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Abstract 

The prevalence of obesity has over the last 40 years nearly tripled and obesity is one of the 

major risk factors of developing type 2 diabetes. Type 2 diabetes was formerly called adult-

onset diabetes but today, probably due to the rise in childhood obesity, it is also seen in children 

and adolescents. Type 2 diabetes is diagnosed when the body no longer can control the glucose 
levels in the blood. This is due to an insulin resistant state in the insulin responding tissues, 

liver, adipose and muscle and insufficient production of insulin in the pancreas. However, in 

spite of extensive research the mechanisms behind insulin resistance is still not known. 

The adipose tissue is believed to play a major role in the development of whole body insulin 

resistance. Adipocytes are the most important sites for storage of the high energy containing 

triacylglycerols. Insulin stimulation causes the adipocyte to increase the uptake of glucose and 

to reduce lipolysis: the hydrolysis of triacylglycerol and release of glycerol and fatty acids. The 
insulin signalling network is complex with numerous proteins involved. These signalling 

proteins not only transmit the insulin signal but also create negative and positive feedback-

loops and induce cross talk between different parts of the network and with the signalling of 
other hormones. One important positive feedback in insulin signalling is the mTORC1 
mediated feedback to phosphorylation of IRS1 at serine 307. In paper I we found that in human 

adipocytes this feedback is not likely catalysed by the assumed kinase S6K1. However we find 

an immunoprecipitate of mTOR to contain a ser307 phosphorylating kinase.  

Scaffolding proteins serve as docking sites for several proteins to promote protein-protein 

interactions that facilitate signal transduction. In paper II we demonstrate the existence of the 

scaffolding protein IQGAP1 in human adipocytes and that the expression of IQGAP1 is 

downregulated in type 2 diabetes. We reveal that IQGAP1 co-localises with caveolae, 
invaginations of the plasma membrane where the insulin receptor is situated, and that this 

interaction is increased upon insulin stimulation. 

In paper III we focus on the control of lipolysis, and sought to understand the interplay between 
insulin and beta-adrenergic stimulation. We demonstrated that the re-esterification of fatty 

acids is downregulated in type 2 diabetes causing an increased release of fatty acids from the 

cells. We showed that beta-adrenergic stimulation with isoproterenol induced a negative 

feedback via PKA/Epac1 -> PI3K -> PKB -> PDE3B that reduced the cAMP levels and thereby 
also reduced lipolysis. We also showed that insulin, in addition to its well-known anti-lipolytic 

effect, at high concentrations had a positive effect on lipolysis. In conclusion we reveal an 

intricate control of the stimulation as well as the inhibition of lipolysis induced by both 
isoproterenol and insulin. 

  



 

  



Populärvetenskaplig sammanfattning 

Typ 2 diabetes, även kallad åldersdiabetes, är en av de vanligaste icke-smittsamma 

sjukdomarna i världen. Flera hundra miljoner människor har idag diagnosen typ 2 diabetes och 

det finns även många människor som har diabetes utan att veta om det. Sjukdomen beror till 

stor del på övervikt och fetma och den ökade utbredningen av fetma över alla åldrar har lett till 

att även unga drabbas av sjukdomen idag. Ett förstadium till typ 2 diabetes är insulinresistens, 

som betyder att insulin som frisätts efter en måltid inte längre har samma förmåga att påverka 

lever, muskler och fettväv att ta upp och lagra socker, vilket leder till höga koncentrationer av 

socker i blodet. Höga blodsockernivåer kan i sin tur leda till skador i kroppen.  

Eftersom fetma är den största riskfaktorn för att utveckla typ 2 diabetes och att 

insulinresistensen troligen uppstår i fettväven har arbetet i den här avhandlingen fokuserat på 

fettceller. För att försöka förstå hur insulinresistens uppstår i fettcellerna har vi undersökt hur 

insulinsignaleringen sker i celler från friska kvinnor och hur den skiljer sig i celler från typ 2 

diabetiker.  

I små inbuktande strukturer, som kallas caveolae, i fettcellens yttermembran sitter 

insulinreceptorer. Dessa receptorer löper genom membranet och när insulin binder till 

receptorn utanpå cellen kan en signal föras vidare inuti cellen. Insulinsignaleringen består av 

ett komplext nätverk av proteiner som i kedjor påverkar varandra genom att släppa fram eller 

stänga av signalen, ofta genom att fästa fosfatgrupper (små molekyler som innehåller fosfor) 

på varandra som fungerar som på-och avknappar, vilket vi har studerat. Det behövs även 

proteiner som fungerar som byggnadsställningar och håller samman olika proteiner så att de 

kommer nära varandra. Vi har visat att ett sådant protein, IQGAP1, finns i fettceller och binder 

till caveolae och att inbindningen ökar vid insulinstimulering. Vi visar även att proteinnivåerna 

av IQGAP1 är mycket lägre i celler från diabetiker än från friska.  

En av fettcellernas primära uppgift är att lagra fett i form av triacylglycerol i en stor fettdroppe 

i cellen. Vid fettnedbrytning i fettcellerna omvandlas triacyglycerol till glycerol och tre 

fettsyror som transporteras ut ur cellen. En del av fettsyrorna kan även återanvändas och på 

nytt bilda triacylglycerol, medan glycerol inte kan återanvändas av fettcellen. 

Insulinstimuleringen som sker efter en måltid leder till att fettcellerna hämmar sin nedbrytning 

och frisättning av fett, och istället lagrar upp mer fett som triacylglycerol. Mellan måltider eller 

vid fasta, då kroppen är i behov av energi, minskar insulinnivåerna i blodet och fettcellerna 

påverkas istället av noradrenalin som leder till ökad fettfrisättning. Vi har stimulerat fettceller 

med insulin och en noradrenalin-liknande molekyl, isoproterenol, och kunde visa att 



fettsyrafrisättningen är 50 % högre vid typ 2 diabetes medan glycerolfrisättningen är 

opåverkad. Det vill säga återanvändningen av fettsyror är lägre hos diabetiker än hos friska, 

vilket kan vara orsaken till de förhöjda nivåerna av fettsyror i blodet hos diabetiker. Vi visar 

även att signalkedjorna som påverkas av insulin och noradrenalin är starkt sammanlänkade. 

Genom att fästa fosfatgrupper på olika proteiner involverade i insulinsignalering leder även 

noradrenalinstimulering till hämning av fettfrisättningen, troligen för att fettnedbrytningen ska 

ske balanserat under kontrollerade former. Insulin kan vid höga koncentrationer även öka 

fettfrisättningen genom att stänga av sin egen signal. 
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AMPK AMP-activated protein kinase 

AR adrenergic receptor 
AS160 Akt substrate of 160 kDa 

ATGL adipose triglyceride lipase 

BMI body mass index 
C/EBP CCAAT/enhancer-binding protein 

CGI-58 comparative gene identification 58 

ChREBPβ carbohydrate-responsive element-binding protein 

DAG diacylglycerol 
DGAT diacylglycerol acyltransferase 

EHD2 EH domain-containing protein 2 

EPAC1 exchange protein directly activated by cAMP-1 

ERK extracellular signal-regulated kinase 
FA fatty acid 

FASN fatty acid synthase 

FKBP12 12 kDa FK506-binding protein 
FOXO1 forkhead box protein O1 

G3P glycerol-3-phosphate 

GLUT4 glucose transporter 4 

GPAT glycerol-3-P acyltransferase 
GPCR G-protein coupled receptor 

GSK3 glycogen synthase kinase 

GyK glycerol kinase 
HSP90 heat shock protein 90 

IQGAP1 protein IQ motif-containing GTPase activating protein-1 
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PDE3B phosphodiesterase-3B 



PDK1 phosphoinositide-dependent kinase-1 
PI3K phosphatidylinositol 3-kinase 

PIP2 phosphatidylinositol (4,5) bisphosphate 

PIP3 phosphatidylinositol (3,4,5) trisphosphate 

PKA protein kinase A 
PKB protein kinase B 

PKC protein kinase C 

PLA proximity ligation assay 
PLIN1 perilipin 1 

PP2A protein phosphatase 2A 

PPARγ peroxisome proliferator-activated receptor gamma 

PRAS40 proline-rich AKT1 substrate-1 
PTRF polymerase I and transcript release factor 

RTK receptor tyrosine kinase 

S6 ribosomal protein S6 
S6K1 p70 ribosomal S6 kinase 1 

T2D type 2 diabetes 
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Introduction 

The ability to store energy when food is abundant and to use when supplies are scarce has been 
essential for survival. But in different parts of the world with unlimited access to food this 
protective mechanism has become a potentially fatal threat to our health. Obesity is the 
strongest risk factor for type 2 diabetes (T2D) and with today’s sedentary lifestyle the 
prevalence of obesity is increasing. According to WHO there are 2 billion overweight or obese 
adults in the world and over 400 million adults suffer from diabetes and the majority of those 
are type 2 diabetics. T2D is a heterogeneous disease, triggered by both different genetic 
background and the environment. The development of T2D is often a slow process and it is 
preceded by insulin resistance in the adipose tissue and later also in muscle and liver. The 
insulin resistant tissue needs a higher concentration of insulin than healthy tissue to induce the 
same intracellular response to insulin. 

So how and why does the cells become insulin resistant? And how can we prevent this from 
happening or when it has happened can we reverse it? To answer these questions we need to 
understand how the insulin signalling pathways function under normal conditions and compare 
this to the insulin resistant state of diabetes. But the pathways are complex and the complexity 
is amplified by crosstalk and feedback loops between the involved signalling molecules. A lot 
of research is being done in this field but there is still much to unravel and the questions remain. 

The aim of this thesis is to contribute to the understanding of insulin signalling and insulin 
resistance in one of the most relevant cell types, mature human adipocytes. In paper I we show 
that an important feedback mechanism in insulin signalling, the mammalian/mechanistic target 
of rapamycin in complex with raptor (mTORC1) mediated phosphorylation of insulin receptor 
substrate 1 (IRS1) on serine 307, is not catalysed by the presumed p70 ribosomal S6 kinase 
(S6K1) in human primary adipocytes. In paper II we analyse the interactome of the scaffolding 
protein IQ motif-containing GTPase activating protein-1 (IQGAP1) and how its interaction 
with caveolae is affected by insulin. We also show that the levels of IQGAP1 are reduced in 
T2D. In paper III we show that the re-esterification of fatty acids (FA) is reduced in adipocytes 
from patients with T2D compared to controls, resulting in augmented release of FA, in spite of 
unaffected lipolysis. We also describe new mechanisms how insulin and isoproterenol 
signalling interact to control lipolysis via feedback signals.  
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The adipose tissue and the adipocyte 

The understanding of adipose tissue has during the last 70 years changed, from being a form of 
connective tissue and inert lipid store to a major player in energy homeostasis and an endocrine 
organ. The white adipose tissue is a multi-depot organ and it is mainly distributed in the upper 
body: subcutaneous, under the skin, and visceral, around vital organs; and in the lower body: 
subcutaneous around hips and thighs. In healthy humans most of the body’s energy reserves are 
stored in these adipose tissue depots and respond to systemic nutritional needs. There are also 
smaller depots of adipose tissue in close proximity to other organs that have more distinct and 
local functions, partially uncoupled from systemic metabolic processes [1]. Adipose tissue 
associated with skin and intestine can sense and fight bacteria by phagocytosis and release 
cytokines and antimicrobial peptides. Adipose tissue around the heart provides mechanical and 
thermal protection and serve as a local supplier of fatty acids, the latter has also been observed 
for adipose tissue surrounding lactating mammary glands [1]. 

The main parenchymal cells of the adipose tissue are the adipocytes. Adipocytes are large cells 
ranging from 20 to over 200 µm in diameter. In the adipocyte energy is stored as triacylglycerol 
(TAG) in a lipid droplet which occupies over 90 % of the cell. The lipid droplet is covered by 
a layer of phospholipids and protective proteins with only a thin film of cytosol between the 
droplet and the plasma membrane (Fig. 1). The plasma membrane of adipocytes is rich in 
caveolae, small flask-shaped invaginations that increase the cell surface area and act as 
platforms for metabolic signalling and nutrient uptake over the membrane [2]. 

 

The adipose tissue has a unique ability to store TAG and expand both through increased cell 
size (hypertrophy) and increased cell number (hyperplasia). Overeating and too little physical 
activity cause the adipose tissue to expand, a process that can eventually lead to obesity. There 

Figure 1. The adipocyte has a large lipid droplet surrounded by a thin film of cytosol. The nucleus protrudes due to the big 
lipid droplet. One third of the plasma membrane is constituted of cave-like invaginations called caveolae where the insulin 
receptor is situated. 
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is however a limit to how large an adipocyte can get and both increased cell size and an 
increased number of very small adipocytes have been associated with insulin resistance [3]. 
Large adipocytes have impaired insulin-induced glucose uptake compared to small adipocytes 
[4, 5]. The insulin resistance of large cells could be due to a protective mechanism, preventing 
over-load and bursting of the adipocyte, which cause cell death and inflammation [6, 7]. When 
the adipose tissue is not capable of storing more fat, increased levels of circulating fatty acids 
will instead be stored ectopically in non-adipose tissues like liver and muscle and there cause  
insulin resistance [8]. When the tissue becomes insulin resistant, it is less responsive and needs 
a higher concentration of insulin to be able to take up glucose and maintain the glucose 
homeostasis. The pancreatic β-cells adapt to this demand by increasing their mass and to release 
more insulin. But, eventually high levels of glucose and fatty acids may by various mechanisms 
lead to β-cells failing to maintain glucose homeostasis and T2D can be diagnosed [9, 10]. 

Throughout the research reported herein we have examined primary mature human adipocytes, 
arguably the most relevant cell type for studying mechanisms of the insulin resistance related 
to T2D. The adipocyte is particularly interesting because the insulin resistance appears to begin 
in an expanding adipose tissue. To study these cells a biopsy of subcutaneous abdominal 
adipose tissue is excised during elective surgery on women for diverse gynaecological 
disorders. The adipose tissue is dispersed by digestion with collagenase to isolate the 
adipocytes. Using primary cells is advantageous compared to differentiated cells or cell lines 
since they differ in morphology, which can affect function and signalling. Primary adipocytes 
have a unilocular lipid droplet whereas differentiated cells have many smaller lipid droplets. 
An experimental downside with primary cells is the fragility and the buoyancy that comes with 
the large lipid droplet. Work with primary cells inherently involves a great variability due to 
the use of cells from different donors, each one with a very different life-style and history. 
However, the differences that can be distinguished between T2D and a control group most 
probably reflect general and important dissimilarities. The benefit of cultured cells is the 
possibility to study long term effect of different stimuli or knock down experiments with siRNA 
that require longer incubation times, and adipogenic regulation that is not possible in mature 
primary cells. The use of rodent animal models are common in diabetes research but none of 
these models comprises all characteristics of human T2D [11]. Different genetically- or diet-
induced diabetic mice models have different degrees of obesity, insulin resistance and β-cell 
function [12]. In addition the fat pad distribution differ between humans and rodents and also 
their protein expression profiles [13]. An advantage using mice and rats as animal models for 
studying the adipose tissue is the possibility for knock out/knock in of specific genes but rodents 
have the ability to hibernate and have larger depots of brown adipose tissue that makes the 
interpretation of the results harder to translate to humans. The obvious advantage of using 
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human primary mature adipocytes is their physiological, as well as pathophysiological, 
relevance to humans and to T2D [14]. 

Glucose homeostasis 

The adipose tissue serves as a short and long term energy reservoir, sugar and lipids are taken 
up by the adipocytes and stored primarily as TAG when there is an excess of nutrients. When 
there is a shortage of nutrients, in contrast, the adipose tissue hydrolyses TAG to glycerol and 
FAs, which are released to the circulation in a process called lipolysis. Together with liver and 
muscle the adipose tissue controls the glucose homeostasis of the body, keeping the blood 
glucose levels in a narrow range of 4-10 mM. Homeostasis is maintained by hormonal and 
nervous control of the adipocyte, hepatocyte and skeletal muscle cells.  After a meal, when 
glucose levels in the blood are increased, the pancreatic β-cells release insulin into the blood, 
which increases the glucose uptake in muscle and adipose tissue and decreases the glucose 
output from the liver. Insulin also stimulates the adipocytes to decrease lipolysis and to increase 
their fatty acid storage. During fasting, when insulin levels are low and the levels of adrenaline 
and noradrenaline may be increased, lipolysis will instead be promoted [15, 16].  
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Insulin signalling in adipocytes 

Insulin signalling in adipocytes starts with the binding of insulin to extracellular domains of the 
transmembrane insulin receptor (IR). The insulin receptor is situated in the small invaginations 
of the plasma membrane referred to as caveolae. The receptor auto-phosphorylates to provide 
binding sites for its intracellular substrates, including the insulin receptor substrate 1 (IRS1). 
IR then phosphorylates IRS1 on tyrosine residues so that IRS1 can bind and activate the 
phosphatidylinositol 3-kinase (PI3K). Phosphorylation of tyrosine residues on IRS1 thus 
propagate the insulin signal reviewed in [17, 18]. The insulin signal can also be suppressed or 
enhanced when IRS1 is phosphorylated on certain serine or threonine residues. The binding to 
tyrosine-phosphorylated IRS1 situates PI3K close to the plasma membrane were it can convert 
the phospholipid phosphatidylinositol (4,5) bisphosphate (PIP2) to phosphatidylinositol (3,4,5) 
trisphosphate (PIP3). Production of this phospholipid provides binding sites for protein kinase 
B (PKB) and phosphoinositide-dependent kinase-1 (PDK1) that migrate to the plasma 
membrane where PDK1 can phosphorylate PKB review in [19] . Also the protein kinase 
mTORC2 (mTOR in complex with rictor) is recruited to the plasma membrane to phosphorylate 
PKB [20] (Fig. 2). This dual phosphorylation of PKB is needed for full activation of PKB, but 
relative extent of phosphorylation by PDK1 and mTORC2 appears to target different substrates 
[21-23]. 

 

PKB exerts its kinase activity to phosphorylate multiple downstream targets, among them 
proline-rich AKT1 substrate-1 (PRAS40) and tuberous sclerosis-1 and 2 protein (TSC1/2), and 
thereby activating mTORC1 [24]. One of the main downstream substrates for mTORC1 is the 
protein kinase S6K1 that via its substrate ribosomal protein S6 (S6) can control protein 

Figure 2. Upon insulin binding the extracellular domains of the IR, IR is autophosphorylated allowing IRS1 to bind to IR. IR 
then phosphorylates IRS1 creating docking sites for PI3K. PI3K converts PIP2 to PIP3 that will recruit PKB, PDK1 and 
mTORC2 to the plasma membrane. PDK1 can then phosphorylate PKB at Thr308 and mTORC2 phosphorylates PKB at Ser473 
to fully activate PKB. 
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translation. PKB also phosphorylates glycogen synthase kinase-3 (GSK3) and 
phosphodiesterase-3B (PDE3B) that will release the inhibition of glycogen synthesis and inhibit 
lipolysis, respectively. Phosphorylation of the transcription factor forkhead box protein O1 
(FOXO1) will control transcription of specific target genes involved in adaptation to fasting 
and low insulin, while phosphorylation of Akt substrate of 160 kDa (AS160) will promote 
translocation of glucose transporter type-4 (GLUT4) to the plasma membrane and increase the 
uptake of glucose reviewed in [19] (Fig. 3).  

 

Insulin resistance in adipocytes 

Obesity induces insulin resistance 

Obesity is the most common cause of insulin resistance but too little fat can also cause insulin 
resistance. The importance of a functional adipose tissue that efficiently can store fat is 
illustrated by lipodystrophy, the loss of adipose tissue, that causes severe insulin resistance and 
hepatic steatosis [25]. Since adipocytes have a limited capacity to store fat whole body insulin 

Figure 3. PKB phosphorylates numerous downstream targets to control cellular processes like transcription, protein synthesis, 
glucose uptake, glycogen synthesis and lipolysis. 
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resistance may arise from a dysfunctional adipose tissue that no longer can store fat in a proper 
way. Treatment of T2D with rosiglitazone that increases insulin sensitivity also promotes 
adipocyte differentiation and weight gain. 

Although adipocytes only account for 5-10 % of the total glucose uptake in the body a defect 
insulin signalling in adipose tissue has a major effect on glucose homeostasis. GLUT4 specific 
knock out in mouse adipose tissue induces insulin resistance in liver and muscle whereas, with 
a GLUT4 specific knock out in mouse muscle tissue the animals exhibit normal glucose uptake 
[26, 27].  When insulin signalling in adipocytes was enhanced with an adipose tissue specific 
deletion of a protein phosphatase, the animals greatly expanded their adipose tissue on a high 
fat diet, but were protected from diet-induced hepatic steatosis and had improved insulin 
singling in the liver compared to wild type (wt) animals [28]. Taken together, this indicates that 
the adipose tissue likely is the origin of whole body insulin resistance connected to obesity [29]. 

Selective insulin resistance 

That insulin-stimulated glucose uptake is impaired in the insulin-resistant state is well 
established and this is often what is meant when referring to insulin resistance. However, not 
all branches of the insulin signalling network seem to be effected in the insulin resistant state. 
As shown in insulin resistant liver cells, the insulin induced suppression of glucose production 
was impaired while the insulin induced fatty acid synthesis was unaffected [30, 31].  Selective 
insulin resistance has also been suggested in adipose tissue, in insulin resistant 3T3-L1 cells 
and mouse models, where phosphorylation of PKB and glucose uptake was reduced in all 
models but anti-lipolysis and protein synthesis where unaffected [32]. 

Results from my research group have shown that adipocytes from T2D patients have reduced 
insulin sensitivity for phosphorylation of extracellular signal-regulated kinase (ERK), AS160, 
and IRS1 at tyrosine residues and at serine 307 (Ser307), reduced glucose uptake, and impaired 
signalling downstream mTORC1 compared to adipocytes from control subjects; while the 
sensitivity for insulin stimulated phosphorylation of PKB and FOXO1 is unaffected in T2D [21, 
33, 34]. In paper III we also show that the inhibitory effect of insulin on isoproterenol-
stimulated lipolysis is not affected in the adipocytes from T2D patients compared to control 
subjects. 

The role of IRS1 in insulin signalling 

Unlike most other receptor tyrosine kinases (RTK), which bind directly to their cytoplasmic 
effectors, the IR mainly works through adaptor proteins, where IRS proteins are one of the most 
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critical nodes for insulin signalling. IRSs bind to IR at phosphorylated tyrosine, via its phospho-
tyrosine binding (PTB) domain and pleckstrin-homology (PH) domain, and are thereafter 
phosphorylated by IR on multiple tyrosine residues. This in turn creates docking sites on IRSs 
for proteins containing a Src Homology 2 (SH2) domain. There are three different IRS isoforms 
expressed in humans. IRS1 and IRS2 are expressed in various tissues including the insulin 
sensitive adipose, muscle and liver tissues, whereas IRS4 is expressed mainly in the 
hypothalamus [35]. IRS1 is the main IRS for insulin stimulated glucose uptake in adipose and 
muscle tissue while in liver tissue IRS1 and IRS2 have overlapping roles [36, 37].  

Phosphorylation of IRS1 

Phosphorylation of IRS1 at tyrosine residues transmits the insulin signal, while additional 
feedback signals to serine and threonine phosphorylation of IRS1 can either enhance or reduce 
the insulin signal. Mass spectrometry analyses have revealed the phosphorylation of more than 
50 Ser/Thr residues that respond to insulin stimulation. Several of these have been extensively 
examined with the use of for example specific antibodies or IRS1 mutants. Ser307 is one of the 
most studied phospho-sites but results are contradictory both regarding its impact on insulin 
signalling and the protein kinases responsible for the phosphorylation.  

Results from our research group have showed that in human adipocytes the phosphorylation of 
IRS1 at Ser307 is increased upon insulin stimulation and appears to act as a positive feedback 
to increase insulin signalling [34]. The Ser307 phosphorylation was sensitive to inhibition of 
mTORC1 with rapamycin. Rapamycin decreased the phosphorylation of Ser307 in response to 
insulin as well as the insulin sensitivity for phosphorylation of IRS1 at tyrosine residues (using 
the phospho-tyrosine specific antibody PY20) and downstream signalling to ERK [33, 34]. We 
have also found that the phosphorylation of Ser307 in response to insulin is attenuated in 
adipocytes from T2D patients [34]. 

A positive effect on insulin signalling by the phosphorylation of IRS1 at Ser307 has also been 
shown in muscle cell lines [38]. With gain- and loss-of-function mutants, rapid phosphorylation 
of Ser307 and Ser323 was followed by a slower but more prolonged Ser312 phosphorylation 
that sequentially first stimulated and then inhibited IRS1 signalling [38]. Substituting S307A in 
rat-IRS1, in cell lines, also resulted in decreased tyrosine phosphorylation of IRS1 and reduced 
signalling downstream of mTORC1, but without effect on insulin-stimulated phosphorylation 
of PKB at Ser473 [39]. Phosphorylation of IRS1 at Ser307 was mediated by mTORC1 as it was 
inhibited with rapamycin in this study [39]. The opposite effect has been reported with the dual 
phosphorylation of IRS at Ser307 and Ser312 that, in a yeast-two hybrid experiment, disrupted 
the interaction between IR and IRS1 and where phosphorylation at both Ser307 and Ser312 was 
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increased in mouse models of insulin resistance and obesity [40]. However,  recently published 
data showed that the insulin induced phosphorylation of IRS1 at Ser307 in mouse liver and 
muscle had no effect on glucose homeostasis or insulin signalling in the animal, and that 
activation of mTORC1 by TSC1-deletion did not increase the phosphorylation at Ser307 [41]. 

Although a few reports state that IRS1 can be phosphorylated at Ser307 by JNK [40], PKCδ 
[42] or PKB [43], the general view is that the phosphorylation is downstream of mTORC1. 
S6K1 has been shown to phosphorylate Ser307 in vitro and in S6K1 knock out experiments the 
phosphorylation of IRS1 at Ser307 is reduced compared to wt [44, 45]. To examine if this was 
also the case in human adipocytes, we created a dominant negative (DN) construct of S6K1 and 
in parallel used an inhibitor of S6K1 (Paper I). Neither DN-S6K1 nor S6K1-inhibition had any 
effect on the insulin-stimulated phosphorylation of IRS1 at Ser307 even though they both 
inhibited phosphorylation of the S6K1 specific downstream target S6. These data together with 
the very different time-courses, where the phosphorylation of Ser307 reaches a quasi-steady 
state after 5 min of insulin stimulation, whereas phosphorylation of S6K1 at Thr389 and S6 at 
Ser235/236 have very slow onset of phosphorylation and do not reach a quasi-steady state until 
after 30 min of insulin stimulation, make it unlikely that S6K1 is the endogenous kinase for 
phosphorylation of IRS1-Ser307 in human adipocytes. 

We also immunoprecipitated mTOR from insulin-stimulated adipocytes and showed in an in 
vitro kinase assay that this precipitate phosphorylated an IRS1 derived peptide on Ser307. The 
peptide spanned IRS from amino acid 288 to 314 and, as detected with LC-MS/MS, Ser307 
was the only amino acid phosphorylated in this peptide. Moreover a S307A substituted peptide 
was not phosphorylated. Addition of an mTOR inhibitor to the kinase assay did not affect this 
phosphorylation and S6K1 inhibition had a small but not significant effect. Together the two 
inhibitors decreased the phosphorylation by 30 %, allowing us to conclude that S6K1 can 
phosphorylate Ser307 in vitro but it is not the main Ser307 kinase in the precipitate. This yet 
unidentified protein kinase activity may be responsible for the endogenous phosphorylation of 
IRS at Ser307 in human adipocytes.  

Due to the numerous serine and threonine phosphorylation sites in IRS1, which are affected 
upon insulin stimulation, it is likely that the pattern and the temporal changes of the 
phosphorylation are more important than the phosphorylation at any single phospho-site, and 
that these can be different in different cell types. Also signalling via different phospho-tyrosine 
residues might be differently affected by Ser/Thr phosphorylation at different locations in IRS1 
to activate or inhibit the activity of different downstream targets. This issue deserves further 
investigation. However, our results indicate that the phosphorylation of IRS1 at Ser307 is 
involved in and in a positive way contributes to the insulin signalling in human adipocytes. 
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Moreover the responsible protein kinase is activated downstream of mTORC1, but it is neither 
mTOR itself nor S6K1. 

PI3Ks in signalling transduction 

Phosphatidylinositol is a membrane phospholipid that in mammals can be phosphorylated at 
three (position 3, 4 and 5) of the five free hydroxyl groups of its inositol ring. The 
phosphorylated forms of phosphatidylinositols, the phosphoinositides, act as second 
messengers regulating different cellular functions. PI3Ks are members of a lipid kinase family 
that adds a phosphate group to the third position of the inositol ring. There are three classes of 
PI3K, class I, II and III (reviewed in [46-49]). Class I phosphorylates phosphatidylinositol- 4, 
5 phosphate (PIP2) to generate phosphatidylinositol-3, 4, 5 phosphate (PIP3), one of the most 
important phosphoinositides. Class II produces phosphatidylinositol-3 phosphate and 
phosphatidylinositol-3, 4 phosphate and class III produces phosphatidylinositol-3 phosphate. 

Class I PI3Ks 

The class I PI3K functions as a heterodimer of one regulatory and one catalytic subunit. There 
are four different catalytic subunits p110α, β, γ and δ and several regulatory subunits. The p110α 
and β are widely expressed whereas p110γ and δ are considered to be limited to immune cells, 
though it has been shown that p110γ is expressed to some degree also in other tissues including 
adipocytes of mice [50]. 

PI3K in complex with p110α catalytic subunit is the most studied form and the most important 
PI3K for transducing the signal from RTKs, such as the IR. p110α knock out mice are 
embryonically lethal and heterozygotes are hyperinsulinemic and glucose intolerant, 
demonstrating the importance of p110α in cell signalling. P110α forms a dimer with the 
regulatory p85α, which contains SH2 domains that recognise tyrosine phosphorylated motifs 
on either the RTK or its docking protein, like IRS1 [51]. Upon binding to phospho-tyrosine 
p85α releases its inhibitory effect on p110α, which can catalyse the phosphorylation of PIP2 to 
PIP3. 

P110β forms a complex with p85β and this PI3Kβ can be activated by G-protein coupled 
receptors (GPCR) through the G-protein subunit Gβγ. Also RTK can activate PI3Kβ, but not to 
the same extent as PI3Kα [47]. PI3Kβ knock out mice are like the PI3Kα knock outs 
embryonically lethal, but mice expressing kinase dead PI3Kβ survive to adulthood although 
they develop mild insulin resistance. This shows that PI3Kβ exhibits both kinase-dependent 
and kinase-independent functions. In liver from kinase dead PI3Kβ expressing mice insulin 
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induces normal phosphorylation of PKB for 5 min of stimulation, but thereafter the 
phosphorylation declines much faster than for wt, suggesting that PI3Kβ catalytic activity is 
important for a sustained insulin signal [52]. 

p110δ together with p85α or β acts downstream of RTKs in immune cells. The p110γ catalytic 
subunit together with regulatory p101 is activated by Gβγ. In addition to its lipid kinase activity 
PI3Kγ also possesses protein kinase activity and kinase-independent functions as a scaffold 
protein. All of the class I PI3K also contain a Ras-binding domain and can be activated by Ras. 
PI3K class I generated PIP3 recruits proteins containing a PH domain to the plasma membrane 
for signal transduction. The PH domain is arranged like a pocket with basic amino acids where 
the inositol head group of PIP3 fits and is electrostatically attracted [53]. 

Class II and III PI3Ks 

The class II PI3K family consists of three large monomeric proteins PI3KC2α, β and γ, where 
α and β are expressed broadly and γ mainly in the liver [47]. The class II PI3Ks are less studied 
than class I PI3Ks and there are no known adaptor proteins for class II PI3K, neither do they 
have a regulatory subunit. But different studies suggest that they can be activated downstream 
RTK and GPCR, and also via mechanisms distinct from class I PI3K, reviewed in [54]. 
PI3KC2α has been implicated, for example, in insulin secretion from β-cells [55, 56] and in 
GLUT4 translocation. Downregulation of PI3KC2α in muscle cells partially inhibited GLUT4 
translocation to the plasma membrane and reduced the glucose uptake [57]. Kinase dead 
PI3KC2β has on the other hand been shown to improve glucose tolerance in mice where 
inactivated PI3KC2β increased PKB activation in liver, muscle and adipose tissue compared to 
wt [58]. There is only one known class III PI3K, hVps34 and its known biological function in 
mammals so far is within vesicle trafficking. PI3Ks class II and III are less sensitive to the 
widely used PI3K inhibitor wortmannin than class I PI3Ks are. 

PKB – a regulatory hub 

PKB, also referred to as Akt, is a pivotal protein kinase involved in the control of many cellular 
processes including metabolism and cell proliferation. Over 100 substrates of PKB have been 
described. Although, not all of them are verified, this demonstrates the impact PKB has in 
multiple signalling networks. In the insulin signalling network PKB forms a hub for the control 
of different downstream signalling pathways as well as receiving input from different upstream 
pathways. 
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There are three different isoforms of PKB: PKBα, β, and γ and the expression is tissue specific. 
PKBα is ubiquitously expressed, PKBβ is mostly expressed in insulin sensitive tissues and 
PKBγ is primarily expressed in the brain. Tissue specific deletion of both PKBα and β in 
adipocytes in mice caused severe lipodystrophy in the animals, with no observable 
subcutaneous adipose tissue, and the mice developed insulin resistance [59].  In mouse 
adipocytes PKBβ has been described as the most important isoform [60]. In human adipocytes 
it has been shown that PKBβ is indispensable for adipogenesis but both PKBα and β are 
important for insulin signalling in mature adipocytes as measured by suppression of lipolysis, 
glucose uptake and lipogenesis [61]. 

Phosphorylation of PKB 

The activation of PKB is dependent on the phosphorylation of Ser473 by mTORC2 and Thr308 
by PDK1. PKB and PDK1 both harbours a PH domain that are recruited to the plasma 
membrane upon RTK or GPCR stimulated generation of PIP3. When the PH domain of PKB 
is bound to PIP3 a conformational change is induced, which gives PDK1 access to 
phosphorylate PKB. It has been suggested that also mTORC2 is recruited to the plasma 
membrane via the PH domain of the subunit mSIN1, thus releasing an autoinhibition of 
mTORC2 and thereby promoting the phosphorylation of PKB by mTORC2 [20]. 
Phosphorylation of both Ser473 and Thr308 is required for full activation of PKB [62]. 
Contradictory results have been reported, whether phosphorylation of one of the sites affects 
the phosphorylation of the other one or not. Some studies show that the phosphorylation of PKB 
at Ser473 facilitates a subsequent phosphorylation at Thr308 [63, 64]. The opposite has also 
been shown where phosphorylation of PKB at Thr308 precedes and promotes the 
phosphorylation of Ser473 via a positive feedback. The phosphorylation of PKB at Thr308 by 
PDK1 activates PKB to phosphorylate the mTORC2 component mSIN1, which enhances the 
activity of mTORC2 that in its turn phosphorylates PKB at Ser473 [65]. 

Full activation of PKB might not be needed for all substrates and either of the two 
phosphorylation sites might be enough to selectively trigger stimulation of specific downstream 
substrates.  In mouse embryos and embryonic fibroblasts deletion of rictor or the mammalian 
lethal with SEC13 protein 8 (mLST8) suppressed basal and insulin induced phosphorylation of 
PKB at Ser473 but did not have a major effect on the phosphorylation at Thr308 [22]. This 
resulted in reduced phosphorylation of the PKB-downstream targets FOXO3 and PKCα, but 
not GSK3, TSC2 and S6K1 [22]. Deletion of the mTORC2 specific component mSIN1 in 
mouse embryonic fibroblasts resulted in insulin induced phosphorylation of PKB at Thr308 but 
not at Ser473 [23]. mSIN1 ablation, as for the rictor and mLST8 depletion, did not affect all 
downstream targets of PKB, so that phosphorylation of FOXO1/3a was reduced whereas the 
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phosphorylation of GSK3, TSC2, S6K1 and eukaryotic translation initiation factor 4E-binding 
protein-1 (4EBP1) was not affected compared to wt cell [23]. In human adipocytes the 
inhibition of mTOR and thereby inhibition of phosphorylation of PKB at Ser473 abolished the 
insulin-stimulated phosphorylation of FOXO1 [21]. In paper III we find that isoproterenol can 
stimulate the phosphorylation of PKB at Ser473 and thereby induce an anti-lipolytic effect that 
is inhibited by mTOR inhibition. 

mTORC1 and mTORC2 

The serine/threonine protein kinase mTOR is the catalytic subunit of two discrete protein 
complexes, mTORC1 and mTORC2, that are important coordinators of cell growth and 
metabolism (Fig. 4). In addition to mTOR the two complexes also have the two subunits DEP 
domain-containing mTOR-interacting protein (DEPTOR) and mLST8 in common. DEPTOR 
is a regulatory subunit that interacts with mTOR and inhibit its kinase activity and mLST8 is 
suggested to stabilise the kinase domain [66, 67]. The unique subunits of mTORC1 are raptor 
and PRAS40. PRAS40 binds to raptor and functions as an inhibitor of mTOR. Raptor stabilises 
mTORC1 and acts as a scaffold protein, regulating the substrate specificity via binding of 
substrates containing TOR signalling (TOS) motifs. The distinct subunits of mTORC2 are 
rictor, mSIN1 and protor1/2, where rictor is thought to have similar function as raptor has in 
mTORC1, and mSIN1 and protor1/2 are regulatory proteins. mSIN1 has been shown to be 
essential for the phosphorylation of PKB downstream of mTORC2 [68]. 

 

mTORC1 is a nutrient sensing complex that controls anabolic processes in the cell, it can be 
activated directly by nutrients like amino acids and glucose [69] but also indirectly via growth 
factor signalling, e.g. insulin signalling. The activation of mTORC1 by insulin requires 
phosphorylation and inactivation of the TSC1/2 complex by PKB. The TSC1/2 complex is a 

Figure 4. Schematic views over the subunits of the two mTOR containing complexes.    
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GTPase activating protein that converts its only known substrate the GTP-binding protein Rheb 
to its inactive form by hydrolysis of the Rheb-bound GTP to GDP. Inactivation of TSC1/2 
complex by the PKB phosphorylation allows the active Rheb-GTP to activate mTORC1 
through a direct interaction with the catalytic domain of mTOR as well as with mLST8 and 
raptor [70]. PKB and activated mTOR then phosphorylate PRAS40 and this causes PRAS40 to 
dissociate from mTORC1.  PRAS40 that was bound to raptor via its TOS-motif, can now make 
room for other TOS-motif containing substrates. mTOR also phosphorylates DEPTOR causing 
its dissociation from the complex [67]. 

Two proteins important for protein synthesis lie downstream of mTORC1, the S6K1 and 
4EBP1. They both contain a TOS-motif that binds to raptor for subsequent phosphorylation by 
mTOR at Thr389 of S6K1 and Thr37 and Thr46 of 4EBP1 [71]. For full activation S6K1 also 
needs to be phosphorylated by PDK1 on Thr229 after which S6K1 then phosphorylates several 
substrates that stimulate the mRNA translation initiation [72]. Phosphorylation of 4EBP1 leads 
to the release of its inhibitory effect on translation [73]. MEFs and 3T3-L1 preadipocytes that 
lack the TSC1/2 complex, and therefore have constitutively active mTORC1, exhibit enhanced 
adipocyte differentiation due to increased expression of PPARγ, an important transcription 
factor for genes involved in adipogenesis and glucose homeostasis [74]. How mTORC1 control 
the expression of PPARγ is however not known [75]. In S6K1-deficient mice on high fat diet 
the adipocytes expand in size, but not in number, compared to wt, which was suggested to be a 
result of reduced levels of transcription factors involved in early adipocyte differentiation e.g.  
C/EBPβ, and C/EBPδ [76]. Upon insulin activation of mTORC1 also upstream regulators of 
this complex are affected by positive or negative feedback loops from mTORC1, such as the 
phosphorylation of IRS1 at Ser307. 

mTORC2 is mainly activated by insulin in a PI3K dependent way, but also lipids can regulate 
the mTORC2 activity [77]. How PI3K activates mTORC2 is not fully understood, but PI3K has 
been found to promote association of ribosomes with mTORC2 for activation of the kinase and 
PIP3 generated from PI3K induces mSIN1 to release its inhibitory effect on mTORC2 [20, 78]. 
The major downstream substrate for mTORC2 is PKB, which is phosphorylated at Ser473. 
mTORC2 also co-translatory phosphorylates PKB at residue Thr450 for proper folding and 
stability of the protein during translation [79]. It has been shown that mTORC2 can 
phosphorylate PKB at Ser477/Thr479 in response to insulin and the authors suggest that this 
initiates the activation of PKB by either locking PKB in an active form or by promoting the 
association of mTORC2 with PKB and thereby the phosphorylation of Ser473 [80]. Activated 
PKB phosphorylates multiple targets including mTORC1, FOXO1, AS160 and GSK3, thereby 
affecting translation, transcription, glucose uptake and glycogen synthesis, respectively. 
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Moreover mTORC2 has been shown to be regulated by mTORC1. Insulin stimulation induces 
a feedback via mTORC1 and S6K1 that phosphorylates rictor in a rapamycin-sensitive manner, 
there is however conflicting results regarding the downstream effects of this phosphorylation 
[81-83] . 

Knock out animals lacking raptor or rictor are embryonically lethal. Therefore inducible knock 
outs, in mature adipocytes with adiponectin-cre, has been used to evaluate the contribution of 
the two subunits in adipocyte growth and function [84, 85], described below. In raptor knock 
out animals the adipose tissue does not properly expand on a high fat diet and fat is instead 
accumulated in the liver. Likewise, the rictor knock out animals are incapable of expanding 
their adipose tissue on a high fat diet with increased accumulation of TAG in the liver. The 
rictor knock out animals also accumulate fat in the heart, in contrast to raptor knock outs. 
Isoproterenol induced lipolysis and phosphorylation of HSL was not affected in either of the 
knock out models. However, in rictor knock out animals insulin could not suppress elevated 
plasma levels of FA after fasting (the insulin-effect on lipolysis was not measured in raptor 
knock out animals). Data from raptor knock out animals suggest that mTORC1 is important for 
adipose tissue expansion via C/EBPα, a co-regulator of PPARγ, which is greatly reduced when 
raptor is knocked out [84]. Deletion of rictor, with reduced levels of the transcription factor 
ChREBPβ, suggests that mTORC2 is important for adipose tissue expansion via the expression 
of ChREBPβ and thereby increased de novo lipogenesis [85]. 

Rapamycin is a specific inhibitor of mTORC1 and has been an important tool in trying to 
elucidate the role of mTORC1 in adipocytes. Together with FKBP12 rapamycin binds to mTOR 
and sterically hinder the access to raptor by the substrates and thereby inhibits the downstream 
signal [86]. Rapamycin does not acutely inhibit mTORC2, but prolonged treatment with 
rapamycin has been shown in rodents to limit the access of mTOR for synthesis of mTORC2. 
Even though rapamycin is a highly specific inhibitor of mTORC1, and doesn’t inhibit other 
kinases, it does not fully inhibit the phosphorylation of all mTORC1 downstream targets [87]. 
mTORC1 is important for adipocyte differentiation, similar to raptor knock out rapamycin 
inhibits adipogenesis of mouse and also human pre-adipocytes [88, 89]. Regarding the more 
acute effects of rapamycin on insulin signalling and glucose uptake the results are more 
inconsistent both in 3T3-L1 cells and human adipocytes, short term treatment with rapamycin 
has been shown increase, decrease or not significantly affect the insulin stimulated glucose 
uptake [89-92]. Long term treatment with rapamycin is harder to use for evaluation of mTORC1 
actions since the inhibitor then also can affect mTORC2, although that does not appear to 
happen in primary human adipocytes [21]. 
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Caveolae 

In adipocytes almost all IRs are situated in the caveolae with multiple IR per caveola [93]. 
Caveolae are cholesterol rich lipid rafts that together with structural proteins form small 
invaginations with 60-80 nm in diameter in the plasma membrane. Caveolae are expressed in 
various tissues including adipocytes where one third of the plasma membrane is constituted of 
caveolae [94]. They are involved in endocytosis and they provide functional platforms for signal 
transduction and metabolic processes. A certain level of cholesterol is needed for the caveolae 
to form and depletion of cholesterol destroys the caveolae structures [95]. There are also three 
proteins essential for the formation of caveolae, caveolin-1, cavin-1 (also called polymerase I 
and transcript release factor (PTRF)) and cavin-2, when either of these proteins are knocked 
out in mice caveolae will not be formed in adipocytes [96]. Cavin-3 is not central for the 
caveolae formation but involved in the endocytosis of caveolar vesicles [97].  Caveolae are 
highly detergent resistant, which make these domains of the plasma membrane ideal for uptake 
and probably release of the large amounts of FA transported over the adipocyte membrane [98]. 
When the FA has passed the membrane, in a specific subset of caveolae containing 
triacylglycerol synthesizing enzymes and perilipin, FAs are converted into TAG [99].  

After insulin has bound to IR the receptor phosphorylates caveolin-1 and is rapidly endocytosed 
in a caveolae-dependent process [100]. In human adipocytes IRS1 co-localises with IR and 
caveolae even under non-insulin-stimulated conditions [101]. Depletion of cholesterol in 
human adipocytes inhibits insulin signalling downstream of IRS1 [95]. When caveolin-1 or 
cavin-1 was knocked out in rodents the IR levels were reduced due to enhanced degradation of 
IR [93]. Also GLUT4 has been found, but not exclusively, in caveolae in mouse and human 
adipocytes and there are reports of both caveolae- and clathrin-mediated endocytosis of GLUT4 
[93]. The trafficking of caveolae from and to the cell membrane is navigated and powered by 
microtubule and actin filaments and caveolin-1 can bind to filamin associated to actin [97, 102, 
103]. 
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Similar to caveolae, scaffolding proteins that assemble multiple proteins in close proximity to 
each other can regulate the speed, specificity and localization of signalling pathways. IQGAPs 
are large scaffolding proteins that exist as three isoforms IQGAP1, 2, and 3. The distribution of 
IQGAP2 and 3 are more limited to specific tissues and they are less studied than the best 
characterised isoform IQGAP1, which has a broad tissue distribution [104]. IQGAP1 with a 
molecular mass of 195 kDa comprises several protein domains: a calponin-homology domain 
(CHD), putative coil-coil homodimerisation domains, a tryptophane repeat motif (WW), 4 IQ-
motifs, a Ras GTPase-activating domain (GRD), and a RasGAP terminus domain (RGCt) [105] 
(Fig. 5). The many binding motifs reflect that more than 100 unique IQGAP1-interacting 
proteins have been described and implicated in diverse cellular functions. IQGAP1 has for 
example been implicated in cytoskeletal dynamics, cell proliferation, vesicle trafficking and 
intracellular signalling [104, 106]. 

 

Upregulated expression of IQGAP1 has been demonstrated in several cancer cell-lines and in 
various tumour tissue samples [107]. Several of the proteins reported to interact with IQGAP1 
are proteins involved in cell proliferation and thereby common to signalling dysfunctions in 
both cancer and T2D. In HeLa and NIH3T3 cells, stably expressing different IQGAP1-
constructs, IQGAP1 co-precipitated with raptor [108] and the IQ-motifs have been shown to 
bind ERK1/2 [109]. In rat aorta cells IQGAP1 was required for activation of ERK1/2 bound to 
actin and caveolin-1 was needed for actin-bound ERK1/2 to be phosphorylated by PKC, 
suggesting that IQGAP1 and caveolin-1 are both needed for PKC-mediated ERK-activation 
[110].  

In paper II we report for the first time the presence and a role for IQGAP1 in human adipocytes. 
We demonstrate that both the protein and mRNA levels are reduced in adipocytes from T2D 
subjects compared to adipocytes from control subjects, which suggests a deficiency at the 
transcriptional level in the diabetic state. In kidney tissue biopsies from patients diagnosed with 

Figure 5. Schematic view over IQGAP1 domains: calponin-homology domain (CHD), putative coil-coil homodimerisation 
domains, a tryptophane repeat motif (WW), 4 IQ-motifs, a Ras GTPase-activating domain (GRD), and a RasGAP terminus 
domain (RGCt). 
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T2D and diabetic kidney disease IQGAP1 mRNA levels were decreased compared to control 
tissue [111]. In cultured podocytes treatment with high glucose reduced both IQGAP1 mRNA 
and protein levels that could be rescued with pre-incubation with an ERK-inhibitor [111]. 

In paper II we also performed immunoprecipitation of IQGAP1 for subsequent analysis of its 
interactome in human adipocytes with mass spectrometry. In addition to cytoskeletal proteins 
we also found the caveolae-associated proteins caveolin-1, cavin1-3 and EH domain-containing 
protein 2 (EHD2), and proteins involved in TAG synthesis hormone sensitive lipase (HSL), 
perilipin1 (PLIN1), perilipin4 (PLIN4) and fatty acid synthase (FASN).  

With a proximity ligation assay (PLA) two proteins that co-localise, separated by less than 40 
nm, in situ can be detected and visualised. Antibodies conjugated to a short DNA strand can, if 
the DNA strands are close enough, be used as a template for DNA amplification. With addition 
of fluorescent probes, which hybridise to the amplified DNA, a strong signal is detected if the 
proteins are in close proximity to each other [112]. With this PLA technique we demonstrated 
co-localization of IQGAP1 and caveolin-1. We also found that the co-localization increased 
five-fold in the response to insulin (paper II) (Fig. 6). 

Thus, we propose that IQGAP1 provides an insulin-regulated link between the cytoskeleton 
and caveolae in human adipocytes and that IQGAP1 might be involved in the insulin induced 
endocytosis and recycling of IR. IR is situated in caveolae and endocytosed in a caveolae-
mediated process and caveolar trafficking requires involvement of the cytoskeleton [102]. 
IQGAP1 is reported to interact and regulate cytoskeletal components [105] and has been 
implicated in exocytosis of insulin [113] and endocytosis of vesicles in β-cells [114]. IQGAP1 

Figure 6. Fluorescence microscopic images demonstrating the insulin-dependent association of caveolin-1 and IQGAP1. (A) 
Co-localization of IQGAP1 and caveolin-1 under basal conditions. (B) Co-localization of IQGAP1 and caveolin-1 after 
stimulation with insulin. 
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has also been demonstrated to be involved in the transport and insertion of caveolae into the 
plasma membrane by stabilizing microtubules [115]. 

Recently two articles have proposed IQGAP1 to be highly involved in insulin signalling. Using 
various cancer cell-lines it was shown that upon agonist stimulation IQGAP1 binds all the 
phosphoinositide kinases needed for sequential phosphorylation of phosphatidylinositol to 
PIP3, including PI3K, as well as the downstream substrates of PI3K: PKB and PDK1 [116].  
Moreover the insulin-induced phosphorylation of PKB was reduced in liver and muscle tissue 
of IQGAP1 knock out animals compared to wt [116]. In different cell lines, IQGAP1 was shown 
to interact with IR via its IQ domains, and the PTB domain of IRS1 to interact with the RGCT 
domain of IQGAP1 [117]. The absence of IQGAP1 in MEFs impaired insulin signalling 
downstream of IRS1 where the IRS1-PI3K interaction was reduced, as well as the 
phosphorylation of ERK and PKB [117]. IQGAP1 knock out animals were glucose intolerant 
and the phosphorylation of PKB was reduced in muscle, liver and adipose tissue compared to 
wt animals [117]. These results together with our findings support the idea of IQGAP1 as an 
important player in insulin signal transduction via caveolae.  
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Lipolysis 

 β-Adrenergic control of lipolysis 

Lipolysis is the process where a TAG is hydrolysed by lipases to generate one glycerol molecule 
and three fatty acid molecules. There is a very limited reuse of glycerol in adipocytes because 
of lack of the enzyme glycerol kinase (GyK), however, FA are readily recycled and the ratio of 
released glycerol:FA therefore varies. For these reasons the glycerol release from adipocytes is 
used as a measurement of intracellular lipolysis. 

The main pro-lipolytic hormone during fasting is the catecholamine noradrenaline, produced 
and released from nerve endings that innervate the adipose tissue [118]. It acts by binding to 
transmembrane β-adrenergic receptors on the cell surface. Catecholamines stimulate three 
different β-adrenergic receptors, β1, β2 and β3, but in human adipocytes primarily β1 and β2 
affect lipolysis [119-121]. The adrenergic receptors are G-protein coupled receptors and upon 
ligand binding a conformational change of the cytoplasmic part of the receptor activates the α-
subunit of the G-protein. The α-subunit exchanges its bound GDP for GTP and this leads to 
dissociation of the α-subunit from the βγ-subunits. The β-adrenergic receptors in adipocytes are 
all coupled to dissociation of the Gαs-subunit that stimulates adenylate cyclase to convert ATP 
to cAMP. cAMP then binds to and activates protein kinase A (PKA). PKA consists of two 
regulatory and two catalytic subunits, the two regulatory subunits bind two cAMP molecules 
each, after which the catalytic subunits can dissociate as two active monomers. Active PKA 
stimulates lipolysis by phosphorylating HSL and PLIN1. PKA phosphorylates HSL on three 
serine residues and PLIN1 has five PKA consensus phosphorylation sites [122-124]. 

Perilipins are proteins coating the lipid droplet, thus protecting TAGs from being hydrolysed, 
and in non-stimulated adipocytes PLIN1 is bound to comparative gene identification 58 (CGI-
58) [125]. PKA mediated phosphorylation of PLIN1 releases CGI-58 that can act as a co-
activator of the adipose triglyceride lipase (ATGL) [126, 127]. ATGL hydrolyses TAG to 
diacylglycerol (DAG) releasing the first FA. Phosphorylated HSL translocates from the cytosol 
to the lipid droplet and breaks down DAG to monoacylglycerol (MAG), thus releasing a second 
FA. The last step that hydrolyses MAG to glycerol and one FA is completed by the 
monoglyceride lipase (MGL), which is not under hormonal control and the enzyme is most 
likely constitutively active (Fig. 7). 
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ATGL and HSL 

HSL was long believed to be responsible for TAG hydrolysis, but in 2004 three different 
research groups identified ATGL as the lipase initiating TAG breakdown [128-130]. ATGL is 
highly expressed in white adipose tissue. Activation of ATGL is dependent on interaction with 
the co-activator CGI-58 but the mechanism is still unclear [127]. Several different mutations in 
the ATGL gene have been reported in a subgroup of patients suffering from neutral lipid storage 
disease [131, 132]. Most of the mutations lead to a truncated version of the protein but one 
patient have a loss of function mutation in the catalytic site [133, 134]. These patients suffer 
from systemic fat accumulation, muscle weakness and a quarter of the reported cases have T2D 
[135]. 

A knock-out mice model show that deficiency in ATGL causes increased lipid content in 
adipose tissue as well as ectopically, especially in the heart, causing premature death due to 
cardiac dysfunction [136]. The isoproterenol induced release of glycerol and FA was reduced 
in the knock-out animals, but the basal release was the same as for the wt. When ATGL was 
over expressed in 3T3-L1 adipocytes both the basal and isoproterenol-stimulated lipolysis was 
increased [137]. Knock down of ATGL in human differentiated pre-adipocytes or hMADS cells 
shows decreased basal lipolysis, but a reduced effect on the stimulated lipolysis in hMADS 

Figure 7. β2-adrenergic stimulation activates adenylate cyclase to produce cAMP. cAMP the binds to and activates PKA that 
phosphorylates and activates PLIN1 and HSL. PLIN1 releases CGI-58 that can activate ATGL to hydrolyse TAG to DAG. HSL 
then hydrolyses DAG to MAG and MGL hydrolyses MAG to glycerol and FA. Thereafter one glycerol and three FA can be 
released. 
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cells only [138, 139]. There is no consensus regarding to what extent ATGL is affected in 
obesity. Reports of downregulated and unaffected protein levels have been described [140-142] 
and preliminary data from our lab show that ATGL protein levels are slightly reduced or not 
affected in human adipocytes from obese T2D subjects compared to controls.  

HSL is an important protein for maintaining the lipid and glucose homeostasis. HSL has the 
ability to hydrolyze all three steps in breaking down TAG in vitro. But its main role in vivo is 
to hydrolyze DAG [139]. Humans with mutations in HSL and HSL-knock-out mice accumulate 
DAG in the adipose tissue [143, 144]. When an Amish population with extremely high fasting 
serum triglyceride levels was sequenced for genes involved in the lipolytic pathway, a null 
mutation was found in the gene encoding HSL. This mutation caused T2D in homozygotes and 
an increased risk for T2D in heterozygotes. Carriers of the loss of function mutant had small 
adipocytes, impaired lipolysis and ectopic storage of fat in the liver [144]. 

When HSL was knocked down with siRNA in human differentiated pre-adipocytes or hMADS 
cells, the isoproterenol or forskolin stimulated lipolysis was reduced but only the differentiated 
pre-adipocytes exhibited reduced basal lipolysis [138, 139].  The protein levels of HSL have 
been reported to be decreased in obese subjects compared to lean [145, 146]. Our preliminary 
data show a tendency to reduced levels in obese T2D compared to lean non diabetics but the 
difference is not statistically significant. This discrepancy could be due to smaller difference in 
body mass index (BMI) between the groups and number of subjects in the study. However, the 
physiological significance of reduced levels of HSL in T2D is questionable, since we and others 
see no difference in glycerol release from adipocytes between nondiabetic and diabetic 
individuals (paper III) [147]. 

In unstimulated cells HSL is mainly found in the cytosol but relocates after adrenergic 
stimulation and phosphorylation to the lipid droplet. At first two phosphorylation sites of HSL 
were described, called the regulatory and the basal site [148], they were later on identified as 
Ser552 and Ser554. They are mutually exclusive and under basal conditions Ser554 is 
phosphorylated by AMPK hindering PKA from phosphorylating the Ser552 site. Later three 
additional phosphorylation sites, that all increase the activity of HSL, were reported, where 
Ser649 and Ser650 are phosphorylated by PKA and Ser589 by ERK [123, 149, 150].  

Negative regulation of lipolysis via cAMP 

In response to cAMP, PKA also activates a negative feedback in the control of lipolysis by 
phosphorylation and activation of PDE3B that hydrolyses cAMP to AMP and thereby decreases 
lipolysis [151-153]. In paper III we also unravel an additional negative feedback induced by the 
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adrenergic increase of cAMP. We found that isoproterenol increases the phosphorylation of 
PKB at Ser473. Active PKB is well known to phosphorylate and activate PDE3B to decrease 
cAMP levels and hence also lipolysis [154, 155]. The phosphorylation of PKB in response to 
isoproterenol was inhibited by the PI3K-inhibitor wortmannin, by the mTOR-inhibitor torin, or 
by the PKB-inhibitor Akti1/2, but not by the mTORC1-inhibitor rapamycin. Inhibition with 
either wortmannin, torin or Akti1/2 increased the cellular levels of cAMP, phosphorylation of 
HSL and lipolysis. This adrenergic-induced phosphorylation of PKB-Ser473 was partially 
reduced by inhibition of PKA or exchange protein directly activated by cAMP-1 (Epac1), while 
the combined inhibition of PKA and Epac1 decreased the phosphorylation of PKB-Ser473 back 
to basal levels. 

These results demonstrate a pathway where beta-adrenergic stimulation increases cAMP levels, 
which in turn via activation of PKA and Epac1 induce phosphorylation PKB-Ser473 in a PI3K 
and mTORC2-dependent manner (Fig. 8). These data are in line with findings in brown 
adipocytes from mice, where noradrenaline induced PKB-Ser473 phosphorylation that was 
inhibited by either torin, wortmannin or an Epac1 inhibitor (however not with a PKA inhibitor) 
[156]. Likewise in rat adipocytes β3-agonist induced PKB-Ser473 phosphorylation that could 
be inhibited by wortmannin or inhibition of PKA [157]. In other cell types it has been shown 
that cAMP activation of Epac activates or potentiates insulin activation of PKB, in a PI3K-
dependent manner, but PKA, in contrast, inhibited PKB [158, 159]. In 3T3-L1 cells, in a 
different context, PKA and Epac have been shown to work in a synergistic way to stimulate 
adipogenesis [160]. 

Figure 8. β-adrenergic-stimulation creates a negative feedback where increased cAMP levels and activation of PKA and Epac  
activates PKB. This occurs in a PI3K and mTORC2 dependent way.  
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The cAMP-dependent signalling routes seem to be cell type and species specific and probably 
agonist concentration dependent. Our findings in primary human adipocytes demonstrate a 
negative feedback for control of lipolysis, where beta-adrenergic stimulation via cAMP signals 
- both through Epac1 and PKA - to activation of PI3K and mTORC2 to increase the 
phosphorylation of PKB at Ser473 and thus activate PDE3B to decrease cAMP levels and 
lipolysis. Hence, inhibition of this feedback doubled the lipolytic response to β-adrenergic 
stimulation (paper III). 

α2-Adrenergic inhibition of lipolysis 

Another control mechanism of lipolysis is that catecholamines also bind to α2-adrenergic 
receptors on adipocytes. These receptors are coupled to the Gαi-subunit that in contrast to Gαs 
inhibits adenylate cyclase and thereby decreases the cellular levels of cAMP. In human 
adipocytes the catecholamines have a higher affinity for α2 -receptors than for the β1 and β2-
receptors [161], perhaps to control and inhibit basal lipolysis [162]. The ratio of α2 /β –receptors 
has been reported to differ between different adipose depots and to increase with adipocyte 
hypertrophy and obesity [163-166]. The β- but not α2-receptors undergo desensitization after 
long term stimulation or stimulation with high concentrations of agonist [161]. The β-
adrenergic receptor is phosphorylated either by G-protein coupled receptor kinase creating a 
binding site for β-arrestin that promotes internalization of the receptor via clathrin-coated 
vesicle endocytosis or via PKA and caveolae [167, 168]. Hence, catecholamines stimulate 
lipolysis but also ascertain that it is well controlled, both at receptor level and intracellularly 
via PKA-mediated negative feedback signals. To ensure that we only activate the β-adrenergic 
receptors, and thus simplify interpretation of the results, we have in our experiments used the 
noradrenaline analogue isoproterenol, which is a selective agonist for β-adrenergic receptors 
and does not stimulate the α2 -adrenergic receptors.  

Insulin control of lipolysis 

Lipolysis is suppressed by insulin and the general view on how insulin transmits this signal is 
via PI3K activation of PKB that in turn phosphorylates and activates PDE3B to degrade cAMP 
into AMP [155, 169, 170]. PKA activation is then reduced and thereby also the phosphorylation 
of HSL and PLIN1, which leads to reduced lipolysis - the anti-lipolytic action of insulin (Fig.  
9). This view has, however, recently been challenged. Choi et. al. showed in 3T3-L1 adipocytes 
that at submaximal levels (<12.5 nM) of isoproterenol stimulation, insulin acted in a PI3K-
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dependent but a PKB-independent manner to inhibit lipolysis [171]. Later the same research 
group confirmed in brown adipocytes from PDE3B knock out animals the importance of 
PDE3B for insulin-mediated anti-lipolysis; but by reintroducing PDE3B with the PKB specific 
phospho-sites ablated they also reported that phosphorylation of PDE3B by PKB was not 
required for insulin to suppress lipolysis [172]. They suggested that insulin inhibits PKA locally 
on the lipid droplet, possibly by stimulating the formation of a protein complex comprising 
PDE3B and other negative regulators of PKA signalling, referring to the formation of 
macromolecule complexes in adipocytes in response to insulin and β3-adrenergic receptor 
agonist stimulation [173]. The insulin-stimulated complex contained phosphorylated PDE3B, 
IRS1, PI3K p85, PKB, HSP-90, 14-3-3, caveolin-1 and PP2A and adrenergic stimulation 
formed a complex with phosphorylated PDE3B, PKA-RII, 14-3-3, β3-AR, caveolin-1 and PP2A 
[173]. 

 

In paper III we show that the anti-lipolytic effect of insulin has to involve activation of PDE3B. 
We also show that the insulin-stimulated antilipolysis is mediated by a PI3K-dependent, but a 
PKB-independent, pathway in human adipocytes (Fig. 9). When we stimulated human 
adipocytes with 10 nM isoproterenol insulin reduced cAMP levels and inhibited lipolysis in a 
dose-dependent manner even though mTOR or PKB were inhibited. However, when PI3K was 
inhibited with wortmannin the anti-lipolytic effect of insulin was blocked. That the inhibition 
of PI3K also affected the cAMP levels indicates that the activity of PDE3B was affected in the 
human adipocytes.  To confirm the involvement of PDE3B we used a PDE3-specific inhibitor, 
cilostamide, and found that in the presence of this PDE3-inhibitor insulin could not suppress 
cAMP production or lipolysis.  This means that PDE3B activation is required for the insulin-

Figure 9. Insulin stimulated anti-lipolysis. Black arrows indicate the general view where PI3K generated PIP3 activates PKB 
to phosphorylate and activate PDE3B to degradate cAMP. Green arrow indicate the PKB-independent but PI3K-dependent 
activation of PDE3B and cAMP hydrolysis. 
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mediated suppression of lipolysis, and that insulin activates PDE3B mainly in a PKB-
independent way. However we found a PKB-dependent activation of cAMP hydrolysis by 
isoproterenol, and we suggest that this masks a PKB-dependent activation of PDE3B by insulin, 
perhaps by saturation of specific PKB phosphorylation sites on PDE3B. It is possible that the 
isoproterenol-induced activation of PKB and thereby PDE3B is transient and that the insulin-
induced activation of PKB and PDE3B is more pronounced at later time points than we have 
measured in paper III. In brown adipocytes the phosphorylation of PKB at Ser473 reached a 
max after 5 min of stimulation with isoproterenol and thereafter declined to basal levels after 
60 min of isoproterenol stimulation [156]. The combination of different concentrations of 
insulin and isoproterenol could also be of importance regarding the activation of the different 
pathways for control of PDE3B. Choi et al found that insulin could suppress lipolysis in 3T3-
L1 adipocytes also in a PKB-dependent manner if the adipocytes where stimulated with high 
(>12.5nM) concentration of isoproterenol [171]. 

To explain how insulin inhibits isoproterenol-stimulated lipolysis it is apparent that more than 
one pathway is required. While the PKB-dependent pathway is the more studied, there remains 
much to be unravelled concerning the PKB-independent pathway(s). As mentioned above 
PI3Ks can act as both lipid and protein kinases and as scaffolding proteins, providing 
possibilities for other mechanisms than the canonical PI3K pathway of PIP3 generation. 
Moreover, specific protein-kinase activity of PI3K was in human adipocytes stimulated by 
insulin and co-immunoprecipitated with IR and PDE3B, while the stimulated lipid-kinase 
activity of PI3K co-immunoprecipitated with IRS1 [174]. The phosphorylation and activity of 
PDE3B also increased in the IR-precipitate upon insulin stimulation. It could not be excluded 
that there was an additional protein kinase in the IR-precipitate that phosphorylates PDE3B, but 
PKB was not found in the IR-precipitate [174]. PDE3B phosphorylation and activity can also 
be controlled by regulated dephosphorylation. The complexes formed upon insulin or 
adrenergic stimulation are intriguing. PP2A can dephosphorylate PDE3B in vitro and also 
decreased the phosphorylation in vivo in rat adipocytes [175]. In mouse embryonic fibroblasts 
PI3Kγ has been shown to bind PP2A and thereby promote sustained ERK activation after 
insulin stimulation [176]. It is tempting to speculate about a similar control of PDE3B. 
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A biphasic lipolytic response to insulin 

To our surprise we found that the effect of insulin on isoproterenol-stimulated lipolysis was 
biphasic, such that at higher concentrations than 0.1 nM insulin increasingly lost its anti-
lipolytic effect (Fig. 10). 

We found that this biphasic effect had been described before but with no attempt to try to 
explain the phenomenon [177-180]. Based on our experimental results (Fig. 10) we 
hypothesized that the loss of insulins anti-lipolytic effect is due to a negative feedback from 
PKB to the PKB-independent anti-lipolytic pathway described above. We believe that a 
substrate downstream of PKB with a right shifted dose response curve (compared to the PKB-
dependent PDE3B-activation) turns off the PKB-independent activation of PDE3B and thereby 
inhibits the degradation of cAMP (Fig. 11). 

This feedback could for example be activation of a phosphatase, a kinase phosphorylating 
PDE3B at a deactivating site or disruption of important protein complexes. Since we know that 
β-adrenergic stimulation not only stimulates lipolysis but also controls lipolysis with negative 
feedback signals, it is not surprising that insulin acts in a similar way to control antilipolysis. 
As the feedback has effect at concentrations of insulin exceeding 0.1 nM and as insulin levels 
in the blood can reach a concentration of 2 nM one hour after glucose administration, the 
feedback signal could well be of physiological and pathophysiological relevance. The loss of 
antilipolysis at high concentrations of insulin may for example protect from a complete 
inhibition of lipolysis during hyperinsulinemia. In paper III we further discuss the functional 
role of the bi-phasic response to insulin in the context of multiple feedback signals that we have 
identified in the insulin/β-adrenergic control of lipolysis. 

Figure 10. Insulin at increasing concentrations induces a biphasic lipolytic response when added to isoproterenol-stimulated 
adipocytes. Blue circles denote control experiments. In the presence of a (A) mTOR- or a (B) PKB-inhibitor isoproterenol-
stimulated lipolysis is increased and insulin can in a dose-dependent manner inhibit lipolysis. (C) In the presence of a PI3K-
inhibitor isoproterenol-stimulated lipolysis is increased but insulin can no longer inhibit lipolysis. Using either of the inhibitors 
(A-C) the biphasic response to insulin was lost. 
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Lipolysis in T2D 

In the literature there is no consensus on how the regulation of lipolysis is affected in obesity 
and T2D. There are reports of decreased or unaffected lipolysis in response to adrenergic 
stimulation in diabetes [147, 181]. Likewise, insulin-mediated antilipolysis has been variously 
reported as, normal, increased or decreased in diabetes [147, 181, 182]. In paper III we measure 
the release of glycerol and FA from adipocytes obtained from obese patients diagnosed with 
T2D and with a BMI >28 and from control patients with BMI < 28. This ascertains that we only 
include T2D related to obesity although some of the control subjects may be over-weight. We 
show that in mature human primary adipocytes there is no difference in lipolysis between cells 
from T2D and control subjects, neither the isoproterenol stimulated lipolysis nor the ability of 
insulin to reduce lipolysis was affected in the diabetic state (paper III). Neither was the 
sensitivity to the anti-lipolytic effect of insulin affected in the diabetic state. However, the 
release of FA is increased in the diabetic state, during stimulation with isoproterenol and when 
the cells are stimulated with different concentrations of insulin in the presence of isoproterenol. 

Thus we found that in isolated adipocytes there is no difference in glycerol released from T2D 
compared with control cells, but the FA release was increased by 50 %. When calculating the 
difference of glycerol and FA released from the same cells we find that the extent of re-
esterification is reduced in T2D, which thus can explain the augmented release of FA from T2D 
adipocytes. We found no short term effect of isoproterenol or of isoproterenol with different 

Figure 11. Complex regulation of cAMP and lipolysis in response to insulin and β-adrenergic stimulation. 1, indicates the 
PKB-dependent isoproterenol and insulin stimulated activation of PDE3B. 2, indicates the PKB-independent activation of 
PDE3B. 3, indicates the negative feedback from PKB to the PKB-independent activation of PDE3B that is activated at high 
insulin concentration. 
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concentrations of insulin on the re-esterification, which suggests that the regulation is mainly 
at a transcriptional level (paper III). In agreement with our results, a recent paper reported that 
during an oral glucose tolerance test there was no difference in glycerol but elevated FA release 
when comparing T2D and control subjects [147]. Also in this report, the release of glycerol 
from isolated adipocytes obtained from T2D patients did not differ from controls. There were 
no difference in transcripts of genes associated with lipolysis like ATGL or HSL, but reduced 
levels of lipogenic genes like acylglycerol-3-P acyltransferase (AGPAT), diacylglycerol 
acyltransferase (DGAT) and fatty acid synthase in fat cells from T2D patients [147]. Also 
microdialysis measurements of basal and isoproterenol induced glycerol release from 
abdominal subcutaneous adipose tissue has shown no difference between T2D and control 
subjects [183]. Other studies in human adipose tissue have found that basal lipolysis was 
increased in obesity, but no difference in the insulin sensitivity for antilipolysis [177, 184]. In 
contrast, reduced insulin sensitivity for the anti-lipolytic effect has been found in obese women 
[185]. Reduced catecholamine-stimulated lipolysis has been explained by reduced expression 
of β2AR, increased expression of α2-receptors or decreased expression of HSL [186]. If 
increased expression of α2AR is the reason for reduced catecholamine stimulated lipolysis that 
could explain why we did not see this reduction, since we used a βAR specific agonist.  

The lipolytically released FA can be oxidized in the adipocyte, transported out of the cell or 
recycled and incorporated back into TAG [187]. The percentage of FA that are oxidized in the 
adipocyte is low and the fraction of FAs that are re-esterified is individual, and under basal 
conditions the percentage of FA re-esterified ranged from 0-100 % [188]. The individual re-
esterification is something we also observe in our experiments (paper III). To re-esterify FA 
into TAG glycerol-3-phosphate (G3P) is required. The ability of the adipocytes to utilise 
glycerol as a precursor for G3P is very limited as adipocytes has a low expression of the enzyme 
GyK that converts glycerol to G3P. However, treatment with anti-T2D drugs like rosiglitazone 
can induce the expression of GyK and increase the re-esterification and the incorporation of 
glycerol into TAG [189, 190].  More important sources for G3P production are conversion of 
glucose via glycolysis or from non-carbohydrates like pyruvate, lactate or amino acids through 
glyceroneogenesis. The relative contribution of these two pathways is not completely 
understood and most probably they occur in parallel and that fed/fasted state and diet effect 
their contribution [191, 192].  

The potentially harmful effect that non-esterified FA has on adipose tissue and non-adipose 
tissue makes it important to control the accumulation of FA in the cells. The re-esterification 
seems to be a central part of this control system. Recently published data show that re-
esterification during lipolysis in adipocytes protects against ER-stress and that DGAT1 is 
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responsible for the protection of ER lipotoxic stress [193]. DGAT is one of the three 
acyltransferases involved in TAG synthesis. Glycerol-3-P acyltransferase (GPAT) is the first 
enzyme to add a FA to G3P then AGPAT adds a second FA and finally DGAT adds the third 
FA to complete the synthesis.  In preliminary experiments we see reduced mRNA levels of 
GPAT3 and AGPAT4 in adipocytes from T2D patients compared to non-diabetics.  
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Concluding remarks and future perspective 

The adipose tissue has to be at the centre of attention when trying to elucidate the mechanisms 
behind insulin resistance and T2D. The findings described in this thesis have expanded our 
knowledge regarding insulin signalling and its dysregulation connected to T2D in human 
adipocytes. These findings in return also evoked new questions in need of answers.  

Paper I: We found the phosphorylation of IRS1 at Ser307 not to be catalysed by either S6K1 or 
mTOR in human adipocytes. Thus the endogenous kinase remains to be established. That the 
phosphorylation of IRS1 at Ser307 is attenuated in T2D and that the phosphorylation of serine- 
and threonine-residues of IRS1 alters its activity makes it highly interesting to further explore 
the pattern of phosphorylation of IRS1 and the kinases involved. 

Paper II: We found the protein IQGAP1 to be expressed in human adipocytes and that the 
expression was reduced in T2D. We also found IQGAP1 to interact with caveolae and that this 
interaction was increased upon insulin stimulation. These findings together with the recently 
published data regarding IQGAP1s interaction with many of the proteins involved in the insulin 
signalling network indicate an important role of this scaffolding protein in the transduction of 
the insulin signal. Much is left to discover regarding cell specific interactions and regulation 
involving IQGAP1. 

Paper III: That lipolysis is un-affected in the diabetic state, but the re-esterification of FA is 
reduced in T2D, highlights the importance of future studies concerning the molecular details of 
how insulin is involved in mechanisms that control the re-esterification process. We 
demonstrate that the insulin-stimulated anti-lipolytic effect is mediated by PI3K but in a PKB-
independent activation of PDE3B, however, the identity of the PI3K and the mechanisms 
remain to be identified. We found that high concentrations of insulin decreased the anti-lipolytic 
effect of insulin and we suggest that this is due to a negative feedback to the PI3K activation of 
PDE3B. With the use of mathematical modelling in combination with experimental data this 
hypothesis will be interesting to test. Together with the finding of an additional negative 
feedback in the β-adrenergic control of lipolysis we have demonstrated that the regulation of 
lipolysis is much more complex than has been previously described. 
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