role in the regulation of 
glucose homeostasis. Insulin triggers highly diverse physiological effects such 
as inhibiting hepatic glucose production and increasing glucose uptake in 
muscle and fat, serving as the primary regulator of blood glucose levels. It also 
promotes the storage of excess glucose in the form of glycogen in liver and 
muscle. In addition, to maintain glucose homeostasis, insulin also induces fat 
storage. In adipose tissue, insulin stimulates lipogenesis while inhibiting 
lipolysis; and it induces fatty acid uptake from the blood stream (8, 9) (Figure 
1). Thus, impaired insulin action plays a major role in development of 
metabolic diseases.  

1.2 Insulin signaling pathway 
Insulin signaling is mediated by a complex, highly integrated network which 
functions to control multiple metabolic and growth processes throughout the 
organism (10). Insulin binds to the insulin receptor and leads to tyrosine 
phosphorylation of the insulin receptor itself and several other docking proteins 
such as insulin receptor substrates (IRS1 and IRS2) and src-homologous and 
collagen like protein (SHC) that then become phosphorylated by the receptor. 
These phosphorylated docking proteins then activate two major signaling 
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pathways, the Ras-mitogen-activated protein (MAP) kinase pathway and the 
phosphatidylinositol 3-kinase (PI3-kinase) – protein kinase B (Akt/PKB) 
pathway (Figure 2). 

 

Figure 2. Schematic representation of pathways activated by insulin, PI3-kinase and MAP 
kinase. IRS, Insulin receptor substrate, p110-p85, subunits of PI3-kinase; PIP2, 
phosphatidylinositol 4,5-biphosphate; PIP3, phosphatidylinositol 3,4,5- triphosphate; PDK1, 3-
phosphoinositide-dependent protein kinase 1; Akt, protein kinase B; PTEN, phosphatase and 
tensin homolog; AS160,Akt substrate of 160 kDa; GSK3, glycogen synthase kinase 3; FoxO1, 
Forkhead box protein O1; mTOR, mechanistic target of rapamycin; Ras, small GTPase; ERK, 
extracellular signal-regulated kinase; p90RSK, ribosomal S6 kinase 

The MAP kinase pathway involves the tyrosine phosphorylation of the IRS 
proteins and/ or SHC, which in turn triggers a kinase cascade that 
phosphorylates and activates MAP kinase pathway and leads to the activation 
of extracellular signal-regulated kinase (ERK). Activation of ERK stimulates 
protein synthesis and cell proliferation and differentiation (11). In addition, 
hepatic ERK activation has been reported to enhance the transactivation of 
sterol regulatory element binding protein-1c (SREBP) target genes (12-14), to 
decrease energy expenditure and the expression of genes involved in fatty acid 
oxidation (15). 
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After phosphorylation, the docking proteins IRS (IRS1 or IRS2) activate the 
PI3-kinase pathway that regulates the metabolic actions of insulin. PI3-kinase 
then catalyzes the phosphorylation of the phosphatidylinositol (4,5)-
bisphosphate (PIP2) to phosphatidylinositol (3,4,5)- trisphosphate (PIP3), an 
important lipid second messenger that propagates metabolic signaling (16, 17). 
Inhibitors of PI3-kinase block almost all metabolic actions of insulin, which 
highlights the pivotal role of PI3-kinase in metabolic actions of insulin (18). 
PIP3 controls a wide range of cellular processes via the downstream proteins 
such as 3-phosphoinositide-dependent protein kinase 1 (PDK1), Akt/PKB and 
nucleotide-exchange factors or GTPase-activating proteins (GAPs) for 
GTPases of the Rho, Ras and Arf families. PIP3 is a recognition site for 
proteins containing pleckstrin homology (PH) domains, and is therefore 
involved in recruiting PH-domain containing proteins to the plasma membrane 
for activation. PIP3 recruits PDK1 and Akt to the plasma membrane where 
PDK1 phosphorylates and activates Akt/PKB. Full activation of Akt involves 
phosphorylation at two specific sites – threonine (Thr) 308 and serine (Ser) 
473, as well as PH-domain mediated lipid binding. PDK1 phosphorylates Akt 
at Thr308 (19). PIP3 can also bind to mechanistic target of rapamycin complex 
2 (mTORC2) (20), thus phosphorylating Akt at Ser473 (21). PIP3 can be 
dephosphorylation at 5΄- and 3΄- positions by lipid phosphatases, 
phosphatidylinositol (3,4,5)-trisphosphate 5-phosphatase (SHIP) (22) and 
phosphatase and tensin homolog (PTEN) (23) respectively. A number of 
known downstream targets of Akt have been described, including glycogen 
synthase kinase 3 (GSK3) (glycogen synthesis), FoxO (apoptosis) and p70 S6 
kinase (protein synthesis). Phosphorylation and activation of Akt triggers 
immediate downstream pathways such as de novo lipogenesis (DNL), 
gluconeogenesis, lipolysis, cellular uptake of glucose and protein synthesis 
(10).   

The signaling mechanisms of PI3-kinase in various biological responses 
downstream of insulin have proven to be elusive. This thesis provides evidence 
of a novel way for PI3-kinase to transmit signals that play an important role in 
regulation of glucose and lipid metabolism. 

1.3 PI-3 kinase and its role in metabolism 
PI3-kinase is particular important for the insulin signal transduction and serves 
as a critical node in the insulin signaling pathway. PI3-kinase generates lipids 
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that regulate a variety of intracellular processes including glucose uptake, 
protein synthesis and glycogen synthesis (10). There are three main classes of 
PI3-kinase (24), of which class IA has been shown to play a pivotal role in 
insulin signaling. Class II PI3-kinases can be activated by tyrosine kinases, 
cytokine receptors and integrins, and are mainly known to regulate membrane 
trafficking and receptor internalization. The third class of PI3-kinase is thought 
to be involved in the mTOR mediated regulation of autophagy which is 
integrated with the insulin signaling pathway. In this thesis, we have studied 
the PI3-kinase class IA type (25). 

Table 1. Three main classes of PI3-kinase. 

PI3-
kinase 

Isoforms of PI3-
kinase 

Main 
substrate 

Second 
messenger 

Domain attracted 
to second 
messenger 

Class IA PI3Kα, PI3Kβ, 
PI3Kδ 

PIP2 PIP3 Pleckstrin 
homology (PH) 
domain Class IB PI3Kγ 

Class II PI3K-C2α, PI3K-
C2β, PI3K-C2γ 

PI, PIP PIP, PIP2  

Class III Vps34 PI PIP FYVE domain 

1.3.1 PI3-kinase class IA 
PI3-kinase is a heterodimeric lipid kinase consisting of a regulatory subunit, 
p85, and a catalytic subunit, p110. Both subunits, however, exist as several 
isoforms. The catalytic subunit isoforms p110α, p110β, p110δ are encoded by 
the Pik3ca, Pik3cb and Pik3cd genes respectively (25). p37δ is a splice variant 
of p110δ and lacks the kinase domain completely (26). p110α and p110β are 
ubiquitously expressed whereas p110δ is mainly found in hematopoietic cells 
(27, 28).  

The regulatory subunit isoforms of PI3-kinase are derived from three distinct 
genes Pik3r1, Pik3r2 and Pik3r3. Pik3r1 encodes p85α, along with the splice 
isoforms p55α and p50α (70-80% of the total), while Pik3r2 and Pik3r3 
encodes for p85β and p55γ respectively. p85α is ubiquitously expressed and 
accounts for majority of the regulatory subunits in the cell whereas p55α and 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

6 

p50α are expressed primarily in skeletal muscles and liver, respectively (10, 
25) (Figure 3). 

Figure 3. Class 
IA PI3-kinase, 
regulatory and 
catalytic subunit 
composition and 
domain structure. 
SH3, src 
homology 3; BH, 
breakpoint 
cluster region 
homology; 
SH2,src 
homology 2 

 

 

The regulatory subunits have the ability to recruit the catalytic subunits, p110, 
to proteins containing tyrosine phosphorylated motifs (Figure 4). In an 
unstimulated state, the p85 stabilizes the thermally unstable catalytic subunit 
p110 and conformationally inhibits its lipid kinase activity (29). During insulin 
stimulation, the p85 subunit recruits the p110 subunit in close proximity of its 
lipid substrates and mediates the interaction between p110 and IRS1 by its SH2 
domains (30, 31). This association between p85 and the IRS1 relieves the 
inhibition of p85 on p110 allowing the latter to generate PIP3 (29, 32).  

Figure 4. The role of 
p85 regulatory subunit 
in the regulation of PI3-
kinase activity. SH2 
domain, Src homology 
2; PIP2, 
phosphatidylinositol 
(4,5)- 
biphosphate;PIP3, 
phosphatidylinositol 
(3,4,5)-triphosphate. 
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Regulation of the p85-p110 PI3-kinase is complex, and protein expression of 
p110 and p85 subunits is often interlinked. Deletion of p85α leads to a severe 
reduction in the expression of the most abundant p110 isoforms (p110α, p110β 
and p110δ). However, deletion of p85β, which is expressed at lower levels than 
the p85α, does not affect the expression of other catalytic subunits (33). This is 
in line with earlier studies indicating that the regulatory subunit stabilizes the 
p110 catalytic subunit (29). 

In addition to the effects of the regulatory subunit on p110, targeting Pik3r1 
alters the expression of other regulatory subunits. For example, mice with 
homozygous or heterozygous knockout (KO) of Pik3r1 have upregulated p85β 
expression (33, 34). No such alterations are found when Pik3r2 gene is deleted. 
Thus, the upregulated regulatory subunits in Pik3r1 KO mice might have 
distinct biological and signaling functions. KO of one type would facilitate 
recruitment of the remaining regulatory subunits for regulating signaling 
pathways. Studies have shown that the truncated form of p85α, p50α can 
compensate for the loss of full length p85α by being hyper-responsive to 
insulin (35). Given the important role of p85 in stabilizing p110, it is 
interesting that mice lacking all p85 isoforms show enhanced insulin sensitivity 
(36). Studies have shown that free p85 subunits act as a dominant negative 
regulator to inhibit PI3-kinase signaling by binding to tyrosine kinases, thus 
preventing the recruitment of catalytically competent p85-p110 heterodimers to 
the receptors (29, 37). Also, free p85 is able to sequester activated IRS1 in the 
cytoplasm, preventing the interaction between IRS1 and PI3-kinase (38). Thus, 
in addition to its role as a positive regulator, the regulatory subunit in its 
monomeric form is recognized as a negative regulator of PI3-kinase and insulin 
signaling. 

Several knockout and transgenic mice studies have determined the role of 
catalytic subunits of PI3-kinase in mediating insulin signaling in vivo. Mice 
lacking either p110α or p110β die early in embryonic development (39, 40), 
indicating specific roles for each isoform during embryogenesis. However, 
mice with either p110α or p110β heterozygous deletion were viable and had no 
effect on insulin signaling, whereas mice doubly heterozygous of both 
isoforms, exhibit glucose intolerance (41), suggesting that both isoforms 
contribute to insulin signaling. Interestingly, mice with a kinase-dead knock-in 
form of p110β (p110β K805R/wt) are viable, exhibiting mild late onset insulin 
resistance and only partially impaired Akt activation (42). In contrast, mice 
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with heterozygous knock-in of a kinase-dead allele of p110α (p110α D933A/wt) 
showed a robust reduction in insulin-stimulated PI3-kinase activity, indicating 
that p110α plays a critical role in insulin signaling (43). Additionally, we have 
shown that liver-specific ablation of p110α results in impaired insulin action 
and glucose homeostasis. Overexpression of hepatic p110β did not improve the 
phenotype of these mice, suggesting that p110α plays a specific and critical 
role in the metabolic actions of insulin (44). Taken together, it is evident that 
p110α is the predominant catalytic isoform signaling downstream of tyrosine 
kinases. 

1.3.2 PI3-kinase and cancer 
Growing evidence suggests that T2D and insulin resistance are independent 
risk factors for development of several types of cancers (45-49). Increases in 
insulin and glucose levels might affect tumor growth by affecting cellular 
energy metabolism, ER stress, and dysfunctional autophagy or by increased 
levels of bio-active IGF-1 induced by insulin. In a recent study, 
hyperinsulinemia in postmenopausal women correlates with increased risk of 
breast cancer (50). Other studies have reported association between diabetes 
and endometrial, colorectal, pancreatic and liver cancer (51). A link between 
impaired PI3-kinase signaling and pancreatic cancer have also been reported 
(52). It is evident that insulin resistance is strongly associated with certain 
types of cancers and it is particularly interesting that PI3-kinase is a critical 
node in the insulin signaling pathway, controlling both metabolism and cell 
growth.  

PI3-kinase is important for maintaining an intact metabolic state and is 
frequently mutated in various cancers (53-55). Several somatic mutations in the 
gene encoding p110α have been identified in various human cancers. Among 
them, E542K, E545K and H1047R account for more than 80% of all mutations 
in tumor cells and are often referred to as the hot spot mutations (56). The 
E542 and E545 mutations are located in the helical domain of p110α whereas 
the H1047 mutation resides in the kinase domain (Figure 5). The crystal 
structure analysis of the PI3-kinase complex showed that many of these 
mutations occur at the interfaces between p110α and p85α, or between the 
kinase domain of p110α and other domains within the catalytic subunit, thus 
affecting the regulation of the kinase activity of p85α or the catalytic activity of 
PI3-kinase (56, 57). H1047R is thought to constitutively activate the enzyme, 
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whereas mutation E545K might block the inhibitory effects of the regulatory 
subunit p85 on p110α (58, 59).  

 

Figure 5. Schematic figure of the catalytic subunit of PI3-kinase and its functional domains 
showing hot spot mutations of p110α 

These mutants have been shown in vitro to promote cellular proliferation and 
invasion by hyperactivating the downstream target Akt/PKB through increased 
lipid kinase activity (60, 61). However, virtually nothing is known about how 
p110α and its mutants affect cell- and whole-body metabolism. As these 
mutations exert gain of function effects, there is a large interest to create p110α 
kinase inhibitors as cancer therapy. Therefore, it is important to delineate 
whether there is a specific connection between PI3-kinase and cancer. Initially, 
we pondered on the potential link between increased insulin levels and 
oncogenic p110α mutations. We hypothesized that increased insulin levels 
would enhance the detrimental effects of p110α mutations E545K and 
H1047R. This thesis work provides evidence that the p110α hot spot mutations 
induce cellular metabolic reprogramming that would create particularly 
beneficial conditions for tumor growth and survival. 

1.4 Glucose metabolism 
Blood glucose levels in healthy individuals are normally maintained at ~90 
mg/dl. This is a result of an intricate balance regulated by hormonal or 
nutritional signal between glucose utilization, production and removal of 
glucose from the blood stream. The liver plays a major role in whole-body 
glucose homeostasis by maintaining this balance between glucose production 
and glucose storage in the form of glycogen.   

The liver produces glucose by breaking down glycogen (glycogenolysis) and 
by de novo synthesis of glucose (gluconeogenesis). Gluconeogenesis and 
glycogenolysis are two pathways that are interrelated to each other; a decrease 
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in gluconeogenesis generally is accompanied by an increase in glycogenolysis 
and vice versa. Hepatic gluconeogenesis is initiated by the induction of 
pyruvate carboxylase in the abundance of acetyl CoA. Inhibition of hepatic 
carnitine palmitoyltransferase I (CPT1), a mitochondrial fatty acid transporter 
leads to decreased fatty acid oxidation which represses hepatic gluconeogenesis 
(62). 

1.4.1 Glycogenolysis and gluconeogenesis 
Under fasting conditions, the liver provides energy to the body by breaking 
down glycogen and during prolonged starvation by gluconeogenesis (63). 
Glycogen phosphorylase is a major enzyme involved in glycogenolysis, which 
cleaves the glucose from the glycogen chain and produces glucose-1-phosphate 
(G1P) (64). G1P can be converted to G6P by phosphoglucomutase, which can 
then be incorporated into glycolysis, depending on the energy status of the cell.  

Hepatic gluconeogenesis is initiated intramitochondrially when pyruvate 
carboxylase (PC) is induced in abundance of acetyl CoA, to form oxaloacetate. 
Oxaloacetate is eventually converted to glucose via several enzymatic 
processes (65, 66). Gluconeogenesis is regulated via the transcriptional 
activation of phosphoenolpyruvate carboxykinase (PEPCK), and glucose-6-
phosphatase and fructose-1,6-biphosphatase via the PI3-kinase pathway.  

Overexpression of PEPCK in mice promotes insulin resistance (67). In 
contrast, PEPCK KO mice show decreased gluconeogenesis but importantly, 
they show a decreased removal of TCA anions that cause hepatic triglyceride 
(TG) accumulation and steatosis (68). 

1.4.2 Glycolysis and glycogen synthesis 
In the postprandial state, hepatic uptake of glucose from the bloodstream is 
mediated by glucose transporter GLUT2, a membrane bound transporter with 
high capacity and low affinity to glucose. GLUT2 functions in both taking up 
glucose from the bloodstream and releasing it to maintain glucose homeostasis 
(69). Another glucose transporter, GLUT1 is expressed in most cells and is 
responsible for basal glucose uptake (70). The expression and activity of both 
these glucose transporters is independent of insulin signaling. The regulation of 
GLUT1 is assumed to play an important role in insulin resistance (71). 
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Once taken up from the bloodstream, glucose is phosphorylated to glucose-6-
phosphate (G6P) by the liver glucokinase (L-GK), a rate limiting enzyme for 
hepatic glucose utilization. In its phosphorylated form glucose is retained in the 
hepatocytes and cannot be exported back into the circulation. Depending on the 
metabolic state of the body, G6P is further processed by glycolysis or utilized 
for glycogen synthesis. Glycolysis (Figure 6) is a ten-step process that 
metabolizes glucose to produce pyruvate. The first committed step in 
glycolysis is the conversion of fructose-6-phosphate to fructose-1, 6-
biphosphate (fbp1), catalysed by phosphofructokinase 1. The final step in 
glycolysis is the conversion of phosphoenolpyruvate to pyruvate, catalysed by 
pyruvate kinase. Pyruvate is further decarboxylized to acetyl CoA and then 
enters the tricarboxylic acid (TCA) cycle or utilized for de novo lipogenesis. 
Moreover, glycolysis is transcriptionally regulated by two major transcription 
factors SREBP-1c and carbohydrate response element binding protein 
(ChREBP). An alternative way to degrade glucose in hepatocytes is through 
the pentose phosphate pathway, which provides the cells with NADPH. 

 

Figure 6. Schematic overview of key enzymes and metabolites involved in glycolysis. GK, 
glucokinase;PGI, phosphoglucoseisomerase;PGK, phosphofructokinase;ALD, aldolase; 
G3PDH, glyceraldehyde-3-phosphatase; PGK, phosphoglycerate kinase; PGM, 
phosphophoglycerate mutase; ENO, enolase; PK, pyruvate kinase 

Glycogen synthase (GS) is a major enzyme that catalyses the formation of 
UDP-glucose from G6P (72). GS is activated by the allosteric activator, G6P 
and is inactive in its phosphorylated state. GS is inactivated by phosphorylation 
by glycogen synthase kinase 3 (GSK3), a downstream target of Akt/PKB. 
Glycogen synthesis is activated via the insulin-Akt-mediated inactivation of 
GSK3, thus resulting in an activation of GS and increased glycogen stores. 
Glycogen synthesis is also regulated by the protein phosphatase 1, which is 
activated by insulin. PP1 dephosphorylates and activates GS while inhibiting 
glycogenolysis by dephosphorylating glycogen phosphorylase. In addition, GS 
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can also be phosphorylated by AMP-activated protein kinase (AMPK) and 
protein kinase A.  

Two prominent transcription factors SREBP-1c and ChREBP regulate the 
activities of the enzymes involved in glycolysis. ChREBP is activated by 
glucokinase, which requires the enhanced glucose uptake (73, 74) while 
SREBP-1c transcription is induced by the activation of the PI3-kinase pathway. 
In addition, ChREBP and SREBP-1c have also been shown to regulate 
lipogenesis through the activation of lipogenic genes (75, 76) and the Akt 
regulated very-low-density lipoprotein (VLDL) production (77, 78). Liver-
specific SREBP-1c KO mice (79) and liver-specific ChREBP KO mice (80) 
exhibit impaired activation of lipogenic genes thus, confirming the roles of 
these transcription factors in regulation of hepatic glycolysis and fatty acid 
synthesis. This shows the close interaction between glucose and lipid 
metabolism (summarized in Figure 7). 
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Figure 7. Schematic overview of hepatic lipid and glucose metabolism. GLUT, glucose 
transporter; CD36, cluster of differentiation 36; FATP, fatty acid transport protein; CPT, 
carnitine palmitoyltransferase; PI3K, phosphatidylinositol 3- kinase; Akt, protein kinase B; 
DNL, de novo lipogenesis; TG, triglyceride; Fatty acyl CoA, acyl CoA synthethase    
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1.5 Hepatic lipid metabolism 
Lipids play a crucial role in different biological processes of the living cells 
such as storing energy, signal transduction and membrane structure. Lipids are 
a broad group of molecules which among others include fatty acids (FAs), 
glycerolipids and sphingolipids. FAs are comprised of an even number of 
carbon atoms with one carboxyl group. This carboxyl group serves as an 
important building block for the formation of more complex lipids. 
Glycerolipids comprise of essentially all glycerol-containing lipids among 
which include mono-, di- and tri-glycerols, in which FAs are esterified to form 
a glycerol backbone. Phospholipids that are part of the glycerolipid group and 
are comprised of two FAs esterified to glycerol and a hydrophilic (attracted to 
water) head group, making phospholipids hydrophilic in nature. Sphingolipids 
are a complex family of molecules that are structurally similar to 
phospholipids, but are comprised of a sphingoid backbone and FAs. 
Phospholipids and sphingolipids are major constituents of the cell membrane. 

1.5.1 Hepatic de novo lipogenesis 
Lipids are synthesized by two major processes, de novo lipogenesis (DNL) or 
esterification of free fatty acids (FFA) by an active uptake from the 
bloodstream into hepatocytes (Figure 8). DNL involves generation of FA from 
acetyl CoA or malonyl CoA and further processed into TG, to meet the needs 
of various cellular functions such as cellular membranes and signal 
transduction. FAs are either processed into TG and stored or rapidly 
metabolized via β-oxidation, depending on the cellular metabolic state. Lipids 
are synthesized endogenously from dietary sources such as carbohydrates or 
from endogenously stored energy depots.  

Dietary carbohydrates are broken down to six carbon monosaccharides such as 
glucose that are subsequently metabolized to produce glyceraldehyde 3-
phosphate (GA3P) and dihydroxyacetone phosphate (DHAP). These 
intermediates are then converted to pyruvate. Pyruvate then enters the TCA 
cycle in the mitochondria, for energy production, to yield citrate (81). Citrate is 
converted to acetyl CoA by the action of adenosine triphosphate citrate lyase 
(ACL), which is the first step in endogenous FA synthesis. 

Fatty acid synthase (FAS) and acetyl CoA carboxylase (ACC) are responsible 
for carrying out the steps involved in FA synthesis. FAS and ACC expression 
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is stimulated by insulin via the PI3-kinase pathway (82) and mainly mediated 
by SREBP-1c and ChREBP (83).  

 

Figure 8. Hepatic de novo lipogenesis. DHAP, dihydroyacetone phosphate (DHAP); GA3P, 
glyceraldehyde 3-phosphate; ACL, ATP citrate lysate; ACC, acetyl carboxylase; FAS, fatty acid 
synthase; GPAT, glycerol-3-phosphate acyltransferase; G3P, glycerol-3 phosphate; DAG, 1,2-
diacylglycerol; DGAT, diacylglycerol acyltransferase; TG, triglycerides; VLDL, very-low-density 
lipoprotein;CPT, carnitine palmitoyltransferase 1 [adapted from (84)] 

DNL is initiated when acetyl CoA is carboxylated by ACC isoforms to form 
malonyl CoA, which is an intermediate that serves as a primary substrate for 
FA synthesis (85, 86). ACC isoforms can be regulated by phosphorylation of 
AMPK and phosphorylation of insulin-dependent Akt (87-89). The reaction 
catalysed by ACC is reversed by an enzyme malonyl CoA decarboxylase 
(MCD), which is another target of AMPK (90). Importantly, accumulation of 
malonyl CoA as a result of increased DNL, leads to the inhibition of the 
mitochondrial fatty acid transporter CPT1, a rate limiting enzyme for β-
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oxidation in the mitochondria (91-94). Malonyl CoA further undergoes 
elongation by FAS to form a long chain fatty acid, palmitate (95). Palmitate is 
the major product of lipogenesis and can be further desaturated by stearoyl-
CoA desaturase-1 (SCD-1) to form palmitoleic acid and oleic acid, major 
substrates for TG synthesis. Palmitate or AMPK is able to allosterically inhibit 
ACC (96). 

Palmitate together with serine is able to induce endogenous de novo synthesis 
of ceramides. Alternatively, generation of ceramides is triggered by the action 
of sphingomyelinases, which hydrolyze sphingomyelin to yield ceramides. 
Once formed ceramides act as a central hub in sphingolipid metabolism. 
Ceramides are thought to activate PP2A and thus subsequently result in 
dephosphorylation and inactivation of Akt (97). Ceramides can then be 
converted to sphingomyelin by the action of sphingomyelin synthases (SMS1 
and SMS2) or to glucosylceramide via glycosylation by glucosylceramide 
synthase (GCS). Glucosylceramide is subsequently converted to 
lactosylceramide which is later converted to complex glycosphingolipids such 
as GM3, GM2, GM1 and GD1 (Figure 9). 

Figure 9. Summary of pathway 
leading to the formation of complex 
sphingolipids. GCS, 
glucosylceramide synthase; SMS, 
Sphingomyelin synthase 
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1.5.2 Triglyceride synthesis 
FFA concentrations within the cells are maintained by constant incorporation/ 
storage into TGs or via oxidation to produce energy. Most TGs are formed 
through re-esterification of pre-existing FAs or by de novo incorporation of 
glycerol 3-phosphate (G3P) and sequential esterification of two fatty-acyl-CoA 
substrates by sn-1-glycerol-3-phosphate acyltransferase (GPAT). TG synthesis 
is catalysed by sn-1-acyl-glycerol-3-phosphate acyltransferase (AGPAT) and 
sn-1, 2-diacylglycerol acyltransferase (DGAT) (98) (Figure 8). DGAT exists in 
two isoforms DGAT-1 and DGAT-2 that catalyse the final esterification step of 
converting 1,2-diacylglycerol (DG) into TG (99). Both proteins are found in 
the ER. Studies showed that overexpression of either DGAT1 or DGAT2 
increases TG synthesis while their absence decreases TG synthesis (100, 101). 
DGAT2 overexpression in cells results in larger accumulation of TG (102).        

Hepatic accumulation of DG or phosphatidic acid is associated with impaired 
insulin signalling (103, 104) while accumulation of triglycerides, which are 
relatively inert may protect against lipotoxicity-induced insulin resistance 
(105). Therefore, incorporation of fatty acids into TG plays an essential role in 
preventing the accumulation of intracellular lipids in the liver that can cause 
liver dysfunction (106). TG synthesis is an integral part of the hepatic lipid 
metabolism that maintains the whole body lipid balance and dysregulation in 
this pathway can have detrimental effects on hepatic metabolism.   

1.5.3 Lipid droplets 
TGs are a major source of dietary energy and are crucial for both cellular and 
physiological energy homeostasis. Once formed, the majority of TGs are stored 
as neutral lipids in organelles known as lipid droplets (LDs). TGs are believed 
to be synthesized mainly in the ER (107, 108); although enzymes responsible 
for TG synthesis are also present on LDs (109). Numerous mechanisms have 
been proposed (110), but the precise mechanism for the formation and 
maturation of lipid droplets is poorly understood. LDs are thought to form de 
novo (111, 112) or could be derived from existing LDs by fusion (113).  

One model suggests that neutral lipids synthesized in the endoplasmic 
reticulum (ER), accumulate in the lipid bilayer of the ER and as the 
concentration increases the lipids accumulate and form a lens which then 
develops into the core of the lipid droplet. The matured lipid droplet then buds 
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from the ER membrane to form an independent organelle with a phospholipid 
monolayer. Thus, the core of the LD is composed of neutral lipids which are 
bounded by a phospholipid monolayer studded with a unique set of proteins 
(114, 115) (Figure 10). In addition to storage of lipids, lipid droplets are linked 
to several cellular functions such as protein degradation, response to ER stress 
and protein glycosylation (116). 

Figure 10. Overview 
of lipid droplet 
formation. Lens 
formation, initial 
accumulation of TG; 
LD, lipid droplet; 
ER, endoplasmic 
reticulum 

 

 

 

LDs contain members of the proteins including perilipins (PLINs), adipose 
differentiation-related protein (ADRP/ also named as Plin 2) and the tail 
interacting protein 47 kDa (TIP47/ also named as Plin 3) (117-119). LD-
associated proteins play an important structural role in regulating lipolysis or 
interacting with other proteins. Plin2 KO in the liver leads to reduced hepatic 
TG levels and improves insulin sensitivity, however the reduction in both Plin2 
and Plin3 causes insulin resistance (120, 121). This suggests the importance of 
lipid droplet protein in insulin signalling. Further determination of the 
additional/ new LD-associated proteins holds the key to resolve the functional 
regulations of these cellular organelles. Proteomic analyses revealed one group 
of proteins, ADP-ribosylation factor (Arf) proteins (122), which are small 
GTPases that regulate intracellular traffic (123). Arf1-COPI proteins have been 
shown to regulate lipid droplet morphology and lipid utilization (124). 
Understanding the lipid droplet formation, accumulation and turnover allows 
us to gain more knowledge about how organs regulate circulating lipids. 
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1.5.4 Hepatosteatosis 
Hepatosteatosis, also known as non-alcoholic steatohepatitis (NASH), is 
characterized by excessive lipid deposition within the LD in liver; and develops 
when fatty acid availability and de novo synthesis exceed the hepatic fatty acid 
disposal by oxidation and triglyceride export. It is well known that obesity, 
diabetes and insulin resistance are major risk factors involved in the 
development of hepatosteatosis (125). Accumulation of lipids in the liver 
activates various inflammatory cascades and fibrogenesis leading to chronic 
hepatic inflammation (126). In steatosis, FFA delivery to the liver is increased 
and accumulation of certain lipid species within cells cause cellular toxicity 
leading to impaired insulin signalling and mediate hepatocyte inflammation 
(127). Thus further development of steatosis into NASH is highly dependent on 
the exposure of the liver to lipotoxic species. It is well documented that 
accumulation of TG protects hepatocytes from cytotoxic effects of FFA-
induced damage (128). The potential lipotoxic molecules include cholesterol 
(129-131) as well as diacylglycerol (132) and ceramides (133). These are often 
considered as products of impaired mitochondrial oxidative metabolism. 
Triglyceride accumulation is not hepatotoxic and could represent a defensive 
mechanism to balance excess FFAs (128, 134). 

1.5.5 Fatty acid uptake 
FFA derived from lipolysis (hydrolysis of TG) can be taken up by hepatocytes 
directly from the blood stream by passive absorption or facilitated by transport 
proteins. During passive absorption, the FFA passes through the membrane via 
flip flop and diffusion (135). However, the majority of the FFA uptake is 
mediated via a family of transporters: fatty acid translocase (FAT/ CD36), and 
fatty acid transport proteins (FATP). Mice lacking FATP2 or FATP5 in the 
liver exhibit decreased hepatic FA uptake (136, 137). CD36 is the most 
extensively studied and key to the FA transporter in the liver.  In vivo studies 
show that overexpression of CD36 in the liver increases hepatic FA uptake 
(138), while CD36 deficient mice have elevated circulating FFA and TG levels 
and develop insulin sensitivity along with decreased circulating glucose (139, 
140). Additionally, in HFD-fed mice, liver-specific deletion of CD36 reduces 
fatty liver and improves insulin sensitivity, whereas hepatic overexpression of 
CD36 exacerbated fatty liver (141).  
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FAs are disposed by the liver either by oxidation or by secretion as VLDL. FA 
oxidation is largely influenced by the FA influx, whereas VLDL secretion is 
more dependent on the FA influx and hormonal changes. 

1.5.6 Fatty acid oxidation 
In the liver, fatty acids are catabolized through the β-oxidation pathway in the 
mitochondria. FA oxidation and expression of FA transport proteins is closely 
regulated by various nuclear receptors such as peroxisome proliferator-
activated receptors (PPARα and PPARγ) (142, 143). PPARα knockout 
supresses the expression of genes involved in FA uptake and oxidation 
resulting in a decreased basal-state hepatic FA uptake and oxidation (144). 

Short-, medium-, and long-chain FAs are activated on the outer mitochondrial 
membrane by acyl CoA synthethase and converted to acyl CoA in the cytosol. 
Long chain FAs are unable to pass through the mitochondrial membrane, 
therefore they are converted to long-chain acylcartitine by CPT1. Malonyl 
CoA, an intermediate of DNL that accumulates after insulin receptor 
activation, is an allosteric inhibitor of CPT1 that regulates the entry of FAs into 
the mitochondria. Acylcartitine is subsequently shuttled through the 
mitochondrial membrane by caritine-acylcartinine translocase (CAT), followed 
by the conversion back to acyl CoA by CPT2.  

In the mitochondrial matrix, β-oxidation of FAs is catalysed to form acetyl 
CoA, by cleaving two carbons from the long chain FA. Acetyl CoA then enters 
the TCA cycle for complete oxidation thus releasing NADH and FADH2 
leading to ATP synthesis. ATP is ultimately utilized by hepatocytes to provide 
energy for various cellular processes. 

1.6 ARAP2 – an Arf-GAP protein containing 
PH-domains 

ArfGAPs proteins are GTPases that control the function of Arf proteins by 
converting the active Arf-GTP form to the inactive Arf-GDP form. By 
regulating the Arfs proteins, ArfGAPs have been showed to play a role in actin 
remodelling, membrane trafficking (123) and cell signalling (145), suggesting 
a critical role of these proteins in various biological processes, such as 
secretion, endocytosis and phagocytosis.  Thirty-one genes encoding the Arf-
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GAP catalytic domains have been identified in humans and consist of four 
subfamilies among which include ASAP, ACAP, AGAP and ARAP (146). 
Shome and colleagues have shown that Arf proteins are stimulated by insulin 
and play a key role in insulin-mediated regulation of PLD1 (147), a mediator of 
lipid droplet formation, localization and growth of lipid droplets (148-150). 
Interestingly, PLD is activated downstream of PI3-kinase and plays a critical 
role in stimulation of glucose metabolism (151). 

ARAP2 (Arf GAP with RhoGAP domain, Ank repeat and PH-domain 2) is a 
protein encoded by the ARAP2 gene and is composed of a sterile α-motif 
(SAM), an ArfGAP domain, an inactive RhoGAP domain, Ankyrin repeat 
domain, RAS-associating (RA) domain and five PH-domains (Figure 11). 
ARAP2 lacks the Rho-GAP activity, and localises to the cell periphery on focal 
adhesions. ARAP2 has been shown to promote growth of focal adhesions and 
stress fibre (152). Chen and his colleagues have shown that ARAP2 is also 
involved in trafficking of integrin to endosomes (153). In addition, findings 
indicate that ARAP2 also functions downstream of PI3-kinase and plays a 
critical role in bacterial entry into the cells (154). In this thesis, we have 
focused on the ARAP2 protein and its role in lipid droplets formation as it was 
identified in the lipid droplet proteome.  

 

Figure 11. Schematic representation of ARAP2. SAM, sterile a-motif; PH, pleckstrin homology 
domain, ArfGAP, ArfGTPase- activating protein; RhoGAP, RhoGTPase-activating protein; A, 
Ankyrin repeat; RA, Ras-associating domain 
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2 METHODOLOGICAL 
CONSIDERATIONS 

2.1 In vivo studies 

2.1.1 Animals 
In this thesis we have used mice with liver-specific deletion by utilizing the 
conditional inactivation of the target gene. The animals were kept in a 
temperature controlled environment on a 12 hour light cycle and fed a standard 
rodent chow and water ad libitum. All animals were fasted 12 hours before 
experiments, but water was available ad libitum during the whole procedure. 
All animal experiments were approved by the Animal Ethical Committee in 
Gothenburg. Our experimental design considered in detail the principles of use 
of animals in research studies; replace, refine and reduce (3Rs). 

2.1.2 Deriving transgenic mice (Cre-loxP system) 
The mouse, Mus Musculus, is the most commonly used model in medical 
research to study the human physiology and disease. There are powerful 
advantages of using mice as model organisms, as their genome and physiology 
have been studied extensively and several in vivo experimental protocols are 
available. The mouse and human share many similarities including their 
anatomy, physiology and most of the genome, thus making mouse genetic 
research applicable to humans (155). However, one has to be careful when 
extrapolating findings in mice to humans. Pragmatically, mice are also a 
convenient choice because they are small, have a shorter life span and 
reproduce quickly, thus making them appropriate models to execute large-scale 
experiments (156). The mouse genome is easy to manipulate (by adding or 
removing a gene), thus creating a transgenic mice, that makes it a powerful tool 
for modeling genetic disorders and evaluating therapeutics. Transgenic mice 
are created by introducing foreign DNA or deleting a gene from the mouse 
genome, depending on the goal of the experiment. 

The mouse models used in this thesis had been created using the Cre-lox 
technology for conditional deletion of target genes. Using Cre-Lox system to 
produce transgenic mice allows the controlled expression of the gene within a 
specific tissue or cell, thus allowing us to define gene function in development 
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and physiology. Cyclic-recombinase (Cre) is a site specific integrase isolated 
from the P1 bacteriophage and catalyzes the recombination of DNA between 
the two loxP sites. The lox P sites are of 34-base pairs (bp) in length that 
consists of two inverted repeats that are flanked by 8bp spacer sequences. Cre 
cleaves the DNA sequence that is flanked by the loxP site (floxed) in the same 
orientation, thus knocking-out the gene (157). 

In Paper I, we used the Cre-loxP system to inactivate the Pik3ca and the 
Pik3r1gene in hepatocytes, thus creating mice with liver-specific deletion of 
the catalytic subunit, p110α, and the regulatory subunit, p85α (L-DKO). We 
crossed the p110α lox-lox mice (44) with p85α lox-lox mice hemizygous for 
the Albumin Cre recombinase transgene (158).     

In Paper II, we have used mice with liver-specific deletion of p110α isoform 
of the catalytic subunit by conditional inactivation of Pik3ca gene as described 
previously (44, 159). Adenovirus expressing the wild-type p110α or the E545K 
or H1047R mutant were created and purchased from Vector Biolabs 
(Philadelphia, PA). Adenoviruses are viral vectors that can accommodate large 
transgenes and code for proteins without integrating into the host genome. 
They can be used to achieve gain-of-function by overexpression or 
alternatively express antisense molecules to achieve loss of function (160). 
These adenoviral constructs were injected in p110α flox and liver-specific 
p110α knock-out (L-p110α KO) mice via the retro-orbital vein under isoflurane 
anesthesia, in a volume of 200 µl containing 10x1010 viral particles.  

Advantages of using the adenoviral vectors are that they have high transduction 
efficiency and have a transient expression that peaks between 5-7 days. The L-
p110α KO mice were included in the study for two reasons: to avoid 
interference of endogenously expressed p110α, but more importantly, to 
directly assess the effects on glucose homeostasis, since the L-p110α KO mice 
are severely insulin resistant (44).  

Seven days after the adenoviral injections, mice were fasted and anesthetized 
followed by 5U of insulin injections or saline via the inferior vena cava. The 
inferior vena cava is the largest vein in the body. It collects blood from other 
tissues that are inferior to the heart and carries it directly to the heart. 
Importantly, the hepatic vein also provides blood into the vena cava from the 
digestive organs after it has passed through the hepatic portal system in the 
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liver. Injecting insulin into the vena cava allows it to enter the circulation 
immediately and exert its effects on different tissues in the body. 

2.1.3 Evaluating glucose homeostasis and insulin 
sensitivity 

The most commonly used tests to evaluate whether a genetic manipulation in 
vivo alters glucose metabolism is the measurement of fed and fasting 
circulating glucose and insulin. One must consider the conditions under which 
these variables are measured as the glucose and insulin levels are affected by a 
number of physiological and environmental factors such as activity levels, 
stress and the time of the day. To characterize the metabolic phenotype further, 
glucose tolerance tests (GTTs) and/or insulin tolerance tests (ITTs) are 
performed. Using these tests, one measures the changes in blood levels after a 
bolus dose of glucose (for GTT) or insulin (for ITT) over a 1- to 2-hour 
interval.  

GTTs assess the disposal of the glucose load (generally 1-2 g/kg) administrated 
by different routes such as oral dosing or intraperitoneally or intravenous. Oral 
route is more physiological with insulin response peaking at 15 minutes. 
However, glucose tolerance flowing the oral glucose loading is influenced by 
intestinally derived factors that can cause alterations in insulin secretion or 
action (161, 162). Intra-peritoneal (i.p.) injections do not address the intestinal 
phase of glucose absorption. Intra-peritoneal injections are most commonly 
used, technically simple and easy. I.p. injected glucose is known to get a peak 
insulin response at 30 minutes. Performing intravenous injections require 
technical expertise and skill; the rate of injections need to be kept slow and the 
solution should not get out of the vein. Fasting periods is required before GTT 
to provide stable baseline measurements. Fasting periods can be overnight 
(~12-16h) or a short fast (~4-6h) in the morning. Overnight fasting produces 
low, stable baseline glucose and insulin levels (163, 164).  

ITTs monitor the glucose concentration over time, but in response to bolus 
dose of insulin (0.5-2 U/kg) administration rather than glucose giving an 
estimate of the insulin sensitivity of the animal. The fall of blood glucose in 
response to insulin is a reflection on whole-body insulin action (165-167). ITTs 
are similar to GTTs, thus many of the technical considerations required for 
GTTs apply for an ITT. 



Aditi Chaudhari 

25 

The pyruvate tolerance test (PTT) elicits the conversion of pyruvate to glucose 
that reflects on the hepatic gluconeogenesis. PTT is another variant of GTT, in 
which a bolus dose of pyruvate (1-2 g/kg) is injected instead of glucose and the 
response in blood glucose concentration is followed. The results of 
intraperitoneal PTT are highly dependent on the variables that also influence 
GTT, including insulin sensitivity.  

The results for GTTs, ITTs and PTTs can be expressed as both a time course of 
blood measurements and area under curve. In Paper I & II of this thesis, GTT, 
and PTT were performed on mice fasted for 12 hours. ITTs were performed on 
non-fasted mice to avoid a big drop in glucose levels after insulin injections. 
Circulating insulin levels were measured by an enzyme-linked immunosorbent 
assay. 

2.2 In vitro studies 

2.2.1 NIH-3T3 cells 
Cell culture is the process by which cells are grown under controlled conditions 
outside their natural environment. The process of cell culture has been 
extensively used since early 1900’s. Cell lines are immortalized and have been 
widely used as a model system to study different cellular mechanisms. A major 
advantage of using cell culture is reproducibility of results that can be obtained 
from using a batch of clonal cells. To be able to study the knockdown effects 
using small interfering RNA (siRNA) of ARAP2 we established an efficient 
transfection model. Transfection studies are mainly performed to study the 
function of genes by enhancing or inhibiting specific gene expression in cells 
(168). 

NIH-3T3 mouse fibroblast cell line was derived from a cell line from the NIH 
Swiss mouse embryo fibroblasts (169). NIH-3T3 cells have the ability to grow 
at low density levels with a fast doubling time of approximately 18-20 hours. 

The cells were maintained in Dulbecco’s Modified Eagle medium containing 
25 mM glucose supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 
100 µg/ml streptomycin and 10% fetal calf serum (FCS).  
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In Paper III, a lipid-mediated delivery system was used to transfect foreign 
DNA or RNA into cells to produce genetically modified cells. In this study, 
cells were transfected with either ARAP2 or scrambled control siRNA’s at 
30% confluency using RNAiMAX; and for overexpression studies cells were 
transfected with the FLAG-tagged ARAP2 or control plasmid at 80-90% 
confluency using Lipofectamine 2000 in medium without FCS, penicillin and 
streptomycin. After four hours of transfection complete medium was added to 
transfected cells and they were let to incubate for 48 hours before harvesting. 

For experiments involving GCS inhibitors, cells were transfected for 24 hours 
and treated thereafter with D-thero-1-phenyl-2-decanoylamino-3-morpholino-
1-propanol (D-PDMP) or DL-threo-1-phenyl-2-palmitoylamino-3-morpholino-
1-propanol (DL-PPMP), 24 hours before harvesting. PDMP and PPMP are 
homologous with shorter (PDMP: C10) or longer (PPMP: C16) fatty acyl chains. 
Longer chain homologs were much more effective in inhibiting 
glucosylceramide synthesis in mammals (170). Additionally, a literature review 
suggests that PDMP and PPMP are specific inhibitors of GCS, but 
differentially affect the production of glycosphingolipids. For example, in BG1 
cancerous cell line, PPMP significantly reduces lactosylceramide production 
while PDMP did not affect its production (171). This suggests that these GCS 
inhibitors differentially affect other glycosphingolipid formation in addition to 
glucosylceramide. Blocking glycosphingolipid production by two inhibitors 
with differential targets in the pathway ensures that the effects observed in our 
experiments are due to the inhibition of GCS.  

Histological analysis is recognizing structure of cells and tissues and 
understanding the relationship between these structures and their physiological 
functions. Special histological stains are used to enhance biological structures. 
For example, in Paper II, we use the hematoxylin and eosin (H&E) combined 
with light microscopy to study the morphological changes in the liver tissue. 
H&E staining allows us to study a broad range of features of the cells such as 
cytoplasmic, nuclear and extracellular matrix. Hematoxylin is a basic dye that 
stains the nucleus blue due to the affinity to nucleic acids, whereas eosin is an 
acidic dye that stains the basic part of the cell such as cytoplasm (172). In 
addition, Ki-67 (detects nuclear protein) staining was used as a proliferation 
marker and Period-acid Schiff (PAS) (detects polysaccharides) was used to 
detect glycogen accumulation.     
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There are many other compounds use to selectively stain other cellular 
components such as Oil Red O. Using Oil Red O, a fat-soluble diazo dye we 
were able to visualize neutral lipids such as triglycerides, thus detecting lipid 
accumulation in cells (Paper I & Paper II). 

2.3 Lipidomics 
Lipidomics can be defined as the system-level analysis and characterization of 
lipids and their interacting partners (180). Comparing the lipid species in 
diseased states may elucidate the underlying metabolic pathways associated 
with the specific diseases. Analysis of lipids is based on lipid sample 
extraction, analysis/ separation and data analysis. However, due to the diverse 
lipid classes and molecular species it is impossible to use a common extraction, 
chromatography and detection method to identify all classes of lipids. 

Sample extraction aims to recover lipids of interest into a solvent, to get as 
many lipids as possible or to discriminate selected lipid classes. Different 
extraction methods are available depending on the sample and the experiment. 
Sample preparation is important as it determines the quality of the experiment 
(181). Most commonly used extraction protocols are by Bligh and Dyer (182) 
and Folch method (183). In these protocols, a phase separation method is 
employed where the lipids are dissolved in organic solvents and separated into 
hydrophobic or aqueous phase. We extracted lipids using the Folch method in 
Paper II & Paper III.  

Several techniques particularly mass spectrometry (MS) and chromatography 
have emerged as valuable tools to identify individual lipid species. 
Chromatographic methods involve dissolving lipids in a solvent, which carries 
it through a stationary phase for example silica in thin layer chromatography or 
small packaging particles in liquid chromatography. Thus various metabolites 
in the lipid mixture travel at different speeds and separate closely related 
metabolites through a mobile phase. In HPLC, the metabolite/ sample is forced 
through a column packed with a stationary phase particles (3-10 µm) at a high 
pressure and are separated by interactions with the particles and subsequently 
detected by a detector.  

HPLC can be combined with different detectors depending on the complexity 
of the experiments and the information required. When information about the 
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lipid species is required HPLC is most commonly combined with a mass 
spectrometer. MS is an analytical tool that is able to identify lipids based on 
their mass. MS identify lipids with high resolution and sensitivity. Separating 
metabolites by chromatography before helps to separate the isomers having the 
same mass that is not normally differentiated by a mass detector.  

Further advances in the instrumentation and technology have improved the 
chromatographic performance. Ultra-performance liquid chromatography 
(UPLC) is a new analytical tool that employs the same principles as HPLC but 
employs smaller particles (2 µm) to achieve superior resolution, speed and 
sensitivity (184). We perform targeted analysis to identify metabolites of 
interest, combining chromatography techniques with mass spectrometry to 
separate isomers having the same mass that is not normally differentiate by a 
mass detector.  

In Paper II, quantified lipids using high performance liquid chromatography 
(HPLC) coupled with an evaporative light-scattering (ELS) detector and mass 
spectrometry. While, in Paper III lipid analysis was performed using UPLC 
coupled to mass spectrometry. 

2.4 Microarray 
In Paper III, we used the BeadChip microarray technology to identify the 
biological pathways affected by ARAP2 knockdown in an effort to unravel the 
complex biological mechanisms behind the effects of ARAP2 on glucose 
metabolism. Microarray allows us to measure the whole genome expression. 
Gene expression varies in tissues depending on the cell types and its condition 
(disease state). The ability to measure the expression of genes at the same time 
increases our knowledge and understanding of gene functions. Bead-chip array 
employs 3-micron silica beads help in micro-wells on the surface of an array 
substrate and uses the hybridization-based procedure. The beads are covered 
with hundreds of thousands of copies of specific oligonucleotides that act as 
probe of known DNA sequences to capture sequences from the sample. The 
microarrays use the multi-sample format for high throughput and reduced 
sample variability. Thus, using microarray technology is a high-throughput, 
reproducible method that accelerates targeted or whole-genome studies.  
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2.5 Lipid kinase assay 
Lipid kinases are assayed in vitro to characterize their enzymatic properties. 
The current gold standard to measure the PI3-kinase lipid kinase activity 
involves a transfer of a phosphate onto a phosphoinositide which is 
subsequently assayed by thin-layer chromatography (TLC). The PI3-kinase 
phosphorylates the lipid in presence of [γ-32P] ATP; the lipids are then 
extracted and separated by TLC. PI3-kinases are able to phosphorylate 
phosphoinositides (PI), phosphatidylinositol 4-phosphate (PI-4-P), 
phosphatidylinositol 3-phosphate (PI-4-P) and PIP2 to produce 
phosphatidylinositol 3,4-biphosphate (PI-3,4-P2) and PIP3.  

PIP2 are not most commonly used as substrates for performing in vitro lipid 
kinase activity assays, as they are known to form aggregates that interferes with 
the assay. Thus, PI is the most commonly used substrate for characterizing the 
lipid kinases activity. In Paper I & II we used PI as a substrate to perform the 
lipid kinase activity assays.  
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3 AIM  
The specific aims of the three papers included in this thesis are: 

Paper I. To elucidate the impact of a combined hepatic deletion of 
the p110α and p85α subunits of PI3-kinase on insulin 
signaling and whole body glucose homeostasis.  

Paper II. To investigate the effects of the p110α hot spot mutations 
E545K and H1047R on hepatic and whole body glucose 
metabolism. 

Paper III. To identify PH-domain containing proteins involved in 
lipid droplet biology and elucidate their role in lipid 
droplet formation. 
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4 RESULTS AND DISCUSSION 
Paper I: Hepatic deletion of p110α and p85α results in insulin 
resistance despite sustained IRS1-associated lipid kinase 
activity 
In this paper we used the L-DKO mice to investigate the effect of combined 
hepatic deletion of p110α and p85α on insulin signaling and whole-body 
glucose homeostasis. We have previously shown that hepatic deletion of only 
p110α results in severe insulin resistance and impaired glucose tolerance, 
signifying that p110α is crucial for mediating insulin signaling (44). Moreover, 
mice deficient in all p85 isoforms in either muscle or liver exhibit severely 
impaired insulin signaling in these tissues (173, 174). These studies show that 
both subunits of PI3-kinase are essential for mediating insulin action. Liver 
plays a crucial role in maintaining glucose homeostasis; we therefore expected 
that deleting both these isoforms would result in severe and overt diabetes. 

We found that combined hepatic deletion of both p110α and p85α subunits of 
PI3-kinase leads to decreased phosphorylation of downstream targets of PI3-
kinase, such as Akt and p70S6 kinase, indicating that L-DKO mice have 
blunted insulin signaling downstream of PI3-kinase. Interestingly, despite the 
blunted hepatic insulin signal, resulting in reduced liver weight and impaired 
glucose tolerance, the L-DKO mice are not diabetic. The glucose levels were 
normal throughout the study (24 weeks) (Paper I, Fig. 4D and E). Furthermore, 
L-DKO mice had decreased body weight and, similar white adipose tissue 
weight, normal hepatic glucose production as well as normal insulin tolerance 
as compared to the controls. In contrast, mice with only p110α hepatic deletion 
(L-p110α KO) have increased body weight compared to controls as well as 
increased white adipose tissue mass and impaired gluconeogenic regulation 
(44). The overall observed phenotype for the L-DKO mice is thus, 
paradoxically, considerably less severe compared to mice with only p110α 
hepatic deletion. 

Considering the critical role of the two PI3-kinase subunits in mutually 
stabilizing each other, we hypothesized that other regulatory isoforms, such as 
p85β or p55γ, would stabilize p110β in absence of p85α. Protein expression of 
p55γ was unchanged in the L-DKO mice compared to the controls. Due to the 
lack of functioning antibodies of p85β in mice, protein expression of p85β 
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remains to be determined; however the gene expression of p85β was not 
different between the L-DKO and the control mice, and using pan-p85 
antibodies (detecting both p85 isoforms), we found only very low levels of 
p85β in the L-DKO mice. Additionally, we found that the total protein 
expression of p110β was decreased in L-DKO mice compared to the controls, 
likely due to destabilization of p110β. Taken together, this leads us to speculate 
that the protein expression of p85β remains unchanged in the L-DKO mice.  

We then investigated the effect of the double (p110α and p85α) KO on the 
p110α lipid kinase activity, and as expected, the p110α kinase activity was 
significantly decreased in basal- and insulin-stimulated states of the L-DKO 
mice as compared to controls. However, the IRS1-associated lipid kinase 
activity in response to insulin was intact (Paper I, Fig. 2C). The intact IRS1-
associated lipid kinase activity was surprising and completely in contrast to 
what is seen in L-p110α KO mice, where insulin stimulated IRS1-associated 
kinase activity was entirely ablated (44).  

Previous studies by us and others have shown that p110β is unable to 
compensate for the loss of p110α, for example in our study of the L-p110α KO 
mice (44). We observed similar amounts of IRS1-associated p110β in the L-
DKO mice and controls despite overall total decreased levels of p110β in the 
liver, and therefore speculated that perhaps p110β activity was increased in 
response to insulin in the L-DKO mice compared to controls, which would 
explain the sustained IRS1-associated lipid kinase activity. We found no 
difference in the p110β activity between the controls and the L-DKO mice in 
the basal state; however, the p110β kinase activity was significantly decreased, 
rather than increased, in insulin-stimulated state of L-DKO mice. We thus 
conclude that the sustained IRS1-associated lipid kinase activity in the L-DKO 
mice is not due to increased activity of p110β.  

The decrease in p110β lipid kinase activity in response to insulin could be due 
to a shift in the lipid substrate concentration. Although it remains to be 
demonstrated, it is possible that there are high intracellular levels of the 
substrate PIP2 accumulated in the livers of L-DKO mice as the PI3-kinase 
signaling is diminished. p110α and p110β have been known to differ in their 
lipid kinase activities (175). Studies have shown that p110β have specific and 
maximal activity at lower lipid concentrations as compared to p110α (176) and 
accumulation of PIP2 levels might therefore have an inhibitory effect on p110β 
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activity. This differential preference for lipid concentration is thus a plausible 
explanation for the decrease in insulin-stimulated p110β lipid kinase activity.  
Increased PIP2 levels might be sustained by activation of other enzymes/ 
kinases (Figure 12B). For example, PIP2 together with activated Arf acts as a 
positive regulator or phospholipase D, mediating the synthesis of phosphatidic 
acid. Phosphatidic acid, in turn, activates phosphatidylinositol 4-phosphate 5-
kinase (PIP5 kinase) to further produce PIP2, thus creating a positive feedback 
loop (177). 

The lack of the major regulatory subunit in the L-DKO mice, accompanied by 
absence of compensatory expression of other regulatory class 1A subunits, 
suggests that presence of other classes of phosphatidylinositol kinases account 
for the intact IRS1-associated kinase activity by directly binding to IRS1. 
Another possible theory is that increased levels of PIP2 or other phospholipids 
in the absence of p85α and p110α (as discussed above) attract other lipid 
kinases to IRS1 through secondary binding. IRS1 has been shown to bind 
phosphatidylinositol phosphates through its PH-domain in the rank order 
PI(3,4,5)P3 = PI(4,5)P2 > PI(3,4)P2 = PI(4)P > PI(3)P = PI (178). If levels of 
PIP2 increase markedly, this might impel the interaction between PIP2 and 
IRS1, shifting its cellular distribution from the plasma membrane to other 
intracellular compartments where the IRS1-PIP2 complex would be in close 
proximity to other lipid kinases (Figure 12C). 
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Figure 12. Proposed mechanisms for intact IRS1-associated lipid kinase activity in the L-DKO 
mice. (A) Normal signaling through p110α and p85α in floxed mice, Signaling in L-DKO mice in 
absence of p110α and p85α (B) other kinase/s bind to IRS1 and promote phosphorylation of 
phosphoinositides (C) PIP2 accumulates and increased levels of PIP2 binds to IRS1, which 
attracts other kinase/s that bind to PIP2 and that are able to transfer a phosphate to the 
phosphoinositide substrate.  

In summary, a combined deletion of hepatic p110α and p85α results in an 
impaired glucose homeostasis, but overall show a milder phenotype as 
compared to the mice with only p110α deletion in the liver. In addition, the L-
DKO mice displayed an intact IRS1-associated lipid kinase activity. In order to 
gain more knowledge on the impact on, and regulation of, different classes of 
PI3-kinase as well as other lipid kinases in the L-DKO mice, and the status of 
phosphoinositide levels, more detailed molecular and signaling studies are 
necessary.  
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Paper II: p110α hot spot mutations E545K and H1047R exert 
metabolic reprogramming independently of p110α kinase 
activity 
In this paper we investigated the effect of the p110α hot spot mutations E545K 
and H1047R on hepatic and whole body glucose metabolism. We hypothesized 
that effects of these mutations in p110α would exacerbate when combined with 
severe insulin resistance. We found that the expression of the hot spot 
mutations E545K and H1047R in p110α resulted in a rapid and marked 
increase in hepatic lipid and glycogen accumulation. This was observed within 
7 days of virus injection. Surprisingly, the mice expressing the wild-type p110α 
did not develop hepatosteatosis. Development of hepatosteatosis is strongly 
associated with impaired glucose tolerance and insulin resistance (179, 180); 
therefore we investigated the effects of these mutants on glucose homeostasis.  

As expected, both flox and L-p110α-KO mice showed improved glucose 
tolerance when injected with wild-type p110α, resulting in normalization of 
glucose tolerance in the insulin resistant L-p110α KO mice. Surprisingly, mice 
expressing the mutant p110α also showed improved glucose tolerance despite 
the rapid fatty liver development. Additionally, the development of 
hepatosteatosis in the mutant-expressing mice was not accompanied with 
impaired insulin tolerance. This suggests that glucose homeostasis and fatty 
liver development was uncoupled in these mice.  

Hepatosteatosis is a result of lipid accumulation in the liver and effects on 
glucose metabolism, as a result of the hepatosteatosis, is dependent on the 
types of lipids accumulated in the hepatocytes (See section 1.5.4 above). 
Lipidomic analysis of the livers revealed that the accumulated lipids in the 
mutant livers were mainly triglycerides. There were no changes in other lipid 
species such as ceramides, sphingomyelin, phosphatidylcholine or cholesterol. 
Triglycerides are known as inert lipids and are considered non-toxic, mediating 
protection for the cells against FA-induced lipotoxicity (105). The absence of 
increased toxic species in the mutant-expressing mice might explain why they 
did not develop impaired glucose tolerance.  

Lipid accumulation is often a result of increased lipogenesis; our results 
suggested that p110α mutations were potent in driving hepatic lipogenesis. We 
wanted to investigate if the increase in lipid synthesis could be attributed to an 
increase in the expression of key lipogenic genes. Unexpectedly, these 
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lipogenic genes were upregulated equally in the wild-type and mutant 
expressing livers. Similar levels of cleaved Srebp-1c were found in the nuclei 
of wild-type and mutant expressing mice. Furthermore, all key mediators of 
glycolysis and glycogen synthesis were significantly up-regulated in livers of 
mice expressing both mutant p110α-(E545K or H1047R) and wild-type p110α 
as compared to the p110α floxed controls. Nuclear levels of ChREBP, a key 
regulator of glucose-induced lipogenesis, were also similar between groups. 

To elucidate the underlying mechanism, explaining why hepatic lipid 
accumulation was observed in mutant expressing mice but not wild-type 
expressing mice, we investigated if alterations in fatty acid β-oxidation, lipid 
secretion/uptake, and autophagic lipid degradation could explain the lipid 
accumulation in mutant expressing mice. Expression of the key mediators of β-
oxidation, PPARα, AMPK and ACC were not changed between the wild-type 
and mutant expressing mice. There was no difference observed in the secretion 
or uptake of fatty acids as investigated by the fatty acid transporters CD36 or 
low-density lipoprotein receptor or expression of Mttp (unpublished data) or 
any differences in circulating triglycerides or FFA levels. Furthermore, the 
nuclear content of the transcription factor EB (TFEB), a key regulator for 
autophagy, was not changed in the mutant-expressing mice compared to the 
wild-type expressing mice (unpublished data). All these pathways were 
investigated, but failed to show any differences between mice expressing the 
wild-type p110α and the mutant p110α. Thus, we conclude that differential 
regulation of lipid metabolism was not the cause of the lipid accumulation seen 
in mice expressing mutant p110α. 

The E545K and H1047R mutations of p110α have been shown in vitro to 
promote cellular proliferation and invasion, by hyperactivating the downstream 
target Akt/PKB (60, 61). We found that the phosphorylation of downstream 
target (pT-Akt and pS-Akt) was markedly increased in the basal state in L-
p110α KO and flox mice expressing the E545K and H1047R mutants 
compared to the control mice. However, the mice expressing the wild-type 
p110α did not activate Akt in the basal state. As expected, key targets of 
Akt/PKB, such as GSK3β and ATP citrate lyase (ACL), in the mutant-
expressing mice showed increased phosphorylation, in line with previous 
studies of the effects of p110α hot spot mutations (58, 60, 61). 
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Increased activation of ACL would logically generate a larger pool of cytosolic 
acetyl-CoA, which is crucial for lipogenesis. It is possible that increased levels 
of cytosolic acetyl-CoA, at least partially, can explain the lipid accumulation in 
the mutant-expressing mice, by driving lipogenesis. However, it seems unlikely 
that this would be the only mechanism involved as we cannot detect any 
differences of key lipogenic enzymes between controls and mutant-expressing 
mice. In addition to the increased basal activation of ACL, we also investigated 
enzymes important for acetyl-CoA secretion from hepatocytes via the urea 
cycle (arginase I, ornithine decarboxylase and diamine acetyltransferase 1) to 
explore the possibility of impaired secretion of acetyl-CoA in the mutant-
expressing mice (unpublished data). Impaired acetyl-CoA secretion would 
contribute to further increasing intracellular acetyl-CoA levels in the mutant-
expressing mice; however, we did not find differences in the activation of these 
enzymes. 

Constitutive activation of the PI3-kinase-Akt pathway induces tumorigenesis, 
and tumor cells are known to activate the PI3-kinase Akt pathway in an 
insulin-independent manner (181). Maintaining this constitutive activation of 
Akt is crucial for glycolysis, lactate production and other downstream signals 
as a step to contribute to the coordination of tumor cell metabolism. Previous 
studies have reported the frequent occurrence of these hot spot mutations in 
several human cancers (53-55). Green et al., have shown that expression of 
p110α-H1047R expression alone failed to promote tumor formation, however, 
together with KRAS mutation enhanced tumorigenesis (182). Another study 
reported that a combined expression of p110α-H1047R mutants together with 
activated Her2/ Neu in mammary glands, augments its metastatic potential 
(183). These reports, taken together with our results, suggest that the p110α 
mutations E545K and H1047R might play a role in positively regulating 
metabolism in cells with high proliferation rate.  

This raises the question, why do the p110α mutants reprogram metabolism? 
Hyper-activation of Akt is sufficient to induce a Warburg effect in either non-
transformed or proliferating (cancerous) cells (184-186). Warburg suggested 
that cancer cells require increased glycolysis (187); to feed the elevated 
demand for energy. This is achieved by elevated glucose uptake by increasing 
the expression of specific glucose transporters such as GLUT1. GLUT1 has 
been found to be upregulated in wide variety of cancers such as endometrial, 
breast cancers and colorectal cancers, and its expression correlated with 
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metastatic potential (188, 189). Our unpublished data shows that the p110α 
mutant-expressing mice have increased GLUT1 protein levels in the plasma 
membrane fraction, suggesting that they have increased glucose uptake. 
Although the mutant-expressing mice do not show any cancer development for 
obvious reasons (the effects of the mutants were only studied over a period of 
seven days), our results also show an increased rate of glycolysis and pentose 
phosphate pathway. This increased glucose metabolism provides cells with 
intermediates required to control biosynthetic pathways and enables synthesis 
of proteins, lipids, and complex sugars at a high rate (190).  

Apart from glucose, proliferating cells also require glutamine to ensure 
energetic precursors for amino acid and lipid synthesis (190, 191). Glutamine 
addiction is a major metabolic reprogramming that the proliferating cells 
undergo. Glutamine is converted to glutamate by glutaminase-1 (GLS1) after 
being taken up by the cell. Glutamate is then converted to α-ketoglutarate that 
then enters the TCA cycle in the mitochondria to provide ATP (192). In 
pancreatic cancer with KRAS mutations, glutamine is redirected to form 
aspartate that is converted to oxaloacetate (OAA), a part of the TCA cycle, 
which eventually produces pyruvate (193, 194). We speculate that the E545K 
and H1047R mutations of p110α reprogram metabolism via increased uptake 
of glucose and glutamine to supply cells with precursors for amino acid and 
lipid synthesis.  

The increased activation of Akt/ PKB as a result of E545K and H1047R is 
generally thought to be due to increased lipid kinase activation of these mutants 
(60, 61). Our observation of increased activation of Akt, as well as the strong 
phenotype of the mutants displaying excessive lipid accumulation, we expected 
to see increased basal- and insulin-stimulated p110α kinase activity in the livers 
expressing the E545K and the H1047R mutants compared to the livers 
expressing the wild-type p110α. When assessing the lipid kinase activity, we 
found that the p110α kinase activity of the mutants was not different from that 
of the wild-type mice, suggesting a kinase-independent mechanism. Although 
no kinase-independent function of p110α has been described previously, a 
kinase-independent function for p110β has been reported (195). Furthermore, 
p37δ, a splice variant of p110δ, is able to activate the Akt/PKB pathway and 
promote proliferation despite lacking the kinase domain, thus indicating the 
importance of a kinase-independent signaling function of this PI3-kinase 
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isoform (26). It is plausible that the mutant p110α transmits signals through 
Akt in a similar kinase-independent fashion. 

There are several possible scenarios for how the mechanism of a kinase-
independent function of p110α mutants (E545K or H1047R) could occur: 

1. Destabilizing of the regulatory subunit p85, as seen for p37δ 
(26), or by degrading or sequestering p85 through 
ubiquitination and/or confining p85 to signaling silent 
complexes (Figure 13A). 

2. Decreased activation of the negative regulators of PI3-kinase, 
such as phosphatase PTEN, which dephosphorylates PIP3 to 
PIP2 (Figure 13B).  

3. A mechanism that is completely independent of PI3-kinase 
activity and PIP3 production. The E545K or H1047R mutants 
of p110α might enable interactions with regulatory molecules 
that don’t normally interact with p110α and thereby induce/ 
repress certain signaling mediators such as PDK1 or of the 
mTOR pathway, that are able to activate Akt independent of 
the PIP3 generated (Figure 13C). 

Alternatively, point 1 and 2 could be two steps in a common mechanism as 
seen for mice with hepatic p85α deletion. These mice show paradoxical 
increased insulin sensitivity, due to sustained PIP3 levels over a longer period 
of time compared to controls. Overall PI3-kinase activity was decreased in the 
liver of these mice, but the PIP3 levels were sustained because of decreased 
PTEN activity. The authors showed that p85α functioned as a negative 
regulator of insulin signaling by interacting with PTEN and increasing its 
activity (196).  
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Figure 13. Proposed mechanisms of action in p110α mutant-expressing mice (A) the mutations 
destabilize p85α by degradation or sequesteing to different complexes, (B) decrease the PTEN 
activity which results in decreased phosphorylation of PIP3 to PIP2, (C) Other unknown 
mediators are able to phosphorylate Akt independent of PIP3 generation.  

In summary, we have shown that hepatic expression of p110α hot spot 
mutations E545K and H1047R results in rapid hepatosteatosis and glycogen 
accumulation paradoxically accompanied by improved glucose tolerance, 
whereas expression of wild-type p110α does not result in such a phenotype. 
Expression of p110α mutants resulted in hyper-activation of Akt /PKB in the 
basal state, versus the wild type p110α expressing livers. The p110α lipid 
kinase activity in mutant expressing livers was similar to the livers expressing 
the wild type p110α; a majority of the effects observed thus appear likely not to 
be due to an increase in the kinetic properties of p110α mutants, but possibly 
through a novel kinase-independent function.  

One of our original hypotheses was that increased insulin levels, as seen for the 
markedly insulin resistant L-p110α KO mice, would enhance any detrimental 
effects of the E545K and H1047R mutants. Interestingly, we see no difference 
in the effects of these mutations on lipid and glycogen accumulation, glucose 
metabolism and their lipid kinase activity between the flox and L-p110α KO 
group. In addition, the effects that we do see occur in the basal state where no 
insulin is present. Thus, increased insulin levels do not enhance the effects on 
metabolism of these oncogenic mutations. Rather, the metabolic 
reprogramming is independent of insulin. 
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Paper III: ARAP2 promotes GLUT1-mediated basal glucose 
uptake through regulation of sphingolipid metabolism 
The aim of this study was to identify PH-domain containing proteins and 
determine their role in lipid droplet formation. We used an in vitro model 
(NIH-3T3 cells) and identified a PH-domain containing protein, ARAP2 
among others in the lipid droplet proteome. We further knocked down ARAP2 
to determine its role in lipid droplet formation. Lipid droplet formation is 
mainly dependent on triglyceride synthesis from glucose and fatty acids (149, 
197). We showed that ARAP2 knockdown decreases lipid droplet formation 
and triglyceride synthesis. To determine if the reduction in triglycerides is due 
to impaired fatty acid or glucose uptake we determined the cellular uptake of 
fatty acids and glucose after ARAP2 knockdown. The decrease in triglyceride 
synthesis after ARAP2 knockdown was not due to the decrease in fatty acid 
uptake, but rather due to decreased glucose uptake (Paper III, Fig 1D).  

The regulation of basal glucose uptake in NIH-3T3 cells is highly dependent on 
the glucose transporter GLUT1 (198) which is expressed in virtually all tissues 
under normal conditions. ARAP2 knockdown decreased total GLUT1 levels. 
The localization of GLUT1 to specialized lipid micro-domains is essential for 
the activity of GLUT1 (199, 200). ARAP2 knockdown also decreased GLUT1 
levels in the plasma membrane (Paper III, Fig 2D and E) and the lipid micro-
domain fractions (Paper III, Fig 2F and G). To further understand how ARAP2 
affects GLUT1 we analyzed global gene expression after ARAP2 knockdown. 
Microarray results showed that ARAP2 knockdown altered several pathways 
among which were steroid biosynthesis, fructose and mannose metabolism and 
sphingolipids metabolism.  

Sphingolipids play important roles in maintaining membrane function and 
integrity. They are major constituents of the lipid micro-domains in various 
membranes primarily in the plasma membrane (201-204) and hence, ARAP2 
knockdown altering the sphingolipids metabolism was in particularly 
interesting. Sphingolipids are derived from ceramide, a key lipid precursor 
formed by de novo synthesis or from hydrolysis of complex sphingolipids and 
sphingomyelin. Ceramide can be further converted to other bioactive lipids, 
such as sphingomyelin, glucosylceramide, lactosylceramide, GM3, GM2, GM1 
and GD1 (Figure 7).   

To further understand the link between ARAP2, sphingolipids and glucose 
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uptake we performed lipidomic analysis and we found that ARAP2 knockdown 
increases the glucosylceramide and lactosylceramide levels without affecting 
the ceramide levels. Therefore we speculated that ARAP2 might modulate 
glucosylceramide synthase (GCS), a rate-limiting enzyme in the 
glycosphingolipid synthesis. We found that the activity of GCS was increased 
(Paper III, Fig 3C) upon ARAP2 knockdown, while reduced upon ARAP2 
overexpression (summarized in Figure 13).  

Figure 14. Summarizing 
the findings from paper 
III. The red arrows 
represent the effect of 
ARAP2 knockdown. 

 

 

 

 

 

 

One explanation of how ARAP2 might directly or indirectly modify GCS 
could be that, ARAP2 affects the transcription factors that induce GCS 
expression. ARAP2 is a PH-domain containing protein that is cytosolic and 
associated with focal adhesions (152) and PH-domain containing proteins are 
recruited and activated at the plasma membrane by binding to PIP3. These 
interactions of ARAP2 with PIP3 might influence other signaling pathways that 
affect the transcription factors involved in GCS expression. 

To determine if the effect on GLUT1 is mediated by altered GCS activity, we 
inhibited GCS using PPMP and PDMP inhibitors. We found that 
pharmacological inhibition of GCS reversed the effects of ARAP2 knockdown 
on basal glucose uptake (Paper III, Fig 4 A) and GLUT1 levels (Paper III, Fig 
4 B and C) suggesting that ARAP2, may directly or indirectly, affect GLUT1 
levels in the plasma membrane by modifying sphingolipids synthesis.  
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In addition to GLUT1, other receptors and proteins are localized to the cell 
surface in the glycosphingolipid-containing lipid micro-domains (205, 206). 
The lipid composition of these membrane micro-domains determines the 
characteristics and function of the proteins at the membrane (207). Thus, it 
remains to be determined if other receptors or lipid micro-domain proteins are 
also affected by ARAP2 knockdown. Accumulation of GM3, another type of 
glycosphingolipid localized to the caveolin enriched lipid micro-domains result 
in a marked reduction of the insulin receptor protein expression in the lipid 
micro-domains (208-211). Therefore, we cannot exclude the possibility that 
inactivation of ARAP2 might affect other complex glycosphingolipids and 
consequently affect the activity of other receptors.  

Recent evidence has emerged suggesting sphingolipids to have an important 
role in the pathogenesis of various metabolic diseases associated with obesity 
such as cardiomyopathy, atherosclerosis and in particular diabetes (212). 
Sphingolipids have unique biophysical properties, due to their ability to alter 
membrane lipid composition they serve as signaling molecules. Several 
sphingolipids synthesis inhibitors show therapeutic potential as they influence 
broad spectrum of metabolic diseases such as T2D. To identify molecules such 
as ARAP2, involved in regulating intracellular signaling pathways, might 
prove beneficial in development of new therapeutic strategies.   

In summary, we show that knockdown of ARAP2 decreases lipid droplet 
formation by decreasing the rate of triglyceride synthesis. This decrease is a 
result of decreased basal glucose uptake mediated by lower expression of 
GLUT1, as well as decreased GLUT1 levels in the plasma membrane and lipid 
micro-domains. Furthermore, we show that ARAP2 knockdown increases the 
activity and expression of GCS. The decrease in basal glucose uptake and 
GLUT1 levels in the lipid micro-domains were reversed by inhibition of GCS. 

 

 

 

 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

44 

5 CONCLUSION 
We conclude that: 

Paper I 

Combined hepatic deletion of the major subunits of PI3-kinase, p110α and 
p85α, does not result in diabetes, but rather a metabolic phenotype that is even 
less severe than when deleting p110α alone. The underlying mechanism for 
this phenomenon presumably involves signaling of other lipid kinases through 
IRS1. 

Paper II 

The oncogenic mutants, E545K and H1047R, of p110α, transmit metabolic 
signals that are independent of increased p110α kinase activity, resulting in 
major reprogrammed intracellular glucose- and lipid- metabolism.   

Paper III 

We identified a novel role for ARAP2, as a regulator of glucosylceramide 
synthesis and shown that it influences lipid droplet formation by regulating 
basal glucose uptake and triglyceride synthesis.  
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6 FUTURE PERSPECTIVES 
Possible ways to continue on our findings from the papers included in this 
thesis: 

For the L-DKO study, we will continue to investigate the effect of a combined 
liver-specific deletion of p110α and p85α on hepatic and glucose metabolism. 
We will investigate if there are any underlying processes that might 
compensate for the loss of p110α and p85α in the liver; or are there any other 
phosphoinositide phosphate/ kinase that are able to salvage glucose metabolism 
by maintaining normal blood glucose levels. We will also investigate the 
phospholipid status of the L-DKO mice to evaluate possible differences in the 
intracellular levels of PIP2 and other phospholipids. This will help us narrow 
down possible kinase candidates that could contribute to the sustained IRS1-
associated lipid kinase activity.   

Our results show that the mice expressing p110α mutants E545K and H1047R 
reprogram metabolism to suit proliferating cells via a possible kinase-
independent function of p110α. To further dissect the nature and mechanisms 
of a potential kinase-independent role of p110α, we will reconstitute the L-
p110α knockout mice with a wild-type or a kinase-dead allele of p110α and/or 
p110α mutants and investigate its effects on hepatic and whole-body glucose 
metabolism. We will also include analysis of the PIP3 levels to tease out if the 
underlying mechanism involves differential regulation of the PIP3 pool or if the 
mechanism is completely independent of PIP3 generation. 

We hypothesize that altered glutamine metabolism contributes to the 
reprogrammed metabolism displayed by the p110α mutants as discussed above 
and will include these types of analyses as well in our search for the underlying 
process.   

Furthermore, Straub and colleagues have shown that LD-associated PAT 
proteins have specific roles during maturation of LDs in normal or steatotic 
hepatocytes in fatty liver (117). The livers of the mice expressing the mutants 
accumulate lipid droplets; it would be interesting to investigate if the 
expression and localization of LD-associated proteins in p110α-E545K and the 
p110α-H1047R expressing mice liver play a role in the increased synthesis of 
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lipid droplets. Proliferating cells demand increased glucose uptake by 
increasing the expression of glucose transporter GLUT1 and our results in 
paper III show that ARAP2 affects the expression of GLUT1. Our preliminary 
data show that the livers of the mice expressing the p110α mutants have both 
increased GLUT1 content in the plasma membrane fraction as well as 
significantly increased ARAP2 gene expression, suggesting that ARAP2 and 
other regulators of lipid droplet formation and basal glucose transport could 
play an important role in the phenotype resulting from E545K and H1047R 
signaling.  

ARAP2 is an Arf-GAP protein and previous studies have shown that the Arf-
GAP activity of ARAP2 is regulated via its ArfGAP domain (154). We 
speculate that ARAP2 stimulates the conversion of Arf6-GTP to Arf6-GDP 
and thus knocking down ARAP2 might lead to accumulation of Arf6-GTP in 
the cells. We will test if ARAP2 regulates the Arf6 activity, by overexpressing 
a constitutively active and a dominant negative form of ARF6. We hypothesize 
that the expression of this constitutively active ARF6 will have the same effect 
as ARAP2 knockdown. To further validate these processes and to test if these 
processes remain consistent to other cell lines, we will investigate the effect of 
ARAP2 knockdown in cultured hepatocytes and also, to determine if ARAP2 
influences glucose metabolism by affecting other glucose transporters.  

Understanding the molecular mechanisms is necessary to get a complete 
comprehension of the underlying processes and interactions to further our 
knowledge for understanding the signaling in various disease states. 

 



 

47 

ACKNOWLEDGEMENT 
“A book is almost always a collective effort, even if it has only a single author” 

    - Raghuram Rajan 

The last four years of my life have been the most rewarding and educative. I 
have been inspired, encouraged, coaxed and supported, by so many people, 
making my years here wonderful and memorable. I would like to express my 
gratitude and thank:  

Victoria Rotter, my main supervisor for giving me the opportunity to work on 
this exciting project. Thank you for your rigorous training, guidance, patience 
and perseverance. The never ending enthusiasm for science and research and 
your teachings have enabled me to grow as a scientist. It has been a privilege 
and pleasure to work with you. 

Jan Borén, I couldn’t have asked for a better second supervisor than you. 
Thank you for your relentless support and wisdom through my journey. By 
having led an exemplary scientific life, you have set the bar so high that I am 
inspired to strive for excellence.  

Yvonne Wettergren my co-supervisor for her valuable input on my research. 

I also want to thank my lab-mates and colleagues in lab 4/5, those who make 
the work environment lively and fun. You guys have so much energy and 
creativity, its amazing. You truly demonstrate the essence of team-work.  

Liliana Håversen, you are the best cheerleader one can ask for. I appreciate 
your incredible efforts in this project and all the encouragement and pep talks. 
You were always there to advice and lend a hand whenever required, no matter 
how busy you were. I couldn’t have asked for better support and inspiration 
during my final year. Thank you for everything.    

Marcus and Angelica for helping with the lipid analysis. Marcus, I am grateful 
for the crash course on lipid analysis. Kristina Skålen, for helping me with the 
mouse studies despite you being so busy. Mikael Rutberg, your guidance in 
microscopy has been invaluable.  It is always fun chatting with you. Maria 
Heyden, for the expert tips on staining. The amazing warmth and love that you 
radiate makes me feel at home while at work. Sivve, for helping with the 
Swedish translations and the wonderful discussions we have. I am glad that I 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

48 

had you as a constant companion working late evenings and weekends. Linda 
Andersson, I am grateful that you could help me with the glucose assays that 
were driving me crazy. Thank you for your constant encouragement and your 
compassionate hearing to all of my trials and tribulations. I found a friend in 
you through the ups and downs of this journey. Christina, for being kind and 
answering all the questions about the dissertation. Eva, Malin Li, Azra, Elin, 
Pradeep, Abhishek, Martin, Meta, Martina, Malin Le and Per F, for being 
the most fantastic and helpful co-workers I could have asked for. 

Adil Mardinoglu, for your help with the analysis of the microarray data. I 
would have been completely lost without your help. Reza Mobini for the long 
discussions and help with the ARAP2 study. Annika L, for your help with the 
sectioning. Your positive attitude and motivation lighten up tough days.  

Rosie Perkins, you taught me the language of scientific writing. I am so 
grateful to you, for mentoring me through it. 

Marie and Gunilla, for all the administrative help and answering thousands of 
my questions. Sven (IT) for all the computer help. You can fix anything. 
Magnus, Merja and Ullrika, for the great conversations we have in the 
hallways and lunchroom. You guys make sure that everything is functioning 
smoothly in the laboratory.   

People in my writing room: Inger, Bjorn, Linda, Steffi, Anna, Rozita and 
Marcus for being such wonderful officemates. Thank you for all the help and 
fun times we shared.   

Ying, Marta, Ismena, Tony, Yangzhen and Matias – thank you for all the 
fun dinners, movie nights and game nights. You guys have been a major source 
of joy in my life. Your inexplicable support has got me through some serious 
twists and turns. Old and new friends: Tulika, Rosellina (<3), Piero, Maria 
Antonella, Carlo, Cristina, Antonio, Benedetta, Steffi, Mattias, Rosita, 
Sama, Ara, Angela – for being my friends, even outside Sahlgrenska. The 
evenings spent with you guys have been a lot of fun. 

All the other members of Wlab for making it fun to be in the lab.  

Daniel Krumlinde, for being my friend and showing me the way when I first 
started. 



 

49 

John and Jenny for a great time I had with you at the long DZD lectures. 
Manoj, for just listening to me when I needed someone to talk to and for being 
a good friend.  

Jonathan, thank you for you undying support and having my back when I was 
down; and for being my friend, I can always count on you. 

Nina and Felix – What would life be without you in it. You guys are an 
inspiration. Nina, I miss you so much my friend; and the wonderful yummy 
cakes that you bake. Josefine and Bjorn – your magnanimously generous 
friendship brings out the good in me. Little Tore and baby Ellen, you bring me 
so much happiness. I wish I could meet you more often. 

Swapnali and Jessica, you are far but always close to my heart. Rathan and 
Kristell, you have always been there to hear me out. We haven’t had enough 
time lately to hang out, hopefully we can change that.  

Johanna and Johannes, you have enriched my life in many ways. Johanna, 
you have always encouraged me, cheered me up, made me laugh and most 
importantly inspired me to create a work-life balance. Kram 

Janne, your kindness is overwhelming. Thank you for being such as good 
friend to me, I have enjoyed all our dinners and discussions, and how can I 
forget the jujutsu lesson.   

Kajsa and Arne, you are my family away from home. I am grateful for the 
warmth, encouragement and support you give me. Kajsa, thank you for being 
my pillar of strength and support.  

My cousins, aunts, uncles, and aaji for your undying support and love.  

Grandpa, I admire you for all your accomplishments in life; and your 
knowledge and wisdom that you have passed on to me. You have always 
taught me, that the secret to success is work. Don’t be afraid to work; “There is 
no substitute for hard work” - Thomas Edison. I am extremely fortunate to 
have you in my life. You have shown me unending love and support.  

Mom and Dad- I am so grateful to have you as my parents. You have always 
encouraged me to dream. You gave me the courage to follow my dreams.  I 
know the many sacrifices that you both made to ensure that I have come this 
far in my academic journey. I cannot express the value of your unconditional 
love and support. Without you, none of this would have been possible. 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

50 

REFERENCES 
1. Villeneuve, L.M., and Natarajan, R. 2010. The role of epigenetics in 

the pathology of diabetic complications. Am J Physiol Renal Physiol 
299:F14-25. 

2. Guariguata, L., Whiting, D.R., Hambleton, I., Beagley, J., 
Linnenkamp, U., and Shaw, J.E. 2014. Global estimates of diabetes 
prevalence for 2013 and projections for 2035. Diabetes Res Clin Pract 
103:137-149. 

3. Zhang, P., Zhang, X., Brown, J., Vistisen, D., Sicree, R., Shaw, J., and 
Nichols, G. 2010. Global healthcare expenditure on diabetes for 2010 
and 2030. Diabetes Res Clin Pract 87:293-301. 

4. Hu, F.B. 2011. Globalization of diabetes: the role of diet, lifestyle, and 
genes. Diabetes Care 34:1249-1257. 

5. Kang, S., Tsai, L.T., and Rosen, E.D. 2016. Nuclear Mechanisms of 
Insulin Resistance. Trends Cell Biol. 

6. Wajchenberg, B.L. 2007. beta-cell failure in diabetes and preservation 
by clinical treatment. Endocr Rev 28:187-218. 

7. Kahn, C.R. 1994. Banting Lecture. Insulin action, diabetogenes, and 
the cause of type II diabetes. Diabetes 43:1066-1084. 

8. Saltiel, A.R., and Kahn, C.R. 2001. Insulin signalling and the 
regulation of glucose and lipid metabolism. Nature 414:799-806. 

9. Poloz, Y., and Stambolic, V. 2015. Obesity and cancer, a case for 
insulin signaling. Cell Death & Disease 6. 

10. Taniguchi, C.M., Emanuelli, B., and Kahn, C.R. 2006. Critical nodes 
in signalling pathways: insights into insulin action. Nat Rev Mol Cell 
Biol 7:85-96. 

11. Avruch, J., Khokhlatchev, A., Kyriakis, J.M., Luo, Z., Tzivion, G., 
Vavvas, D., and Zhang, X.F. 2001. Ras activation of the Raf kinase: 
tyrosine kinase recruitment of the MAP kinase cascade. Recent Prog 
Horm Res 56:127-155. 

12. Kotzka, J., Muller-Wieland, D., Koponen, A., Njamen, D., Kremer, L., 
Roth, G., Munck, M., Knebel, B., and Krone, W. 1998. 
ADD1/SREBP-1c mediates insulin-induced gene expression linked to 
the MAP kinase pathway. Biochem Biophys Res Commun 249:375-
379. 

13. Arito, M., Horiba, T., Hachimura, S., Inoue, J., and Sato, R. 2008. 
Growth factor-induced phosphorylation of sterol regulatory element-
binding proteins inhibits sumoylation, thereby stimulating the 
expression of their target genes, low density lipoprotein uptake, and 
lipid synthesis. J Biol Chem 283:15224-15231. 



 

51 

14. Knebel, B., Lehr, S., Hartwig, S., Haas, J., Kaber, G., Dicken, H.D., 
Susanto, F., Bohne, L., Jacob, S., Nitzgen, U., et al. 2014. 
Phosphorylation of sterol regulatory element-binding protein 
(SREBP)-1c by p38 kinases, ERK and JNK influences lipid 
metabolism and the secretome of human liver cell line HepG2. Arch 
Physiol Biochem 120:216-227. 

15. Jiao, P., Feng, B., Li, Y., He, Q., and Xu, H. 2013. Hepatic ERK 
activity plays a role in energy metabolism. Mol Cell Endocrinol 
375:157-166. 

16. Cantley, L.C. 2002. The phosphoinositide 3-kinase pathway. Science 
296:1655-1657. 

17. Hawkins, P.T., Anderson, K.E., Davidson, K., and Stephens, L.R. 
2006. Signalling through Class I PI3Ks in mammalian cells. Biochem 
Soc Trans 34:647-662. 

18. Cheatham, B., Vlahos, C.J., Cheatham, L., Wang, L., Blenis, J., and 
Kahn, C.R. 1994. Phosphatidylinositol 3-kinase activation is required 
for insulin stimulation of pp70 S6 kinase, DNA synthesis, and glucose 
transporter translocation. Mol Cell Biol 14:4902-4911. 

19. Alessi, D.R. 2001. Discovery of PDK1, one of the missing links in 
insulin signal transduction. Colworth Medal Lecture. Biochem Soc 
Trans 29:1-14. 

20. Schroder, W.A., Buck, M., Cloonan, N., Hancock, J.F., Suhrbier, A., 
Sculley, T., and Bushell, G. 2007. Human Sin1 contains Ras-binding 
and pleckstrin homology domains and suppresses Ras signalling. Cell 
Signal 19:1279-1289. 

21. Sarbassov, D.D., Guertin, D.A., Ali, S.M., and Sabatini, D.M. 2005. 
Phosphorylation and regulation of Akt/PKB by the rictor-mTOR 
complex. Science 307:1098-1101. 

22. Liu, Q.R., Sasaki, T., Kozieradzki, I., Wakeham, A., Itie, A., Dumont, 
D.J., and Penninger, J.M. 1999. SHIP is a negative regulator of growth 
factor receptor-mediated PKB/Akt activation and myeloid cell 
survival. Genes Dev 13:786-791. 

23. Maehama, T., and Dixon, J.E. 1998. The tumor suppressor, 
PTEN/MMAC1, dephosphorylates the lipid second messenger, 
phosphatidylinositol 3,4,5-trisphosphate. J Biol Chem 273:13375-
13378. 

24. Vanhaesebroeck, B., and Waterfield, M.D. 1999. Signaling by distinct 
classes of phosphoinositide 3-kinases. Exp Cell Res 253:239-254. 

25. Engelman, J.A., Luo, J., and Cantley, L.C. 2006. The evolution of 
phosphatidylinositol 3-kinases as regulators of growth and 
metabolism. Nat Rev Genet 7:606-619. 

26. Fransson, S., Uv, A., Eriksson, H., Andersson, M.K., Wettergren, Y., 
Bergo, M., and Ejeskar, K. 2012. p37delta is a new isoform of PI3K 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

52 

p110delta that increases cell proliferation and is overexpressed in 
tumors. Oncogene 31:3277-3286. 

27. Vanhaesebroeck, B., Guillermet-Guibert, J., Graupera, M., and 
Bilanges, B. 2010. The emerging mechanisms of isoform-specific 
PI3K signalling. Nat Rev Mol Cell Biol 11:329-341. 

28. Patton, D.T., Garcon, F., and Okkenhaug, K. 2007. The PI3K 
p110delta controls T-cell development, differentiation and regulation. 
Biochem Soc Trans 35:167-171. 

29. Yu, J., Zhang, Y., McIlroy, J., Rordorf-Nikolic, T., Orr, G.A., and 
Backer, J.M. 1998. Regulation of the p85/p110 phosphatidylinositol 3'-
kinase: stabilization and inhibition of the p110alpha catalytic subunit 
by the p85 regulatory subunit. Mol Cell Biol 18:1379-1387. 

30. Yonezawa, K., Ueda, H., Hara, K., Nishida, K., Ando, A., Chavanieu, 
A., Matsuba, H., Shii, K., Yokono, K., Fukui, Y., et al. 1992. Insulin-
dependent formation of a complex containing an 85-kDa subunit of 
phosphatidylinositol 3-kinase and tyrosine-phosphorylated insulin 
receptor substrate 1. J Biol Chem 267:25958-25965. 

31. Myers, M.G., Jr., Backer, J.M., Sun, X.J., Shoelson, S., Hu, P., 
Schlessinger, J., Yoakim, M., Schaffhausen, B., and White, M.F. 1992. 
IRS-1 activates phosphatidylinositol 3'-kinase by associating with src 
homology 2 domains of p85. Proc Natl Acad Sci U S A 89:10350-
10354. 

32. Carpenter, C.L., and Cantley, L.C. 1996. Phosphoinositide 3-kinase 
and the regulation of cell growth. Biochim Biophys Acta 1288:M11-16. 

33. Ueki, K., Fruman, D.A., Yballe, C.M., Fasshauer, M., Klein, J., Asano, 
T., Cantley, L.C., and Kahn, C.R. 2003. Positive and negative roles of 
p85 alpha and p85 beta regulatory subunits of phosphoinositide 3-
kinase in insulin signaling. J Biol Chem 278:48453-48466. 

34. Fruman, D.A., Snapper, S.B., Yballe, C.M., Davidson, L., Yu, J.Y., 
Alt, F.W., and Cantley, L.C. 1999. Impaired B cell development and 
proliferation in absence of phosphoinositide 3-kinase p85alpha. 
Science 283:393-397. 

35. Terauchi, Y., Tsuji, Y., Satoh, S., Minoura, H., Murakami, K., Okuno, 
A., Inukai, K., Asano, T., Kaburagi, Y., Ueki, K., et al. 1999. Increased 
insulin sensitivity and hypoglycaemia in mice lacking the p85 alpha 
subunit of phosphoinositide 3-kinase. Nat Genet 21:230-235. 

36. Katso, R., Okkenhaug, K., Ahmadi, K., White, S., Timms, J., and 
Waterfield, M.D. 2001. Cellular function of phosphoinositide 3-
kinases: implications for development, homeostasis, and cancer. Annu 
Rev Cell Dev Biol 17:615-675. 

37. Ueki, K., Fruman, D.A., Brachmann, S.M., Tseng, Y.H., Cantley, 
L.C., and Kahn, C.R. 2002. Molecular balance between the regulatory 



 

53 

and catalytic subunits of phosphoinositide 3-kinase regulates cell 
signaling and survival. Mol Cell Biol 22:965-977. 

38. Luo, J., Field, S.J., Lee, J.Y., Engelman, J.A., and Cantley, L.C. 2005. 
The p85 regulatory subunit of phosphoinositide 3-kinase down-
regulates IRS-1 signaling via the formation of a sequestration complex. 
J Cell Biol 170:455-464. 

39. Bi, L., Okabe, I., Bernard, D.J., and Nussbaum, R.L. 2002. Early 
embryonic lethality in mice deficient in the p110beta catalytic subunit 
of PI 3-kinase. Mamm Genome 13:169-172. 

40. Bi, L., Okabe, I., Bernard, D.J., Wynshaw-Boris, A., and Nussbaum, 
R.L. 1999. Proliferative defect and embryonic lethality in mice 
homozygous for a deletion in the p110alpha subunit of 
phosphoinositide 3-kinase. J Biol Chem 274:10963-10968. 

41. Brachmann, S.M., Ueki, K., Engelman, J.A., Kahn, R.C., and Cantley, 
L.C. 2005. Phosphoinositide 3-kinase catalytic subunit deletion and 
regulatory subunit deletion have opposite effects on insulin sensitivity 
in mice. Mol Cell Biol 25:1596-1607. 

42. Ciraolo, E., Iezzi, M., Marone, R., Marengo, S., Curcio, C., Costa, C., 
Azzolino, O., Gonella, C., Rubinetto, C., Wu, H., et al. 2008. 
Phosphoinositide 3-kinase p110beta activity: key role in metabolism 
and mammary gland cancer but not development. Sci Signal 1:ra3. 

43. Foukas, L.C., Claret, M., Pearce, W., Okkenhaug, K., Meek, S., 
Peskett, E., Sancho, S., Smith, A.J., Withers, D.J., and 
Vanhaesebroeck, B. 2006. Critical role for the p110alpha 
phosphoinositide-3-OH kinase in growth and metabolic regulation. 
Nature 441:366-370. 

44. Sopasakis, V.R., Liu, P., Suzuki, R., Kondo, T., Winnay, J., Tran, T.T., 
Asano, T., Smyth, G., Sajan, M.P., Farese, R.V., et al. 2010. Specific 
roles of the p110alpha isoform of phosphatidylinsositol 3-kinase in 
hepatic insulin signaling and metabolic regulation. Cell Metab 11:220-
230. 

45. Giovannucci, E., Harlan, D.M., Archer, M.C., Bergenstal, R.M., 
Gapstur, S.M., Habel, L.A., Pollak, M., Regensteiner, J.G., and Yee, 
D. 2010. Diabetes and Cancer A consensus report. Diabetes Care 
33:1674-1685. 

46. Habib, S.L., and Rojna, M. 2013. Diabetes and risk of cancer. ISRN 
Oncol 2013:583786. 

47. Yuhara, H., Steinmaus, C., Cohen, S.E., Corley, D.A., Tei, Y., and 
Buffler, P.A. 2011. Is diabetes mellitus an independent risk factor for 
colon cancer and rectal cancer? Am J Gastroenterol 106:1911-1921; 
quiz 1922. 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

54 

48. Sun, G., and Kashyap, S.R. 2011. Cancer risk in type 2 diabetes 
mellitus: metabolic links and therapeutic considerations. J Nutr Metab 
2011:708183. 

49. Sjostrom, L., Gummesson, A., Sjostrom, C.D., Narbro, K., Peltonen, 
M., Wedel, H., Bengtsson, C., Bouchard, C., Carlsson, B., Dahlgren, 
S., et al. 2009. Effects of bariatric surgery on cancer incidence in obese 
patients in Sweden (Swedish Obese Subjects Study): a prospective, 
controlled intervention trial. Lancet Oncol 10:653-662. 

50. Gunter, M.J., Xie, X., Xue, X., Kabat, G.C., Rohan, T.E., Wassertheil-
Smoller, S., Ho, G.Y., Wylie-Rosett, J., Greco, T., Yu, H., et al. 2015. 
Breast cancer risk in metabolically healthy but overweight 
postmenopausal women. Cancer Res 75:270-274. 

51. Vigneri, P., Frasca, F., Sciacca, L., Pandini, G., and Vigneri, R. 2009. 
Diabetes and cancer. Endocr Relat Cancer 16:1103-1123. 

52. Salvatore, T., Marfella, R., Rizzo, M.R., and Sasso, F.C. 2015. 
Pancreatic cancer and diabetes: A two-way relationship in the 
perspective of diabetologist. Int J Surg 21 Suppl 1:S72-77. 

53. Friberg, E., Orsini, N., Mantzoros, C.S., and Wolk, A. 2007. Diabetes 
mellitus and risk of endometrial cancer: a meta-analysis. Diabetologia 
50:1365-1374. 

54. Larsson, S.C., Mantzoros, C.S., and Wolk, A. 2007. Diabetes mellitus 
and risk of breast cancer: a meta-analysis. Int J Cancer 121:856-862. 

55. Larsson, S.C., Orsini, N., and Wolk, A. 2005. Diabetes mellitus and 
risk of colorectal cancer: a meta-analysis. J Natl Cancer Inst 97:1679-
1687. 

56. Ligresti, G., Militello, L., Steelman, L.S., Cavallaro, A., Basile, F., 
Nicoletti, F., Stivala, F., McCubrey, J.A., and Libra, M. 2009. PIK3CA 
mutations in human solid tumors: role in sensitivity to various 
therapeutic approaches. Cell Cycle 8:1352-1358. 

57. Huang, C.H., Mandelker, D., Schmidt-Kittler, O., Samuels, Y., 
Velculescu, V.E., Kinzler, K.W., Vogelstein, B., Gabelli, S.B., and 
Amzel, L.M. 2007. The structure of a human p110alpha/p85alpha 
complex elucidates the effects of oncogenic PI3Kalpha mutations. 
Science 318:1744-1748. 

58. Ikenoue, T., Kanai, F., Hikiba, Y., Obata, T., Tanaka, Y., Imamura, J., 
Ohta, M., Jazag, A., Guleng, B., Tateishi, K., et al. 2005. Functional 
analysis of PIK3CA gene mutations in human colorectal cancer. 
Cancer Res 65:4562-4567. 

59. Miled, N., Yan, Y., Hon, W.C., Perisic, O., Zvelebil, M., Inbar, Y., 
Schneidman-Duhovny, D., Wolfson, H.J., Backer, J.M., and Williams, 
R.L. 2007. Mechanism of two classes of cancer mutations in the 
phosphoinositide 3-kinase catalytic subunit. Science 317:239-242. 



 

55 

60. Kang, S., Bader, A.G., and Vogt, P.K. 2005. Phosphatidylinositol 3-
kinase mutations identified in human cancer are oncogenic. Proc Natl 
Acad Sci U S A 102:802-807. 

61. Samuels, Y., Diaz, L.A., Jr., Schmidt-Kittler, O., Cummins, J.M., 
Delong, L., Cheong, I., Rago, C., Huso, D.L., Lengauer, C., Kinzler, 
K.W., et al. 2005. Mutant PIK3CA promotes cell growth and invasion 
of human cancer cells. Cancer Cell 7:561-573. 

62. Conti, R., Mannucci, E., Pessotto, P., Tassoni, E., Carminati, P., 
Giannessi, F., and Arduini, A. 2011. Selective reversible inhibition of 
liver carnitine palmitoyl-transferase 1 by teglicar reduces 
gluconeogenesis and improves glucose homeostasis. Diabetes 60:644-
651. 

63. Raddatz, D., and Ramadori, G. 2007. Carbohydrate metabolism and 
the liver: actual aspects from physiology and disease. Z Gastroenterol 
45:51-62. 

64. Agius, L. 2015. Role of glycogen phosphorylase in liver glycogen 
metabolism. Mol Aspects Med 46:34-45. 

65. Pilkis, S.J., and Claus, T.H. 1991. Hepatic gluconeogenesis/glycolysis: 
regulation and structure/function relationships of substrate cycle 
enzymes. Annu Rev Nutr 11:465-515. 

66. Pilkis, S.J., el-Maghrabi, M.R., and Claus, T.H. 1988. Hormonal 
regulation of hepatic gluconeogenesis and glycolysis. Annu Rev 
Biochem 57:755-783. 

67. Valera, A., Pujol, A., Pelegrin, M., and Bosch, F. 1994. Transgenic 
mice overexpressing phosphoenolpyruvate carboxykinase develop 
non-insulin-dependent diabetes mellitus. Proc Natl Acad Sci U S A 
91:9151-9154. 

68. Hakimi, P., Johnson, M.T., Yang, J., Lepage, D.F., Conlon, R.A., 
Kalhan, S.C., Reshef, L., Tilghman, S.M., and Hanson, R.W. 2005. 
Phosphoenolpyruvate carboxykinase and the critical role of 
cataplerosis in the control of hepatic metabolism. Nutr Metab (Lond) 
2:33. 

69. Leturque, A., Brot-Laroche, E., and Le Gall, M. 2009. GLUT2 
mutations, translocation, and receptor function in diet sugar managing. 
Am J Physiol Endocrinol Metab 296:E985-992. 

70. Hruz, P.W., and Mueckler, M.M. 2001. Structural analysis of the 
GLUT1 facilitative glucose transporter (review). Mol Membr Biol 
18:183-193. 

71. Ebeling, P., Koistinen, H.A., and Koivisto, V.A. 1998. Insulin-
independent glucose transport regulates insulin sensitivity. FEBS Lett 
436:301-303. 

72. Roach, P.J. 2002. Glycogen and its metabolism. Curr Mol Med 2:101-
120. 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

56 

73. Herman, M.A., Peroni, O.D., Villoria, J., Schon, M.R., Abumrad, 
N.A., Bluher, M., Klein, S., and Kahn, B.B. 2012. A novel ChREBP 
isoform in adipose tissue regulates systemic glucose metabolism. 
Nature 484:333-338. 

74. Eissing, L., Scherer, T., Todter, K., Knippschild, U., Greve, J.W., 
Buurman, W.A., Pinnschmidt, H.O., Rensen, S.S., Wolf, A.M., Bartelt, 
A., et al. 2013. De novo lipogenesis in human fat and liver is linked to 
ChREBP-beta and metabolic health. Nat Commun 4:1528. 

75. Foretz, M., Pacot, C., Dugail, I., Lemarchand, P., Guichard, C., Le 
Liepvre, X., Berthelier-Lubrano, C., Spiegelman, B., Kim, J.B., Ferre, 
P., et al. 1999. ADD1/SREBP-1c is required in the activation of 
hepatic lipogenic gene expression by glucose. Mol Cell Biol 19:3760-
3768. 

76. Leavens, K.F., Easton, R.M., Shulman, G.I., Previs, S.F., and 
Birnbaum, M.J. 2009. Akt2 is required for hepatic lipid accumulation 
in models of insulin resistance. Cell Metab 10:405-418. 

77. Semple, R.K., Sleigh, A., Murgatroyd, P.R., Adams, C.A., Bluck, L., 
Jackson, S., Vottero, A., Kanabar, D., Charlton-Menys, V., 
Durrington, P., et al. 2009. Postreceptor insulin resistance contributes 
to human dyslipidemia and hepatic steatosis. J Clin Invest 119:315-
322. 

78. Savage, D.B., and Semple, R.K. 2010. Recent insights into fatty liver, 
metabolic dyslipidaemia and their links to insulin resistance. Curr 
Opin Lipidol 21:329-336. 

79. Shimano, H., Yahagi, N., Amemiya-Kudo, M., Hasty, A.H., Osuga, J., 
Tamura, Y., Shionoiri, F., Iizuka, Y., Ohashi, K., Harada, K., et al. 
1999. Sterol regulatory element-binding protein-1 as a key 
transcription factor for nutritional induction of lipogenic enzyme 
genes. J Biol Chem 274:35832-35839. 

80. Iizuka, K., and Horikawa, Y. 2008. ChREBP: A glucose-activated 
transcription factor involved in the development of metabolic 
syndrome. Endocrine Journal 55:617-624. 

81. Kaplan, R.S., Mayor, J.A., Johnston, N., and Oliveira, D.L. 1990. 
Purification and Characterization of the Reconstitutively Active 
Tricarboxylate Transporter from Rat-Liver Mitochondria. J Biol Chem 
265:13379-13385. 

82. Sul, H.S., Latasa, M.J., Moon, Y., and Kim, K.H. 2000. Regulation of 
the fatty acid synthase promoter by insulin. J Nutr 130:315S-320S. 

83. Dentin, R., Girard, J., and Postic, C. 2005. Carbohydrate responsive 
element binding protein (ChREBP) and sterol regulatory element 
binding protein-1c (SREBP-1c): two key regulators of glucose 
metabolism and lipid synthesis in liver. Biochimie 87:81-86. 



 

57 

84. Softic, S., Cohen, D.E., and Kahn, C.R. 2016. Role of Dietary Fructose 
and Hepatic De Novo Lipogenesis in Fatty Liver Disease. Dig Dis Sci. 

85. Brownsey, R.W., Boone, A.N., Elliott, J.E., Kulpa, J.E., and Lee, 
W.M. 2006. Regulation of acetyl-CoA carboxylase. Biochem Soc 
Trans 34:223-227. 

86. Leavens, K.F., and Birnbaum, M.J. 2011. Insulin signaling to hepatic 
lipid metabolism in health and disease. Crit Rev Biochem Mol Biol 
46:200-215. 

87. Horton, J.D., Goldstein, J.L., and Brown, M.S. 2002. SREBPs: 
activators of the complete program of cholesterol and fatty acid 
synthesis in the liver. J Clin Invest 109:1125-1131. 

88. Witters, L.A., and Kemp, B.E. 1992. Insulin activation of acetyl-CoA 
carboxylase accompanied by inhibition of the 5'-AMP-activated 
protein kinase. J Biol Chem 267:2864-2867. 

89. Kohjima, M., Higuchi, N., Kato, M., Kotoh, K., Yoshimoto, T., 
Fujino, T., Yada, M., Yada, R., Harada, N., Enjoji, M., et al. 2008. 
SREBP-1c, regulated by the insulin and AMPK signaling pathways, 
plays a role in nonalcoholic fatty liver disease. Int J Mol Med 21:507-
511. 

90. Saha, A.K., and Ruderman, N.B. 2003. Malonyl-CoA and AMP-
activated protein kinase: an expanding partnership. Mol Cell Biochem 
253:65-70. 

91. McGarry, J.D., Mannaerts, G.P., and Foster, D.W. 1977. A possible 
role for malonyl-CoA in the regulation of hepatic fatty acid oxidation 
and ketogenesis. J Clin Invest 60:265-270. 

92. Esser, V., Britton, C.H., Weis, B.C., Foster, D.W., and McGarry, J.D. 
1993. Cloning, sequencing, and expression of a cDNA encoding rat 
liver carnitine palmitoyltransferase I. Direct evidence that a single 
polypeptide is involved in inhibitor interaction and catalytic function. J 
Biol Chem 268:5817-5822. 

93. McGarry, J.D. 2001. Travels with carnitine palmitoyltransferase I: 
from liver to germ cell with stops in between. Biochem Soc Trans 
29:241-245. 

94. Ruderman, N.B., Saha, A.K., and Kraegen, E.W. 2003. Minireview: 
malonyl CoA, AMP-activated protein kinase, and adiposity. 
Endocrinology 144:5166-5171. 

95. Aarsland, A., and Wolfe, R.R. 1998. Hepatic secretion of VLDL fatty 
acids during stimulated lipogenesis in men. J Lipid Res 39:1280-1286. 

96. Hebbachi, A., and Saggerson, D. 2013. Acute regulation of 5 '-AMP-
activated protein kinase by long-chain fatty acid, glucose and insulin in 
rat primary adipocytes. Bioscience Reports 33:71-U102. 

97. Zhou, H., Summers, S.A., Birnbaum, M.J., and Pittman, R.N. 1998. 
Inhibition of Akt kinase by cell-permeable ceramide and its 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

58 

implications for ceramide-induced apoptosis. J Biol Chem 273:16568-
16575. 

98. Coleman, R.A., and Lee, D.P. 2004. Enzymes of triacylglycerol 
synthesis and their regulation. Prog Lipid Res 43:134-176. 

99. Coleman, R.A., and Mashek, D.G. 2011. Mammalian triacylglycerol 
metabolism: synthesis, lipolysis, and signaling. Chem Rev 111:6359-
6386. 

100. Smith, S.J., Cases, S., Jensen, D.R., Chen, H.C., Sande, E., Tow, B., 
Sanan, D.A., Raber, J., Eckel, R.H., and Farese, R.V., Jr. 2000. 
Obesity resistance and multiple mechanisms of triglyceride synthesis 
in mice lacking Dgat. Nat Genet 25:87-90. 

101. Millar, J.S., Stone, S.J., Tietge, U.J., Tow, B., Billheimer, J.T., Wong, 
J.S., Hamilton, R.L., Farese, R.V., Jr., and Rader, D.J. 2006. Short-
term overexpression of DGAT1 or DGAT2 increases hepatic 
triglyceride but not VLDL triglyceride or apoB production. J Lipid Res 
47:2297-2305. 

102. Stone, S.J., Myers, H.M., Watkins, S.M., Brown, B.E., Feingold, K.R., 
Elias, P.M., and Farese, R.V., Jr. 2004. Lipopenia and skin barrier 
abnormalities in DGAT2-deficient mice. J Biol Chem 279:11767-
11776. 

103. Nagle, C.A., Klett, E.L., and Coleman, R.A. 2009. Hepatic 
triacylglycerol accumulation and insulin resistance. J Lipid Res 50 
Suppl:S74-79. 

104. Zhang, C., Wendel, A.A., Keogh, M.R., Harris, T.E., Chen, J., and 
Coleman, R.A. 2012. Glycerolipid signals alter mTOR complex 2 
(mTORC2) to diminish insulin signaling. Proc Natl Acad Sci U S A 
109:1667-1672. 

105. Listenberger, L.L., Han, X., Lewis, S.E., Cases, S., Farese, R.V., Jr., 
Ory, D.S., and Schaffer, J.E. 2003. Triglyceride accumulation protects 
against fatty acid-induced lipotoxicity. Proc Natl Acad Sci U S A 
100:3077-3082. 

106. Leamy, A.K., Egnatchik, R.A., and Young, J.D. 2013. Molecular 
mechanisms and the role of saturated fatty acids in the progression of 
non-alcoholic fatty liver disease. Prog Lipid Res 52:165-174. 

107. Weiss, S.B., Kennedy, E.P., and Kiyasu, J.Y. 1960. The enzymatic 
synthesis of triglycerides. J Biol Chem 235:40-44. 

108. Buhman, K.K., Chen, H.C., and Farese, R.V. 2001. The enzymes of 
neutral lipid synthesis. J Biol Chem 276:40369-40372. 

109. Wilfling, F., Wang, H., Haas, J.T., Krahmer, N., Gould, T.J., Uchida, 
A., Cheng, J.X., Graham, M., Christiano, R., Frohlich, F., et al. 2013. 
Triacylglycerol synthesis enzymes mediate lipid droplet growth by 
relocalizing from the ER to lipid droplets. Dev Cell 24:384-399. 



 

59 

110. Walther, T.C., and Farese, R.V., Jr. 2009. The life of lipid droplets. 
Biochim Biophys Acta 1791:459-466. 

111. Jacquier, N., Mishra, S., Choudhary, V., and Schneiter, R. 2013. 
Expression of oleosin and perilipins in yeast promotes formation of 
lipid droplets from the endoplasmic reticulum. J Cell Sci 126:5198-+. 

112. Jacquier, N., Choudhary, V., Mari, M., Toulmay, A., Reggiori, F., and 
Schneiter, R. 2011. Lipid droplets are functionally connected to the 
endoplasmic reticulum in Saccharomyces cerevisiae. J Cell Sci 
124:2424-2437. 

113. Long, A.P., Manneschmidt, A.K., VerBrugge, B., Dortch, M.R., 
Minkin, S.C., Prater, K.E., Biggerstaff, J.P., Dunlap, J.R., and 
Dalhaimer, P. 2012. Lipid Droplet De Novo Formation and Fission 
Are Linked to the Cell Cycle in Fission Yeast. Traffic 13:705-714. 

114. Martin, S., and Parton, R.G. 2006. Lipid droplets: a unified view of a 
dynamic organelle. Nat Rev Mol Cell Biol 7:373-378. 

115. Wilfling, F., Haas, J.T., Walther, T.C., and Farese, R.V. 2014. Lipid 
droplet biogenesis. Curr Opin Cell Biol 29:39-45. 

116. Walther, T.C., and Farese, R.V., Jr. 2012. Lipid droplets and cellular 
lipid metabolism. Annu Rev Biochem 81:687-714. 

117. Straub, B.K., Stoeffel, P., Heid, H., Zimbelmann, R., and Schirmacher, 
P. 2008. Differential pattern of lipid droplet-associated proteins and de 
novo perilipin expression in hepatocyte steatogenesis. Hepatology 
47:1936-1946. 

118. Bickel, P.E., Tansey, J.T., and Welte, M.A. 2009. PAT proteins, an 
ancient family of lipid droplet proteins that regulate cellular lipid 
stores. Biochim Biophys Acta 1791:419-440. 

119. Kimmel, A.R., Brasaemle, D.L., McAndrews-Hill, M., Sztalryd, C., 
and Londos, C. 2010. Adoption of PERILIPIN as a unifying 
nomenclature for the mammalian PAT-family of intracellular lipid 
storage droplet proteins. J Lipid Res 51:468-471. 

120. Greenberg, A.S., and Coleman, R.A. 2011. Expanding roles for lipid 
droplets. Trends Endocrinol Metab 22:195-196. 

121. Greenberg, A.S., Coleman, R.A., Kraemer, F.B., McManaman, J.L., 
Obin, M.S., Puri, V., Yan, Q.W., Miyoshi, H., and Mashek, D.G. 2011. 
The role of lipid droplets in metabolic disease in rodents and humans. 
J Clin Invest 121:2102-2110. 

122. Bartz, R., Zehmer, J.K., Zhu, M., Chen, Y., Serrero, G., Zhao, Y., and 
Liu, P. 2007. Dynamic activity of lipid droplets: protein 
phosphorylation and GTP-mediated protein translocation. J Proteome 
Res 6:3256-3265. 

123. D'Souza-Schorey, C., and Chavrier, P. 2006. ARF proteins: roles in 
membrane traffic and beyond. Nat Rev Mol Cell Biol 7:347-358. 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

60 

124. Guo, Y., Walther, T.C., Rao, M., Stuurman, N., Goshima, G., 
Terayama, K., Wong, J.S., Vale, R.D., Walter, P., and Farese, R.V. 
2008. Functional genomic screen reveals genes involved in lipid-
droplet formation and utilization. Nature 453:657-661. 

125. Clark, J.M. 2006. The epidemiology of nonalcoholic fatty liver disease 
in adults. J Clin Gastroenterol 40:S5-S10. 

126. Peverill, W., Powell, L.W., and Skoien, R. 2014. Evolving Concepts in 
the Pathogenesis of NASH: Beyond Steatosis and Inflammation. Int J 
Mol Sci 15:8591-8638. 

127. Asrih, M., and Jornayvaz, F.R. 2013. Inflammation as a potential link 
between nonalcoholic fatty liver disease and insulin resistance. J 
Endocrinol 218:R25-36. 

128. Yamaguchi, K., Yang, L., McCall, S., Huang, J., Yu, X.X., Pandey, 
S.K., Bhanot, S., Monia, B.P., Li, Y.X., and Diehl, A.M. 2007. 
Inhibiting triglyceride synthesis improves hepatic steatosis but 
exacerbates liver damage and fibrosis in obese mice with nonalcoholic 
steatohepatitis. Hepatology 45:1366-1374. 

129. Musso, G., Gambino, R., and Cassader, M. 2013. Cholesterol 
metabolism and the pathogenesis of non-alcoholic steatohepatitis. Prog 
Lipid Res 52:175-191. 

130. Arguello, G., Balboa, E., Arrese, M., and Zanlungo, S. 2015. Recent 
insights on the role of cholesterol in non-alcoholic fatty liver disease. 
Biochim Biophys Acta 1852:1765-1778. 

131. Hendrikx, T., Walenbergh, S.M., Hofker, M.H., and Shiri-Sverdlov, R. 
2014. Lysosomal cholesterol accumulation: driver on the road to 
inflammation during atherosclerosis and non-alcoholic steatohepatitis. 
Obes Rev 15:424-433. 

132. Kumashiro, N., Erion, D.M., Zhang, D., Kahn, M., Beddow, S.A., 
Chu, X., Still, C.D., Gerhard, G.S., Han, X., Dziura, J., et al. 2011. 
Cellular mechanism of insulin resistance in nonalcoholic fatty liver 
disease. Proc Natl Acad Sci U S A 108:16381-16385. 

133. Chaurasia, B., and Summers, S.A. 2015. Ceramides - Lipotoxic 
Inducers of Metabolic Disorders. Trends Endocrinol Metab 26:538-
550. 

134. Koliwad, S.K., Streeper, R.S., Monetti, M., Cornelissen, I., Chan, L., 
Terayama, K., Naylor, S., Rao, M., Hubbard, B., and Farese, R.V., Jr. 
2010. DGAT1-dependent triacylglycerol storage by macrophages 
protects mice from diet-induced insulin resistance and inflammation. J 
Clin Invest 120:756-767. 

135. Berk, P.D. 2008. Regulatable fatty acid transport mechanisms are 
central to the pathophysiology of obesity, fatty liver, and metabolic 
syndrome. Hepatology 48:1362-1376. 



 

61 

136. Doege, H., Baillie, R.A., Ortegon, A.M., Tsang, B., Wu, Q., Punreddy, 
S., Hirsch, D., Watson, N., Gimeno, R.E., and Stahl, A. 2006. Targeted 
deletion of FATP5 reveals multiple functions in liver metabolism: 
alterations in hepatic lipid homeostasis. Gastroenterology 130:1245-
1258. 

137. Falcon, A., Doege, H., Fluitt, A., Tsang, B., Watson, N., Kay, M.A., 
and Stahl, A. 2010. FATP2 is a hepatic fatty acid transporter and 
peroxisomal very long-chain acyl-CoA synthetase. Am J Physiol 
Endocrinol Metab 299:E384-393. 

138. Koonen, D.P., Jacobs, R.L., Febbraio, M., Young, M.E., Soltys, C.L., 
Ong, H., Vance, D.E., and Dyck, J.R. 2007. Increased hepatic CD36 
expression contributes to dyslipidemia associated with diet-induced 
obesity. Diabetes 56:2863-2871. 

139. Coburn, C.T., Knapp, F.F., Jr., Febbraio, M., Beets, A.L., Silverstein, 
R.L., and Abumrad, N.A. 2000. Defective uptake and utilization of 
long chain fatty acids in muscle and adipose tissues of CD36 knockout 
mice. J Biol Chem 275:32523-32529. 

140. Hajri, T., Han, X.X., Bonen, A., and Abumrad, N.A. 2002. Defective 
fatty acid uptake modulates insulin responsiveness and metabolic 
responses to diet in CD36-null mice. J Clin Invest 109:1381-1389. 

141. Wilson, C.G., Tran, J.L., Erion, D.M., Vera, N.B., Febbraio, M., and 
Weiss, E.J. 2016. Hepatocyte-Specific Disruption of CD36 Attenuates 
Fatty Liver and Improves Insulin Sensitivity in HFD-Fed Mice. 
Endocrinology 157:570-585. 

142. Schadinger, S.E., Bucher, N.L., Schreiber, B.M., and Farmer, S.R. 
2005. PPARgamma2 regulates lipogenesis and lipid accumulation in 
steatotic hepatocytes. Am J Physiol Endocrinol Metab 288:E1195-
1205. 

143. Knight, B.L., Hebbachi, A., Hauton, D., Brown, A.M., Wiggins, D., 
Patel, D.D., and Gibbons, G.F. 2005. A role for PPAR alpha in the 
control of SREBP activity and lipid synthesis in the liver. Biochem J 
389:413-421. 

144. Aoyama, T., Peters, J.M., Iritani, N., Nakajima, T., Furihata, K., 
Hashimoto, T., and Gonzalez, F.J. 1998. Altered constitutive 
expression of fatty acid-metabolizing enzymes in mice lacking the 
peroxisome proliferator-activated receptor alpha (PPARalpha). J Biol 
Chem 273:5678-5684. 

145. Spang, A., Shiba, Y., and Randazzo, P.A. 2010. Arf GAPs: 
Gatekeepers of vesicle generation. FEBS Lett 584:2646-2651. 

146. Kahn, R.A., Bruford, E., Inoue, H., Logsdon, J.M., Jr., Nie, Z., 
Premont, R.T., Randazzo, P.A., Satake, M., Theibert, A.B., Zapp, 
M.L., et al. 2008. Consensus nomenclature for the human ArfGAP 
domain-containing proteins. J Cell Biol 182:1039-1044. 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

62 

147. Shome, K., Vasudevan, C., and Romero, G. 1997. ARF proteins 
mediate insulin-dependent activation of phospholipase D. Current 
Biology 7:387-396. 

148. Andersson, L., Bostrom, P., Ericson, J., Rutberg, M., Magnusson, B., 
Marchesan, D., Ruiz, M., Asp, L., Huang, P., Frohman, M.A., et al. 
2006. PLD1 and ERK2 regulate cytosolic lipid droplet formation. J 
Cell Sci 119:2246-2257. 

149. Marchesan, D., Rutberg, M., Andersson, L., Asp, L., Larsson, T., 
Boren, J., Johansson, B.R., and Olofsson, S.O. 2003. A phospholipase 
D-dependent process forms lipid droplets containing caveolin, 
adipocyte differentiation-related protein, and vimentin in a cell-free 
system. J Biol Chem 278:27293-27300. 

150. Nakamura, N., Banno, Y., and Tamiya-Koizumi, K. 2005. Arf1-
dependent PLD1 is localized to oleic acid-induced lipid droplets in 
NIH3T3 cells. Biochem Biophys Res Commun 335:117-123. 

151. Babenko, N.A., and Kharchenko, V.S. 2015. Modulation of Insulin 
Sensitivity of Hepatocytes by the Pharmacological Downregulation of 
Phospholipase D. Int J Endocrinol 2015:794838. 

152. Yoon, H.Y., Miura, K., Cuthbert, E.J., Davis, K.K., Ahvazi, B., 
Casanova, J.E., and Randazzo, P.A. 2006. ARAP2 effects on the actin 
cytoskeleton are dependent on Arf6-specific GTPase-activating-
protein activity and binding to RhoA-GTP. J Cell Sci 119:4650-4666. 

153. Chen, P.W., Luo, R., Jian, X., and Randazzo, P.A. 2014. The Arf6 
GTPase-activating proteins ARAP2 and ACAP1 define distinct 
endosomal compartments that regulate integrin alpha5beta1 traffic. J 
Biol Chem 289:30237-30248. 

154. Gavicherla, B., Ritchey, L., Gianfelice, A., Kolokoltsov, A.A., Davey, 
R.A., and Ireton, K. 2010. Critical role for the host GTPase-activating 
protein ARAP2 in InlB-mediated entry of Listeria monocytogenes. 
Infect Immun 78:4532-4541. 

155. Oliver, P.L., Bitoun, E., and Davies, K.E. 2007. Comparative genetic 
analysis: the utility of mouse genetic systems for studying human 
monogenic disease. Mamm Genome 18:412-424. 

156. Kitsios, G.D., Tangri, N., Castaldi, P.J., and Ioannidis, J.P. 2010. 
Laboratory mouse models for the human genome-wide associations. 
PLoS One 5:e13782. 

157. Nagy, A. 2000. Cre recombinase: the universal reagent for genome 
tailoring. Genesis 26:99-109. 

158. van Duyne, G.D. 2015. Cre Recombinase. Microbiology Spectrum 3. 
159. Zhao, J.J., Cheng, H., Jia, S., Wang, L., Gjoerup, O.V., Mikami, A., 

and Roberts, T.M. 2006. The p110alpha isoform of PI3K is essential 
for proper growth factor signaling and oncogenic transformation. Proc 
Natl Acad Sci U S A 103:16296-16300. 



 

63 

160. Lai, C.M., Lai, Y.K., and Rakoczy, P.E. 2002. Adenovirus and adeno-
associated virus vectors. DNA Cell Biol 21:895-913. 

161. Ayala, J.E., Bracy, D.P., James, F.D., Julien, B.M., Wasserman, D.H., 
and Drucker, D.J. 2009. The glucagon-like peptide-1 receptor regulates 
endogenous glucose production and muscle glucose uptake 
independent of its incretin action. Endocrinology 150:1155-1164. 

162. Salehi, M., Aulinger, B.A., and D'Alessio, D.A. 2008. Targeting beta-
cell mass in type 2 diabetes: promise and limitations of new drugs 
based on incretins. Endocr Rev 29:367-379. 

163. Heikkinen, S., Argmann, C.A., Champy, M.F., and Auwerx, J. 2007. 
Evaluation of glucose homeostasis. Curr Protoc Mol Biol Chapter 
29:Unit 29B 23. 

164. Muniyappa, R., Lee, S., Chen, H., and Quon, M.J. 2008. Current 
approaches for assessing insulin sensitivity and resistance in vivo: 
advantages, limitations, and appropriate usage. Am J Physiol 
Endocrinol Metab 294:E15-26. 

165. Ayala, J.E., Samuel, V.T., Morton, G.J., Obici, S., Croniger, C.M., 
Shulman, G.I., Wasserman, D.H., and McGuinness, O.P. 2010. 
Standard operating procedures for describing and performing 
metabolic tests of glucose homeostasis in mice. Disease Models & 
Mechanisms 3:525-534. 

166. Andrikopoulos, S., Blair, A.R., Deluca, N., Fam, B.C., and Proietto, J. 
2008. Evaluating the glucose tolerance test in mice. Am J Physiol 
Endocrinol Metab 295:E1323-1332. 

167. McGuinness, O.P., Ayala, J.E., Laughlin, M.R., and Wasserman, D.H. 
2009. NIH experiment in centralized mouse phenotyping: the 
Vanderbilt experience and recommendations for evaluating glucose 
homeostasis in the mouse. Am J Physiol Endocrinol Metab 297:E849-
855. 

168. Kim, T.K., and Eberwine, J.H. 2010. Mammalian cell transfection: the 
present and the future. Anal Bioanal Chem 397:3173-3178. 

169. Todaro, G.J., and Green, H. 1963. Quantitative studies of the growth of 
mouse embryo cells in culture and their development into established 
lines. J Cell Biol 17:299-313. 

170. Lee, L., Abe, A., and Shayman, J.A. 1999. Improved inhibitors of 
glucosylceramide synthase. J Biol Chem 274:14662-14669. 

171. Alam, S., Fedier, A., Kohler, R.S., and Jacob, F. 2015. 
Glucosylceramide synthase inhibitors differentially affect expression 
of glycosphingolipids. Glycobiology 25:351-356. 

172. Fischer, A.H., Jacobson, K.A., Rose, J., and Zeller, R. 2008. 
Hematoxylin and eosin staining of tissue and cell sections. CSH Protoc 
2008:pdb prot4986. 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

64 

173. Taniguchi, C.M., Kondo, T., Sajan, M., Luo, J., Bronson, R., Asano, 
T., Farese, R., Cantley, L.C., and Kahn, C.R. 2006. Divergent 
regulation of hepatic glucose and lipid metabolism by 
phosphoinositide 3-kinase via Akt and PKClambda/zeta. Cell Metab 
3:343-353. 

174. Luo, J., Sobkiw, C.L., Hirshman, M.F., Logsdon, M.N., Li, T.Q., 
Goodyear, L.J., and Cantley, L.C. 2006. Loss of class IA PI3K 
signaling in muscle leads to impaired muscle growth, insulin response, 
and hyperlipidemia. Cell Metab 3:355-366. 

175. Beeton, C.A., Chance, E.M., Foukas, L.C., and Shepherd, P.R. 2000. 
Comparison of the kinetic properties of the lipid- and protein-kinase 
activities of the p110alpha and p110beta catalytic subunits of class-Ia 
phosphoinositide 3-kinases. Biochem J 350 Pt 2:353-359. 

176. Meier, T.I., Cook, J.A., Thomas, J.E., Radding, J.A., Horn, C., 
Lingaraj, T., and Smith, M.C. 2004. Cloning, expression, purification, 
and characterization of the human Class Ia phosphoinositide 3-kinase 
isoforms. Protein Expr Purif 35:218-224. 

177. Czech, M.P. 2000. PIP2 and PIP3: complex roles at the cell surface. 
Cell 100:603-606. 

178. Dhe-Paganon, S., Ottinger, E.A., Nolte, R.T., Eck, M.J., and Shoelson, 
S.E. 1999. Crystal structure of the pleckstrin homology-
phosphotyrosine binding (PH-PTB) targeting region of insulin receptor 
substrate 1. Proc Natl Acad Sci U S A 96:8378-8383. 

179. Roden, M. 2006. Mechanisms of Disease: hepatic steatosis in type 2 
diabetes--pathogenesis and clinical relevance. Nat Clin Pract 
Endocrinol Metab 2:335-348. 

180. Szendroedi, J., Chmelik, M., Schmid, A.I., Nowotny, P., Brehm, A., 
Krssak, M., Moser, E., and Roden, M. 2009. Abnormal hepatic energy 
homeostasis in type 2 diabetes. Hepatology 50:1079-1086. 

181. Darido, C., Georgy, S.R., Wilanowski, T., Dworkin, S., Auden, A., 
Zhao, Q., Rank, G., Srivastava, S., Finlay, M.J., Papenfuss, A.T., et al. 
2011. Targeting of the tumor suppressor GRHL3 by a miR-21-
dependent proto-oncogenic network results in PTEN loss and 
tumorigenesis. Cancer Cell 20:635-648. 

182. Green, S., Trejo, C.L., and McMahon, M. 2015. PIK3CAH1047R 
Accelerates and Enhances KRASG12D-Driven Lung Tumorigenesis. 
Cancer Res 75:5378-5391. 

183. Cheng, H., Liu, P., Ohlson, C., Xu, E., Symonds, L., Isabella, A., 
Muller, W.J., Lin, N.U., Krop, I.E., Roberts, T.M., et al. 2015. 
PIK3CA- and Her2-initiated mammary tumors escape PI3K 
dependency by compensatory activation of MEK-ERK signaling. 
Oncogene. 



 

65 

184. Elstrom, R.L., Bauer, D.E., Buzzai, M., Karnauskas, R., Harris, M.H., 
Plas, D.R., Zhuang, H., Cinalli, R.M., Alavi, A., Rudin, C.M., et al. 
2004. Akt stimulates aerobic glycolysis in cancer cells. Cancer Res 
64:3892-3899. 

185. Plas, D.R., Talapatra, S., Edinger, A.L., Rathmell, J.C., and 
Thompson, C.B. 2001. Akt and Bcl-xL promote growth factor-
independent survival through distinct effects on mitochondrial 
physiology. J Biol Chem 276:12041-12048. 

186. Rathmell, J.C., Fox, C.J., Plas, D.R., Hammerman, P.S., Cinalli, R.M., 
and Thompson, C.B. 2003. Akt-directed glucose metabolism can 
prevent Bax conformation change and promote growth factor-
independent survival. Mol Cell Biol 23:7315-7328. 

187. Warburg, O. 1956. On the origin of cancer cells. Science 123:309-314. 
188. Krzeslak, A., Wojcik-Krowiranda, K., Forma, E., Jozwiak, P., 

Romanowicz, H., Bienkiewicz, A., and Brys, M. 2012. Expression of 
GLUT1 and GLUT3 glucose transporters in endometrial and breast 
cancers. Pathol Oncol Res 18:721-728. 

189. Graziano, F., Ruzzo, A., Giacomini, E., Ricciardi, T., Aprile, G., 
Loupakis, F., Lorenzini, P., Ongaro, E., Zoratto, F., Catalano, V., et al. 
2016. Glycolysis gene expression analysis and selective metabolic 
advantage in the clinical progression of colorectal cancer. 
Pharmacogenomics J. 

190. Jones, N.P., and Schulze, A. 2012. Targeting cancer metabolism--
aiming at a tumour's sweet-spot. Drug Discov Today 17:232-241. 

191. Wise, D.R., and Thompson, C.B. 2010. Glutamine addiction: a new 
therapeutic target in cancer. Trends Biochem Sci 35:427-433. 

192. Levine, A.J., and Puzio-Kuter, A.M. 2010. The control of the 
metabolic switch in cancers by oncogenes and tumor suppressor genes. 
Science 330:1340-1344. 

193. Lyssiotis, C.A., Son, J., Cantley, L.C., and Kimmelman, A.C. 2013. 
Pancreatic cancers rely on a novel glutamine metabolism pathway to 
maintain redox balance. Cell Cycle 12:1987-1988. 

194. Son, J., Lyssiotis, C.A., Ying, H., Wang, X., Hua, S., Ligorio, M., 
Perera, R.M., Ferrone, C.R., Mullarky, E., Shyh-Chang, N., et al. 2013. 
Glutamine supports pancreatic cancer growth through a KRAS-
regulated metabolic pathway. Nature 496:101-105. 

195. Jia, S., Liu, Z., Zhang, S., Liu, P., Zhang, L., Lee, S.H., Zhang, J., 
Signoretti, S., Loda, M., Roberts, T.M., et al. 2008. Essential roles of 
PI(3)K-p110beta in cell growth, metabolism and tumorigenesis. 
Nature 454:776-779. 

196. Taniguchi, C.M., Tran, T.T., Kondo, T., Luo, J., Ueki, K., Cantley, 
L.C., and Kahn, C.R. 2006. Phosphoinositide 3-kinase regulatory 



Roles of PI3-kinase and ARAP2 in regulating glucose metabolism 

66 

subunit p85alpha suppresses insulin action via positive regulation of 
PTEN. Proc Natl Acad Sci U S A 103:12093-12097. 

197. Stone, S.J., Levin, M.C., Zhou, P., Han, J.Y., Walther, T.C., and 
Farese, R.V. 2009. The Endoplasmic Reticulum Enzyme DGAT2 Is 
Found in Mitochondria-associated Membranes and Has a 
Mitochondrial Targeting Signal That Promotes Its Association with 
Mitochondria. J Biol Chem 284:5352-5361. 

198. Hudson, A.W., Ruiz, M., and Birnbaum, M.J. 1992. Isoform-specific 
subcellular targeting of glucose transporters in mouse fibroblasts. J 
Cell Biol 116:785-797. 

199. Caliceti, C., Zambonin, L., Prata, C., Vieceli Dalla Sega, F., Hakim, 
G., Hrelia, S., and Fiorentini, D. 2012. Effect of plasma membrane 
cholesterol depletion on glucose transport regulation in leukemia cells. 
PLoS One 7:e41246. 

200. Barnes, K., Ingram, J.C., Bennett, M.D., Stewart, G.W., and Baldwin, 
S.A. 2004. Methyl-beta-cyclodextrin stimulates glucose uptake in 
Clone 9 cells: a possible role for lipid rafts. Biochem J 378:343-351. 

201. Iwabuchi, K. 2015. Involvement of glycosphingolipid-enriched lipid 
rafts in inflammatory responses. Front Biosci (Landmark Ed) 20:325-
334. 

202. Chiricozzi, E., Ciampa, M.G., Brasile, G., Compostella, F., Prinetti, 
A., Nakayama, H., Ekyalongo, R.C., Iwabuchi, K., Sonnino, S., and 
Mauri, L. 2015. Direct interaction, instrumental for signaling 
processes, between LacCer and Lyn in the lipid rafts of neutrophil-like 
cells. J Lipid Res 56:129-141. 

203. Phuyal, S., Hessvik, N.P., Skotland, T., Sandvig, K., and Llorente, A. 
2014. Regulation of exosome release by glycosphingolipids and 
flotillins. FEBS J 281:2214-2227. 

204. Quinn, P.J. 2014. Sphingolipid symmetry governs membrane lipid raft 
structure. Biochim Biophys Acta 1838:1922-1930. 

205. Gustavsson, J., Parpal, S., Karlsson, M., Ramsing, C., Thorn, H., Borg, 
M., Lindroth, M., Peterson, K.H., Magnusson, K.E., and Stralfors, P. 
1999. Localization of the insulin receptor in caveolae of adipocyte 
plasma membrane. FASEB J 13:1961-1971. 

206. Gueguinou, M., Gambade, A., Felix, R., Chantome, A., Fourbon, Y., 
Bougnoux, P., Weber, G., Potier-Cartereau, M., and Vandier, C. 2015. 
Lipid rafts, KCa/ClCa/Ca2+ channel complexes and EGFR signaling: 
Novel targets to reduce tumor development by lipids? Biochimica Et 
Biophysica Acta-Biomembranes 1848:2603-2620. 

207. van Meer, G., Voelker, D.R., and Feigenson, G.W. 2008. Membrane 
lipids: where they are and how they behave. Nat Rev Mol Cell Biol 
9:112-124. 



 

67 

208. Kabayama, K., Sato, T., Kitamura, F., Uemura, S., Kang, B.W., 
Igarashi, Y., and Inokuchi, J. 2005. TNFalpha-induced insulin 
resistance in adipocytes as a membrane microdomain disorder: 
involvement of ganglioside GM3. Glycobiology 15:21-29. 

209. Kabayama, K., Sato, T., Saito, K., Loberto, N., Prinetti, A., Sonnino, 
S., Kinjo, M., Igarashi, Y., and Inokuchi, J. 2007. Dissociation of the 
insulin receptor and caveolin-1 complex by ganglioside GM3 in the 
state of insulin resistance. Proc Natl Acad Sci U S A 104:13678-13683. 

210. Chigorno, V., Palestini, P., Sciannamblo, M., Dolo, V., Pavan, A., 
Tettamanti, G., and Sonnino, S. 2000. Evidence that ganglioside 
enriched domains are distinct from caveolae in MDCK II and human 
fibroblast cells in culture. Eur J Biochem 267:4187-4197. 

211. Sekimoto, J., Kabayama, K., Gohara, K., and Inokuchi, J. 2012. 
Dissociation of the insulin receptor from caveolae during TNFalpha-
induced insulin resistance and its recovery by D-PDMP. FEBS Lett 
586:191-195. 

212. Holland, W.L., and Summers, S.A. 2008. Sphingolipids, insulin 
resistance, and metabolic disease: new insights from in vivo 
manipulation of sphingolipid metabolism. Endocr Rev 29:381-402. 

 
 


	Sammanfattning på svenska
	LIST OF PAPERS
	content
	Abbreviations
	1 Introduction
	1.1 T2D and insulin resistance
	1.2 Insulin signaling pathway
	1.3 PI-3 kinase and its role in metabolism
	1.3.1 PI3-kinase class IA
	1.3.2 PI3-kinase and cancer

	1.4 Glucose metabolism
	1.4.1 Glycogenolysis and gluconeogenesis
	1.4.2 Glycolysis and glycogen synthesis

	1.5 Hepatic lipid metabolism
	1.5.1 Hepatic de novo lipogenesis
	1.5.2 Triglyceride synthesis
	1.5.3 Lipid droplets
	1.5.4 Hepatosteatosis
	1.5.5 Fatty acid uptake
	1.5.6 Fatty acid oxidation

	1.6 ARAP2 – an Arf-GAP protein containing PH-domains

	2 METHODOLOGICAL CONSIDERATIONS
	2.1 In vivo studies
	2.1.1 Animals
	2.1.2 Deriving transgenic mice (Cre-loxP system)
	2.1.3 Evaluating glucose homeostasis and insulin sensitivity

	2.2 In vitro studies
	2.2.1 NIH-3T3 cells

	2.3 Lipidomics
	2.4 Microarray
	2.5 Lipid kinase assay

	3 AIM
	4 RESULTS AND DISCUSSION
	Paper I: Hepatic deletion of p110α and p85α results in insulin resistance despite sustained IRS1-associated lipid kinase activity
	Paper II: p110α hot spot mutations E545K and H1047R exert metabolic reprogramming independently of p110α kinase activity
	Paper III: ARAP2 promotes GLUT1-mediated basal glucose uptake through regulation of sphingolipid metabolism

	5 Conclusion
	6 Future perspectives
	Acknowledgement
	References

