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ABSTRACT 

Obesity, metabolic syndrome, insulin resistance and type 2 diabetes, are ever growing 

health problems worldwide. The links between high fat diet, disorders of lipid 

metabolism and insulin resistance are well established, but the underlying 

mechanisms are multiple and currently only partially understood. The liver plays a 

major role in controlling both the glucose and lipid – especially cholesterol – 

homeostasis of the body, and is thus also central to the development of the 

aforementioned disease states.  

Cholesterol is an essential molecule for mammalian cells, and its most important role 

is to function as a membrane component. Recent studies suggest that cholesterol can 

induce lateral segregation of membrane components into microdomains, which are 

commonly called lipid rafts [1]. These microdomains are thought to form because of 

favorable interactions between cholesterol and certain other membrane lipids (mostly 

sphingolipids) and to have a more ordered structure than the rest of the membrane. 

The domains include a subset of proteins based on how well they fit into this ordered 

environment, while excluding others. They have been suggested to function in several 

cellular processes, e.g. signal transduction [1, 2]. 

The insulin signaling cascade is one of the pathways proposed to function via lipid 

rafts [3, 4]. Thus far, research in the field has concentrated on adipocytes. In the 

current study, we aimed at characterizing the role of lipid rafts in insulin signaling in 

hepatocytes. First, by using a cell line of hepatic origin, we demonstrated that the 

insulin receptor (IR) associated with detergent-resistant membranes (DRMs; 

operational definition for lipid rafts) in its active form and the activation of the 

receptor was sensitive to treatments affecting lipid raft constituents. Decreased 

activation of IR was associated with decreased DRM-recovery of the receptor.

Second, we studied the function of IR in primary hepatocytes from control and 

Niemann-Pick type C (NPC) disease mice. The NPC disease is an inherited late 

endosomal/lysosomal cholesterol storage disorder [5], and we used the NPC cells as a 

model for intracellular cholesterol imbalance. We found that in NPC hepatocytes, the 

levels of IR were up-regulated but its activation compromised. The activation defect 
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was present also in isolated plasma membranes from NPC mouse livers. Lipid 

compositional analysis revealed that the NPC plasma membranes were enriched in 

cholesterol and saturated phospho- and sphingolipid species, and accordingly, their 

fluidity was decreased. IR exhibited increased DRM-association in NPC cells, and 

removal of cholesterol from the NPC plasma membranes significantly improved IR 

activation.

Third, we addressed the special structural characteristics of cholesterol by comparing 

it with its immediate biosynthetic precursor, desmosterol. These two sterols differ 

only by the presence of an addition double bond in the tail of desmosterol, but 

experiments in liposomes revealed that desmosterol had a lower capacity for ordered 

domain formation than cholesterol. In cells, desmosterol was present at the plasma 

membrane but almost completely excluded from DRMs. When the majority of plasma 

membrane cholesterol was exchanged for desmosterol, IR activation became severely 

compromised and its DRM-association was abolished. Atomic-scale molecular 

dynamics simulations revealed that the double bond in the tail of desmosterol makes 

the molecule significantly more tilted than cholesterol and decreases its ordering 

potential. Together, the data shows that the function of IR in hepatocytes is highly 

sensitive to changes in its membrane microenvironment and that intracellular lipid 

accumulation can result in changes in the lipid composition of the plasma membrane. 

These findings may have implications for the pathogenesis of insulin resistance, 

especially in the light of the so-called “membrane hypothesis of insulin resistance”, 

formulated already twenty years ago [6]. 
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REVIEW OF THE LITERATURE

1. Cell membranes and cholestesterol

Cholesterol is essential for the growth and viability of all mammalian cells. In 

addition, all other eukaryotic cells contain a sterol of some kind, like ergosterol in 

yeast [7], indicating that sterols are necessary for higher forms of life in general. In 

the human body, cholesterol is needed for such things as an antecedent for steroid 

hormones, bile acids, vitamin D and oxysterols, i.e. oxidated derivatives of cholesterol 

that have important regulatory roles in many cellular processes [8]. Cholesterol is also 

a central molecule in embryonic development, and genetic errors in cholesterol 

biosynthesis result in devastating phenotypes [9]. One of the underlying reasons 

appears to be that the key morphogen Hedgehog contains a cholesterol modification 

which is essential for its function [10]. However, probably the most important role of 

cholesterol (and other sterols) is to function as a component of cellular membranes 

[11, 12].  This may indeed be the reason why sterols have evolved, but the membrane 

effects also make cholesterol harmful to cells when it is present in excessive amounts 

[13].

1.1 Cellular membranes 

1.1.1 Basic membrane structure and components 

Cell membranes are bilayers with an asymmetrical distribution of constituents in their 

two leaflets. The basic types of lipids in the membranes are glycerophopholipids, 

sphingolipids and cholesterol (Figure 1). Glycerophospholipids consist of a glycerol 

backbone with two fatty acids and a polar phosphate-containing head group linked to 

it. Glycerophospholipids are classified according to their head group structure, the 

most abundant class in mammalian cells being phosphatidylcholine (PC). Other 

classes include aminophospholipids (e.g. phosphatidylethanolamide, PE, and 

phosphatidylserine) and phosphapatidylinositide, and within each class, there are 

species with varying chain lengths and degrees of unsaturation. In most naturally 

occurring PCs, the two hydrocarbon chains are nearly similar in length. The acyl 

chain in the sn1-position is usually saturated, while the sn2 fatty acid is unsaturated 

[14, 15]. The unsaturated fatty acid typically contains 1 – 6 double bonds in the cis-

configuration.
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Sphingolipids consist of a long-chain sphingoid base (sphingosine in most naturally 

occurring sphingolipids) with an amide-linked fatty acyl side chain, and a polar head 

group. A sphingolipid with a phosphatidylcholine head group is called sphingomyelin 

(SM; the only sphingolipid belonging to the group of phospholipids), whereas 

sphingolipids with carbohydrate-containing head groups are collectively called 

glycosphingolipids (GSLs, including e.g. gangliosides and cerebrosides). Although 

the basic hydrophobic-hydrophilic structure of glycerophospholipids and 

sphingolipids is similar, there are important differences. The fatty acid chain in 

sphingolipids is often very long (20 – 24 carbons), longer than the hydrocarbon chain 

of the sphingoid base, which leads to an intramolecular chain-length mismatch [16, 

17]. The fatty acyl is also normally saturated or monounsaturated, as is the sphingoid 

base itself, and thus, natural sphingolipids as a group are more saturated than 

glycerophospholipids [18]. Further, the interfacial region in sphingolipids is more 

polar than in glycerophospholipids and contains both donor and acceptor groups for 

hydrogen bonding [19, 20].

Cholesterol, in turn, differs structurally from the other two types of lipids. It consists 

of four hydrocarbon rings – three six- and one five-membered ring – which form the 

so-called sterol backbone, and an iso-octyl side chain. The rings of cholesterol are 

joined by single bonds whose substituents are in the trans-configuration, allowing the 

ring structure to adopt a planar conformation. A double bond between C5 and C6 also 

affects the conformation and appears to be one of the essential structural features of 

cholesterol [21]. The 3- -hydroxyl group in cholesterol converts the otherwise highly 

hydrophobic molecule into an amphiphile, and orients it in the membranes. In 

addition, it can mediate hydrogen bonding with water and possibly other membrane 

lipids [20, 22]. When introduced into lipid bilayers, cholesterol intercalates between 

the hydrocarbon parts of the other lipids, filling in the flickering spaces between the 

acyl chains. Because of its rigid planar structure, cholesterol increases the order of the 

neighbouring acyl chains, making the membranes laterally more condensed and more 

densely packed [23-25]. Thus, the physicochemical properties of the membrane are 

altered; in particular, permeability is decreased and mechanical strength and rigidity 

increased [11, 12]. Cholesterol also affects the phase behaviour of membrane lipids 
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(discussed in Section 2.1.2).  The amount of cholesterol in a membrane is therefore 

one of the main determinants of the membrane’s physical characteristics, however the 

degree of unsaturation of the constituent glycerophospho- and sphingolipids also 

affects these properties [15].  

Figure 1. Basic structures of the membrane lipids of mammalian cells. The glycerol 

and sphingosine backbones are shown in blue and the phosphate groups in 

phospholipids and the 3- -hydroxyl group in cholesterol in red. 

In addition to lipids, cell membranes contain a variety of proteins. Membrane proteins 

can be integral (embedded in or traversing the membrane), or peripheral (connected to 

the membrane via an anchor that can consist of lipids, motifs in the protein structure, 

or both). Lipid-anchored molecules include glycosyl phosphoinositide (GPI) anchored 

proteins on the exoplasmic leaflet, and doubly acylated signaling kinases on the 

cytosolic side. Integral membrane proteins can also be lipidated (e.g. palmitoylated on 

cysteine residues), and these modifications can affect the protein-membrane 

interaction and/or serve to regulate the function of the proteins [26]. A special part of 

the actin cytoskeleton, called the membrane cytoskeleton, localizes under the 

membrane bilayer. It has many important roles, such as offering mechanical support 

for the membrane, participation in membrane remodelling events and connecting the 
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cell interior into the extracellular matrix via transmembrane proteins. The basic 

structure of cell membrane is shown in Figure 2.

Figure 2. The basic structure of the plasma membrane of mammalian cells. The lipid 

bilayer, the different types of membrane proteins and the membrane cytoskeleton are 

depicted. Glycerophospholipids, and to a lesser extent, sphingolipids, localize to both 

leaflets of the bilayer, whereas cholesterol is believed to mostly reside in the exofacial 

leaflet of the membrane (see section 1.1.3).

1.1.2 Cholesterol-sphingolipid interactions 

The rigid ring structure of the sterol backbone best fits next to relatively long and 

straight hydrocarbon chains, thus cholesterol interacts more strongly with saturated 

than unsaturated lipid species [23, 27-32]. The cis-double bonds in the sn2-fatty acids 

of glycerophospholipids make these chains kinked, often at a location where this 

kinking will interfere with the interactions between the glycerophospolipid and 

cholesterol. In contrast, the trans-double bond often present in the sphingoid base

does not form kinks and is at a position (close to the interfactial region) where it is not 

in contact with the steroid backbone [33-35]. In addition, the fatty acyl moiety of 

sphingolipids is mostly saturated, thus the favorite interaction partners for cholesterol 

in mammalian cells are thought to be sphingolipids. A considerable amount of data 

from model membrane studies supports this idea: the rate of cholesterol absorption 

from SM-containing membranes is lower than that from PC-containing membranes, 

and the water permeability of SM-cholesterol mixtures is lower than that of PC-
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cholesterol mixtures [15, 27, 36, 37]. Some studies have found no specific interaction 

between cholesterol and SM [24, 38, 39], but on the other hand, several cellular 

studies are again in favour of the aforementioned conclusion (see Sections 1.1.3 and 

2.).

In general, the interaction of cholesterol with the acyl chains of polar lipids is 

mediated by van der Waals and hydrophobic forces [15]. However, while a  mismatch 

in the hydrophobic chain length interferes with cholesterol-PC interactions, the 

strength of associaton between SM and cholesterol is not affected [30, 40]. Thus, it 

has been suggested that an additional force may play a role in strengthening the 

cholesterol-SM interaction. Such a force could be hydrogen bonding between the 

interfacial region of SM and the hydroxyl group of cholesterol [22, 30, 41-43], but 

whether this hydrogen bonding is indeed physiologically relevant is currently not 

known.

1.1.3 Distribution of cholesterol and other lipids in cell membranes 

Most cellular cholesterol resides in the plasma membrane, but estimates vary from 40 

to 90 %, mainly depending on cell types and research methodology used [44-46]. The 

relative amount of cholesterol in mammalian plasma membranes is approximately 30 

mol%. The early and recycling endosomal compartments also have a relatively high 

cholesterol content [47-49], whereas the late endosomal and lysosomal membranes 

are normally cholesterol-poor [49, 50]. On the secretory route, the ER contains little 

cholesterol [51, 52], but this small amount plays an important regulatory role in 

cholesterol homeostasis (discussed in Section 1.2.3). In the Golgi apparatus, the 

amount of cholesterol increases in the cis to trans direction [53-55].  

Cholesterol and SM have a similar distribution in cellular membranes in that their 

amount increases along the secretory pathway and the highest amounts are found at 

the plasma membrane [45, 52, 54, 56]. A positive correlation between the amounts of 

these two lipids was already noticed in the early 1970s [57] and subsequently, it has 

been observed in several studies that modulating the amount of SM results in 

accompanying changes in the amount and/or distribution of unesterified cholesterol 

[58-62]. The effects of altered cholesterol levels on the amount of SM are less clear 

[63-65], but nevertheless, the general consensus is that SM and cholesterol levels in 
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cells are co-ordinately regulated [66]. It has been suggested that owing to the 

favourable interaction of these lipids, the plasma membrane’s capacity to solubilise 

cholesterol is a function of its SM content [61, 64, 67].

GSLs in cells localise to the plasma membrane and the Golgi apparatus, where they 

are synthesised [54, 68]. Normally, the amount of GSLs is small in comparison to SM 

and glycerophospholipids, but in certain cells, such as polarised epithelial cells, GSLs 

constitute a significant part of the apical membrane [68-70]. In these cells, GSLs at 

the exofacial leaflet of the plasma membrane can serve a special protective role, e.g. 

as the apical compartment faces the bile acid containing intestinal fluids.  

Glycerophospholipids display a more even distribution among cellular membrane 

compartments than sphingolipids, but they localise to the different leaflets of the 

plasma membrane in a highly asymmetric fashion. For example, PC is enriched at the 

exoplasmic leaflet, whereas phosphatidylserine localizes almost exclusively to the 

inner leaflet [15, 71]. Sphingolipids are mostly found at the exoplasmic plasma 

membrane leaflet, but small amounts of SM have been reported in the cytoplasmic 

leaflet as well [72, 73]. The differential leaflet composition has several critical roles in 

cells and thus, it is actively maintained [74, 75]. In contrast to other membrane lipids, 

cholesterol seems to flip-flop between membrane leaflets with fast kinetics (T1/2~1 s) 

[76].

1.2 Cholesterol homeostasis in mammalian cells 

1.2.1 Cholesterol biosynthesis, lipoprotein uptake and cholesterol efflux 

All mammalian cells, with the exception of mature erythrocytes, are capable of 

synthesising cholesterol to fulfill their needs. Cholesterol biosynthesis proceeds from 

acetyl-coenzyme A (acetyl-CoA) through a series of over 30 enzymatic reactions. The 

rate-limiting enzyme in this series is 3-hydroxy-3-methylglutaryl CoA-reductase 

(HMG-CoA reductase), which converts HMG-CoA into mevalonate and is inhibited 

by the statin class of cholesterol-lowering drugs. The enzymes of cholesterol 

biosynthesis localise predominantly in the ER, but peroxisomes also contain 

considerable amounts of enzyme activity [77, 78]. The first intermediate of 

cholesterol biosynthesis with a steroid backbone structure is lanosterol. From 
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lanosterol, the synthesis can progress via two intersecting routes, the Kandutsch-

Russell or Bloch pathways. The choice of pathway is determined by the stage at 

which the double bond at position C24 in the sterol side chain is reduced. If this 

double bond is retained until the last reaction, cholesterol synthesis proceeds via 

desmosterol (Bloch pathway), whereas early reduction leads to the formation of 

lathosterol and 7-dehydrocholesterol (Kandutsch-Russell pathway) [79]. The 

significance of these alternative routes is not known.

In addition to de novo synthesis, cells take up cholesterol from circulation in 

lipoprotein particles, mainly in the form of low-density lipoprotein (LDL). LDL binds 

to its receptor, the LDL receptor (LDLR) at the cell surface, and is subsequently 

internalised via receptor-mediated endocytosis [80]. Along the endocytic route, the 

LDL particles are separated from the receptor and metabolised. Cholesterol in LDL is 

mainly in the form of cholesterol ester, which is hydrolysed by the enzyme acid 

hydrolase into free cholesterol and fatty acids [81, 82]. Traditionally, the hydrolysis 

has been thought to occur mostly in the late endosomes/lysosomes [82], but recent 

work has shown that the enzyme can act on earlier compartments as well [83, 84]. 

The metabolites are subsequently transported out of the endosomal system. The free 

cholesterol derived from LDL is mostly transported to the ER for re-esterification 

(discussed in Section 1.2.2). The main transport route from late endosomes to the ER 

appears to involve the plasma membrane [85, 86], but plasma membrane-independent 

movement has also been reported [86, 87].  

Specialised cell types, like hepatocytes (discussed in Section 1.2.5) and steroidogenic 

cells also take up cholesterol (free cholesterol and cholesterol esters) from high-

density lipoprotein (HDL) particles via pathways mediated by the scavenger receptor 

B1 (SR-B1) [88]. Macrophages, in turn, internalise modified (e.g. oxidised) 

lipoproteins via pathways mediated by other scavenger receptors, such as SR-A- and 

CD36- mediated routes [13]. Unlike the uptake via the LDLR, these routes are not 

under the normal control of cholesterol homeostasis, but can proceed unlimited and 

lead to the formation of lipid-laden foam cells. Such foam cells play a well-know role 

in the pathogenesis of atherosclerosis [13].
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While the ways to provide mammalian cells with cholesterol are plentiful, there are 

less available means for removing excess cellular cholesterol. HDL carries cholesterol 

from peripheral cells into the liver, the only organ capable of excreting cholesterol out 

of the body. It has been known for some years that the ATP-binding cassette (ABC) 

transporter A1 plays a role in cholesterol efflux to HDL, or its lipid-poor apoprotein 

component ApoAI [89], and recently, transporters ABCG1 and G4 have also been 

implicated in the process [90]. In addition, plasma membrane cholesterol-enriched 

invaginations, caveolae and their main protein components, caveolins, have been 

suggested to participate in cholesterol egress [91, 92]. SR-B1 mediated cholesterol 

efflux has also been described [93], but the details of these processes remain elusive. 

1.2.2 Cholesterol esterification and lipid droplets 

Cholesterol esterification serves both as a means to store cholesterol for later use and 

as a detoxification reaction to protect cells from excess free cholesterol [94]. The 

esterification reaction is carried out by the enzyme acyl-coenzyme A:cholesterol acyl 

transferase (ACAT), which resides in the ER. In mammalian cells, there are two 

isoforms of ACAT, ACAT1 and 2 [95, 96]. ACAT1 appears to be ubiquitously 

expressed [96], whereas ACAT2 expression is restricted to the liver and the intestine 

[95, 97]. Cholesterol functions as an allosteric activator of ACAT [98], thus 

cholesterol arriving at the ER becomes esterified rapidly. Cholesterol esters are stored 

in lipid droplets, which also contain other storage forms of lipids, such as 

triacylglycerols. The neutral lipid core of the droplets is surrounded by a monolayer of 

phospholipids, which is thought to originate from the leaflets of the ER as the droplets 

form in between them [99]. In addition, certain proteins localise to the limiting 

membrane of the droplets and at least in adipocytes, the droplets are surrounded by a 

layer of free cholesterol [99, 100]. Cholesterol ester in the droplets can be hydrolysed 

by the putative enzyme cholesterol ester hydrolase, and cholesterol in the lipid 

droplets appears to undergo continuous cycles of hydrolysis and re-esterification [101, 

102].

1.2.3 Regulation of cholesterol homeostasis 

Mammalian cells exert strict control over their cholesterol content, and this regulation 

is mainly governed by transcription factors called the sterol-response element binding 

proteins (SREBPs) and by the cholesterol content of the ER [103]. When cholesterol 
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in the ER is abundant, the SREBPs are retained in this compartment together with a 

protein binding to them, called the SREBP-cleavage activating protein (SCAP). 

Cholesterol in the ER induces a conformational change in the SCAP that favors an 

interaction with ER resident proteins called Insigs (Insig-1 and Insig-2; for insulin-

induced gene-1 and -2), and this interaction prevents the SCAP-SREBP complex from 

entering the transport vesicles for Golgi delivery [104]. When sterols are scarce, 

SCAP dissociates from Insigs and moves together with the SREBPs to the Golgi 

apparatus, where the SREBPs are then cleaved by two enzymes (site-1 and site-2 

proteases) [103]. These reactions release the transcription factor parts of the SREBPs, 

which then move into the nucleus and activate the transcription of genes containing a 

sterol-response element [103]. These genes include HMG-CoA reductase, LDLR and 

many others. Also genes involved in the metabolism of other lipids, especially the 

synthesis of unsaturated fatty acids, are regulated by the SREBPs [105].

SCAP contains a structural motif called the sterol-sensing domain, which plays a 

central role in the Insig-SCAP interaction [104, 106, 107]. How the sterol-sensing 

domain actually functions is not known, but research suggests that it may trigger the 

conformational change induced by the membrane sterols [107]. This domain is found 

in many key proteins in cholesterol homeostasis, such as HMG-CoA reductase [108] 

and Niemann-Pick type C1 (NPC1, see Section 1.3). The sterol-sensing domain of 

HMG-CoA also binds Insigs, and this binding appears to mediate the sterol-dependent 

degradation of the enzyme [109]. 

The components of the SREBP-SCAP pathway have also been identified in 

Drosophila melanogaster, but the pathway appear to exclusively regulate the enzymes 

involved in fatty acid biosynthesis [110]. Moreover, SREBP processing is regulated 

by palmitatic acid, not by sterols, suggesting that the role of the ancestral SREBP-

SCAP pathway is to control membrane integrity rather than sterol synthesis [110]. 

This function has in fact been conserved in evolution, as the amount of cholesterol 

and degree of fatty acyl unsaturation are the major determinants of membrane fluidity 

in mammalian cells,  
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1.2.4 Intracellular cholesterol transport  

In order to maintain the cholesterol gradient among cellular compartments, cells have 

a constant need to transport cholesterol towards the high sterol-content organelles, 

most importantly the plasma membrane. As discussed in Section 1.2.1, LDL-derived 

cholesterol is transported out of the endosomal system to the plasma membrane and to 

the ER for esterification. Cholesterol from other sources (e.g. from the plasma 

membrane) entering the endosomes is largely recycled back to the plasma membrane, 

and the recycling endosomal compartment appears to be central to this process [111, 

112]. Biosynthetic cholesterol is rapidly transported out of the ER and becomes 

available for extracellular acceptors in ~30 min after a pulse of radio-labeled acetate 

[113]. There seem to be many alternative routes for cholesterol transport from one 

intracellular compartment to another, and many of them still await proper 

characterisation [114].

The intracellular machineries for cholesterol transport are also somewhat poorly 

understood, but in principle, cholesterol can be transported within cells by at least 

three different mechanisms: 1) as part of the vesicular membrane trafficking; 2) via 

direct membrane-to-membrane contact and 3) with the aid of carrier proteins [114]. 

Because of its highly hydrophobic nature, cholesterol is unlikely to move around in 

the aqueous cytoplasma by simple diffusion, although evidence for fast, ATP-

independent transport processes for sterols has been presented [115]. Some 

cholesterol is known to be transported as part of the vesicular trafficking, and the 

master regulators of vesicular transport, small GTPases of the Rab-family, also partly 

control cellular cholesterol trafficking [111, 116-118]. A cholesterol carrier protein 

has been identified in some special cases, like in the transport of cholesterol across the 

mitochondrial membranes by the steroidogenic-acute regulatory protein (STAR), 

[119]. The cholesterol content of cellular compartments and the key molecules in 

intracellular cholesterol processing are outlined in Figure 3. 

1.2.5 Cholesterol metabolism in hepatocytes 

The liver plays a key role in regulating whole-body cholesterol (and other lipid) 

metabolism, and hepatocytes are a special cell type in terms of cholesterol processing. 

The liver is to a large extent responsible for removing dietary cholesterol (in the form 

of chylomicron remnants) from the circulation [120, 121] and with its high LDLR 
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content, the main tissue for LDL uptake as well [121]. In addition, the liver is central 

to the process of reverse cholesterol transport. It is the end-station of the pathway, 

with HDL-derived cholesterol entering the hepatocytes via SR-B1-mediated transport 

[122]. In addition, the liver is the main source of lipid-poor ApoAI and recently, has 

also been shown to be the major organ effluxing cholesterol to HDL [123] 

Cholesterol delivered to the liver can be processed in several ways. Hepatocytes 

contain cholesterol-modifying enzymes (e.g. cholesterol 7-hydroxylase, only 

expressed in hepatocytes), which convert the highly hydrophobic cholesterol molecule 

into bile acids that can be readily secreted [124]. Cholesterol in the liver thus 

functions as a precursor for bile acid synthesis, but this synthesis and secretion into 

bile at the same time constitute the only way for removing cholesterol from the body. 

Hepatic cholesterol can also become incorporated into very high-density lipoproteins 

(VLDL), which are assembled and secreted by the liver as a means for delivering 

lipids to other tissues [125]. The main lipid constituents of VLDL-particles are 

triacylglycerols, thus cholesterol, fatty acid, and triacylglycerol syntheses, as well as 

the influx of these molecules, are interconnected phenomena in hepatocytes [126]. 

Accordingly, hepatocytes are also highly active in cholesterol biosynthesis [127].

Figure 3. A schematic presentation of the cholesterol content of cellular 

compartments and the key molecules in cholesterol homeostasis. The orange and 

yellow colors indicate high and low free cholesterol content, respectively. The 
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variable color of the plasma membrane represents cholesterol-enriched domains, the 

so-called lipid rafts (see Section 2.). LDLR and SR-B1 are known mediators of 

cholesterol influx, whereas ABC-transporters A1, G1 and G4 are implicated in 

cholesterol efflux. A role for caveolar proteins, especially caveolin-1, in this process 

has also been suggested. The enzyme acid hydrolase localises to both late 

endosomes/lysosomes and earlier endosomal compartments. Niemann-Pick type C 

(NPC) proteins 1 and 2 regulate the egress of cholesterol from late endosomes. EE, 

early endosomes; ERC, endosomal recycling compartment; LE/LY, late endosomes, 

lysosomes; ER, endoplasmic reticulum; CGN, cis-Golgi network; TGN, trans-Golgi

network.

1.3 Niemann-Pick type C (NPC) proteins and disease 

Niemann-Pick type C (NPC) disease, caused by mutations in the NPC1 or NPC2

genes, is an autosomally inherited, rare (prevalence ~1/150 000 for both disease forms 

together) neurovisceral cholesterol storage disease [5, 128]. Clinically, the NPC 

disease manifests in hepato- and spleno- megaly and progressive neurological 

symptoms, which typically appear at the age of 4 – 5 years and lead to death in the 

early teens [5, 128]. The two types of NPC disease are phenotypically 

indistinguishable [129]. At the cellular level, NPC disease is characterised by late 

endosomal/lysosomal accumulation of free cholesterol and impaired homeostatic 

responses to LDL uptake (i.e. an increase in cholesterol esterification, down-

regulation of LDLR expression, and cholesterol biosynthesis) [130, 131]. In addition 

to cholesterol, the storage organelles contain other lipids, especially sphingolipids. In 

contrast to many other lysosomal storage diseases (such as Niemann-Pick type A and 

B sphingolipidoses), NPC is not caused by the impaired degradation of lipids, but 

appears to be a primary lipid transport disorder [5, 132]. Traditionally, the principle 

defect in NPC has been thought to be in cholesterol transport, but recent research 

suggests that the accumulation of cholesterol could be secondary to impaired 

sphingolipid transport [133-135]. It has also been proposed that the substrates for 

NPC1-mediated transport could actually be fatty acids [136]. The lipid imbalance and 

transport defects in NPC cells are reflected in the composition of other membrane 

compartments, including the Golgi, early endosomes and the plasma membrane [137-

140], in addition to the late endosomes/lysosomes .  
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NPC1 is a large, polytopic membrane protein with 13 membrane-spanning domains, 

including the so-called sterol-sensing domain [141]. The exact function of NPC1 is 

not known, but the sterol-sensing domain appears to have a critical role, since 

mutations in this part of the protein result in severe phenotypes [5]. In normal cells, 

NPC1 is localised to late endosomes and the tubular structures emanating from them 

[142-144]. Thus, there is evidence to suggest that NPC1 regulates vesicular transport. 

Recently, it was shown that the protein binds to cholesterol [145]. NPC2 (originally 

called HE1), in turn, is a soluble protein localising to the luminal side of late 

endosomes/lysosomes [146, 147]. It reaches this compartment by mannose-6-

phosphate receptor-mediated transport [147]. It contains a cholesterol-binding 

domain, and has been shown to bind cholesterol with high affinity [148]. This 

cholesterol binding function of NPC2 appears critical for the control of late 

endosomal cholesterol levels [149]. NPC2 can also be secreted by cells, and is found 

in abundance in certain biological liquids, such as milk and epindidymal fluid [146]. 

The function of NPC2 in these fluids is not known. Both NPC proteins are 

evolutionary conserved, and of NPC1, there are several models from yeast to 

mammals [150, 151]. Interestingly, the mammalian models represent naturally-

occurring mutations in the NPC1 gene. 

Figure 4. Filipin staining of control (wild type, WT) and NPC1 mouse primary 

hepatocytes. Filipin is a fluorescent polyene antibiotic that binds to free cholesterol. 

The perinuclear cholesterol-laden storage organelles in NPC cells are clearly visible. 

1.4 Other sterols in mammalian cells 

In contrast to the high diversity among the other membrane lipids, mammalian cells 

contain only one principal sterol, cholesterol. Other sterols, mainly of dietary origin, 

such as plant-derived phytosterols, enter the human body in relatively high amounts 
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but are very efficiently secreted out of the body [152-154]. Cell biological studies 

suggest that other sterols cannot substitute for cholesterol in mammalian cells [155], 

and inborn errors in cholesterol biosynthesis in humans result in severe malformations 

and mental retardation [9]. The biological basis for this sterol selectivity is not known, 

but cholesterol appears to be the most efficient sterol in modulating the 

physicochemical properties of membranes [11]. In a very recent study, it was shown 

that, in fact, many different sterols can fulfill the bulk requirements in mammalian 

cells, when present together with tiny amounts of cholesterol [21]. Interestingly, the 

enantioisomer of cholesterol could overcome the need for even minute amounts of 

cholesterol, indicating that the specific requirements for cholesterol are not 

stereoselective, and could thus be lipid-lipid, rather than lipid-protein -based 

interactions [21]. 

Cholesterol biosynthesis is an endogenous source for non-cholesterol sterols, as it 

produces a wealth of ring-structured cholesterol precursors that can be relatively 

abundant in cells, and get incorporated in the cellular membranes [156-158]. The 

precursors were thought to reside mostly in ER, where cholesterol biosynthesis takes 

place, but it has now been shown that they are also present e.g. at the plasma 

membrane, can be transported there even faster than cholesterol, and are avidly 

available for extracellular acceptors [158, 159]. One of the most abundant sterol 

precursors is desmosterol, which differs from cholesterol only by the presence of an 

additional double bond at C24. Desmosterol has been shown to have a membrane 

distribution similar to cholesterol [159], and is a major membrane component in 

certain cell types, such as astrocytes [160] and spermatozoa [157, 161, 162]. At the 

whole body level in humans, however, desmosterol does not appear equivalent to 

cholesterol, as mutations in the gene coding for 24-dehydroxy cholesterol reductase 

(the enzyme converting desmosterol into cholesterol) have devastating outcomes 

[161, 162].

2. Cholesterol-rich membrane domains, “lipid rafts” 

Based on the biophysical properties of the constituent lipids, the concept of lateral 

inhomogenities (domains) in cellular membranes was outlined already more than 

thirty years ago [163, 164].  In recent years, increasing knowledge about the phase 

behaviour of membrane lipids, as well as cell biological observations, has led to the 
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formation of the lipid raft hypothesis, i.e. the presence of functional cholesterol-

sphingolipid domains in cell membranes [1, 165]. Since its appearance, the lipid raft 

hypothesis has aroused great interest among both cell biologists and membrane 

biophysics, but the exact nature of these domains still awaits characterisation. 

2.1 Biophysical basis for domain formation 

2.1.1 Phase behaviour of membrane lipids 

Polar membrane-forming lipids exist in different phases depending on temperature 

and other physical parameters. In the solid-like (gel, solid-ordered or So) phase, the 

lipid acyl chains are ordered in an all-trans conformation, the molecules tightly 

packed, and they undergo little lateral or rotational motion. In contrast, in the liquid-

like (liquid-disordered, Ld) state, the lipids are loosely packed and diffuse relatively 

freely. The temperature at which the phase transition takes place is called the melting 

temperature (Tm), and is characteristic for each type of lipid: lipids with long and 

saturated acyl chains have high Tms, whereas the Tms of lipids with unsaturated acyl 

chains are lower [166, 167]. In addition, the polar head group of the lipid affects the 

Tm, with e.g. neutral GSLs having higher Tms than SM or charged GSLs [168]. Even 

in membranes containing only one lipid component, the So and Ld phases can co-

exist within a certain temperature range, and this phenomenon is especially well-

known for mixtures of high- and low-Tm lipids [166, 167].  

Eukaryotic cell membranes have both high- and low-Tm components, thus it was 

thought that sphingolipid domains of some sort might exist in them [163, 164]. The 

observation that detergent treatment of erythrocyte ghosts leaves behind sphingolipid-

rich membrane fragments [169] supported this idea. Further, it was shown that GSLs 

have a high tendency for hydrogen bonding [20], and that they are found in small 

clusters (~15 molecules) in native and model membranes [164]. A functional role for 

such sphingolipid domains in the apical sorting of lipids and proteins in epithelial 

cells was also suggested [69, 170, 171]. However, the rigid So phase of the pure 

sphingolipid domains did not seem compatible with the dynamic functions of cell 

membranes [172]. Moreover, the presence of cholesterol in cell membranes also had 

to be taken into consideration (see below). 
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2.1.2 Domain formation  in cholesterol-containing membranes 

The presence of cholesterol in membranes changes their phase behaviour 

considerably. When introduced to an So-state membrane, cholesterol decreases the 

ordering of acyl chains, but in an Ld-state membrane, it has the opposite effect: it 

creates more order in the acyl chains, decreasing the area per molecule [43, 173, 174]. 

This property of cholesterol is accounted for by its rigid and planar ring structure, 

which is in contact with and affects the shape of its neighbouring acyl chains. The 

addition of cholesterol into a bilayer of saturated PC species abolishes the formation 

of co-existing So and Lo domains and instead, the whole membrane adopts an 

intermediate state [175-177], called the liquid-ordered (Lo) phase [178]. The Lo state 

forms to balance the unfavourable free energy of cholesterol mixing with either the 

Ld or So phase. In the Lo phase, the ordering of acyl chains present in the So phase is 

maintained, but decoupled from the lateral and rotational diffusion restrictions, and 

thus, the Lo phase lipids are highly mobile [178-181]. 

Phase diaphragms of binary mixtures of cholesterol and saturated PC also suggested 

that under certain conditions, the Ld and Lo phases could actually co-exist [173, 176, 

178]. These phase diaphragms have other interpretations as well [182-184], but 

further evidence for the co-existing liquid phases has come from studies using 1:1:1 

ternary mixtures of a low Tm lipid (unsaturated phospholipid), a high Tm lipid (SM 

or saturated phospholipid) and cholesterol. It is a crude model of biological 

membranes, especially the outer leaflet of the eukaryotic plasma membrane, and the 

inspiration to use such a mixture came from cell biological studies [185]. In these 

membranes, the formation of large (micronscale), immiscible, liquid-liquid domains 

has been observed by several investigators and through a number of different methods 

[186-190]. The Lo domains are generally enriched in cholesterol and the high Tm 

component(s) of the membrane, although a rather equal distribution of cholesterol 

among the two phases has also been reported [190]. However, the presence of 

cholesterol (or some other sterol, see Section 2.1.3) seems to be a prerequisite for the 

formation of the Lo phase [191, 192]. 

2.1.3 Detergent-resistant domains in cells and model membranes 

As mentioned above, the isolation of detergent-resistant sphingolipid-rich membrane 

fragments from erythrocytes (and subsequently from several other cell types) led to 
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the suggestion that these membranes would represent sphingolipid clusters in cell 

membranes [169]. The connection with detergent resistance and lipid domains was 

reinforced by studies demonstrating the detergent resistance of apically targeted GPI-

anchored proteins in epithelial cells [185, 193]. Moreover, in favour of the functional 

role of these domains, it was shown that the GPI-anchored proteins gain detergent-

resistance en route through the Golgi apparatus [185]. The detergent-resistant 

membranes (DRMs) isolated in this study were big vesicles, around 100 nm in 

diameter, and contained not only sphingolipids, but an approximately 1:1:1 mixture of 

glycerophospholipids, sphingolipids (both GSLs and SM) and cholesterol. The 

detergent used was Triton X-100 and the extraction was performed at 4˚C.

Model membrane studies progressed in parallel to show a connection between the 

physical state of the membrane and detergent resistance [194]. The detergent 

resistance of cellular components had been taken as an indication of cytoskeletal 

association, but it subsequently became clear that lipids as such can form detergent-

resistant complexes. Lipids in the Ld phase are generally soluble in cold, non-ionic 

detergents, whereas lipids in the Lo or So phases are resistant to the treatment, owing 

to a tighter packing of the acyl chains, and possibly to hydrogen bonding between the 

constituent lipids [195]. In a series of model membrane studies, Brown and London 

showed a good correlation between the extent of Lo phase formation and the 

detergent-resistance of the lipid mixtures. They also showed that the components of 

the model membrane Lo domains closely resembled that of DRMs, i.e. both were 

enriched in cholesterol and  high-Tm lipids [191, 194, 196]. They strongly argue that 

DRMs represent pre-existing Lo domains in membranes, even though the size of these 

domains can be misjudged by the method [172]. Other studiess have also found that 

the physical properties of DRMs from cell membranes are similar to those of model 

membrane Lo domains [197, 198]. In addition to the sterol-dependent Lo phase, high 

sphingolipid content can confer detergent resistance to membranes [199, 200]. 

2.2 The lipid raft hypothesis 

2.2.1 Classical views and methods for studying rafts 

The hypothesis of functional lipid rafts in cell membranes suggests that Lo phase 

cholesterol-sphingolipid domains exist in the bulk Ld phase of glycerophospholipids 
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[1, 165]. These domains include a subset of proteins based on how well they fit within 

this organised lipid environment, while excluding others. Lipid rafts thus provide a 

mechanism for the lateral segregation of membrane components, and in addition to 

apical sorting, they have been suggested to function in various cellular processes, 

most notably signal transduction (see Section 2.3). Notifications that the domains are 

in the Lo phase and enriched in cholesterol have yielded the two operational 

definitions for lipid rafts: resistance to cold non-ionic detergents, especially Triton X-

100, and the sensitivity to cholesterol depletion. 

Extraction with cold Triton X-100 and the recovery of DRMs as low buoyant-density 

fractions has become a widely used method for identifying putative lipid raft 

components. The majority of cholesterol, SM, GSLs and GPI-anchored proteins are 

regularly found in DRMs, whereas other proteins typically exhibit only partial (10-

30%) recovery in the DRMs [201-203]. These other DRM-associated molecules 

include proteins attached to the membrane via a saturated lipid moiety, such as 

palmitoylated and/or myristoylated cytosolic signalling proteins, and some 

transmembrane proteins, especially palmitoylated ones. Most transmembrane proteins 

as well as prenylated peripheral membrane proteins tend to be excluded from DRMs 

[1, 203]. Model membrane studies with purified proteins and peptides support these 

cell biological observations [194, 196, 204, 205]. The use of other mild detergents, 

such as agents from the Brij- and Lubrol-series or CHAPS, yields DRMs differing in 

both their lipid and protein components, which has been interpreted as an indication 

of the existence of different raft subtypes, or of weaker and stronger raft-associations 

of molecules [206, 207]. Because of the possible artifacts related to the treatment of 

cells with detergents (see Section 2.2.6), attemps for developing detergent-free 

methods for raft isolation have been made [206, 208].  

Many cellular processes mediated by DRM-associated proteins have been shown to 

be sensitive to cholesterol depletion, or to the modulation of other lipid raft 

constituents [1, 2, 201]. Cholesterol depletion can be achieved by several means, e.g. 

by using cholesterol binding or chelating compounds such as filipin or saponin, 

inhibiting cholesterol biosynthesis with statins, or removing cholesterol from the 

plasma membrane with cyclodextring. The specifity of the treatment can be confirmed 

by adding back cholesterol. Other methods for disrupting rafts include the addition of 

28



exogenous cholesterol or sphingolipids, the inhibition of GSL synthesis, and the 

crosslinking of raft components [2, 209, 210].

2.2.2 Caveolae and caveolins 

Caveolae are small, flask-shaped invaginations observed at the plasma membrane of 

many, but not all cell types. These structures were first observed in electron 

micrographic studies in the 1950’s. They appeared to have a distinct sterol 

composition [211, 212] and were found to be sensitive to cholesterol depletion [213]. 

The main protein component of caveolae, called caveolin-1, was identified [213] and 

subsequently shown to be a cholesterol-binding protein [214, 215]. Caveolin-1 was 

found to be highly enriched in DRMs obtained from both plasma membranes and the 

apical transport vesicles of epithelial cells [216-218]. In addition to cholesterol, other 

lipid raft constituents (i.e. GPI-anchored proteins and sphingolipids) were detected in 

caveolin-containing membrane fractions [218, 219]. Thus, there has been some 

confusion between DRMs, caveolin-enriched membrane fractions and caveolae. 

However, DRMs can be isolated from cells with no morphological caveolae, and 

currently caveolae are considered to be a subtype of lipid rafts [1, 220]. Moreover, 

many investigators agree that true caveolar localisation can only be observed by 

immuno-electron microscopy [221-223]. 

Mammalian cells express three caveolin isoforms: caveolin-1, -2 and -3 [222]. Of 

these, caveolin-1 and caveolin-3 form homo-oligomers at the cell surface and when 

expressed in caveolin-negative cells, are capable of creating caveolae de novo [99, 

224, 225]. Cell types with the most abundant caveolae express different caveolin 

isoforms, with caveolin-1 being the principal form in adipocytes and endothelial cells 

[213], whereas caveolin-3 is expressed in striated and cardiac muscle [226, 227]. Cell 

types expressing no or only low levels of caveolins include lymphocytes, neurons and 

hepatocytes [228]. It has been suggested that caveolae function in such processes as 

transcytosis, clathrin-independent endocytosis, cholesterol efflux [222, 228, 229] and 

more recently, viral entry [229]. Several signalling molecules have been localised to 

caveolea and many of them interact with caveolin-1 [230]. This interaction seems to 

serve a regulatory – usually inhibitory – role in signalling [230, 231].
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2.2.3 Lipid rafts and other sterols 

Since the concept of cholesterol-dependent Lo phase domains has gained considerable 

attention, the domain-forming capacity of other sterols has also been addressed. These 

studies are of interest for at least two reasons: first, they describe the domain-forming 

capacity of the structural sterols in other eukaryotic cells, and second, they can help to 

define the special characteristics of cholesterol that make it indispensable for 

mammalian cells [7]. Ergosterol, the structural sterol in yeast, has been shown to 

promote domain formation in a similar way to cholesterol [232-234]. In studies using 

a variety of natural and unnatural sterols, a close correlation between domain-forming 

capacity and the ability of the sterol to pack closely with dipalmitoyl-PC or SM has 

been demonstrated [234-237]. The cholesterol precursors, lathosterol and 7-

dehydrocholesterol exhibit stronger domain-forming capacities than cholesterol [158, 

238], whereas desmosterol has been found to have a similar [239] or reduced [240] 

ordering potential in comparison to cholesterol.  

2.2.4 The size and properties of lipid rafts in cells 

Whereas the Lo domains in model membranes are large and with time, tend to 

coalesce to minimise the line tension between the two phases [189], lipid domains in 

cell membranes have proven extremely difficult to visualise. Both GPI-anchored 

proteins and GSLs exhibit an even distribution on the plasma membrane when viewed 

by light microscopy [209], which has led to the conclusion that lipid rafts must be at 

least smaller than the resolution of light microscopy (i.e. <300 nm). However, even 

conventional electron microscopy has failed to reveal a significant clustering of raft 

components [221, 241]. Studies using fluorescent-resonance energy transfer (FRET), 

a method sensitive to nanoscale (~10 nm) clustering [242, 243], or chemical short-

range cross-kinking [244] suggest that at least a fraction of GPI-anchored proteins 

exist in small (~10 molecules) clusters at the plasma membrane, and these clusters are 

sensitive to cholesterol depletion. A recent study reduced the size of these clusters to 

approximately 4 nm, with about 20-40 per cent of GPI-anchored proteins at the 

plasma membrane present in these complexes [245]. New electron microscopic 

observations combined with computational modelling suggest a similar clustering 

pattern for inner leaflet raft molecules [246, 247]. However, some FRET studies have 

identified no specific clustering of GPI-anchored proteins [248, 249] or GSLs [250], 

and clustering behaviour similar to raft-associated molecules has been reported for 
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non-raft proteins as well [246, 247], although these clusters were cholesterol-

independent.

When crosslinked with e.g. antibodies, raft-associated molecules form clusters [209, 

251], and simultaneously crosslinked raft components co-localise, although the 

crosslinking of one component does not induce the co-clustering of another [209]. 

These results have contributed to the hypothesis that in resting cells, lipid rafts are 

small and unstable, but crosslinking can induce the formation of more stable 

structures. The ligation of signalling molecules is an example of a natural crosslinking 

event, and it has been suggested that this would trigger the creation of lipid raft 

signalling platforms [2]. It was recently demonstrated in model membranes that the 

crosslinking of GM1 molecules can also induce phase separation in previously 

uniform, cholesterol-containing membranes [252]. 

If partitioning into lipid rafts is a major determinant of the diffusion rate of a 

molecule, all raft-associated molecules would be expected to have a similar diffusion 

coefficient, and these might differ from those of non-raft molecules. The diffusion of 

raft-constituent molecules should also be sensitive to cholesterol depletion. A study 

using photonic force microscopy indeed reported results in line with these 

expectations [253], but other studies using such methods as fluorescent recovery after 

photobleaching (FRAP) have failed to do so [254, 255]. Kusumi and co-workers 

analysed the diffusion behaviour of several raft and non-raft proteins and lipids by 

combining single-particle tracking and extremely high-resolution video recording 

[256-258]. According to their data, all of these molecules underwent so-called hop-

diffusion, with a transient confinement in a small area (~30 – 250 nm in diameter, 

depending on cell type) and repeatedly hopping into new areas of confinement. They 

claimed that the confinement areas were formed by the membrane cytoskeleton and 

transmembrane proteins attached to it (the so-called “picket-fence” model of plasma 

membrane) and hopping occurred when breaks in these structures allowed molecules 

to diffuse further. No difference in the diffusion speed or pattern has been observed 

between raft- and non-raft components.   
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2.2.5 Current view of lipid rafts 

The current understanding of lipid rafts under basal conditions sees them as extremely 

small and/or dynamic assemblies of lipids and proteins, with their components 

changing very quickly with the surrounding membrane [2, 256, 259]. Such nanoscale 

clusters of lipids and proteins hardly represent true, thermodynamically equilibrated 

phases [259, 260] and indeed, it appears that this organisation is actively maintained 

and does not result from passive segregation into pre-existing domains or phases 

[245]. Notably, work in model membranes has also addressed the existence of small 

domains that could represent fluctuations or complexes within a given phase [261-

263]. These features of the lipid raft hypothesis in fact bring it closer to the concept of 

boundary lipids, which describes the dynamic association of a small number of lipid 

molecules with the transmembrane parts of membrane proteins [256].  

Even though the exact nature of lipid micro- (or nano-) domains still awaits 

characterisation, the concept of functional lipid-lipid and/or lipid-protein clusters in 

cellular membranes is supported by a wealth of evidence [201, 203, 256, 259]. The 

term “lipid raft” to describe these complexes has been established in the nomenclature 

and will also be used in the subsequent sections of this thesis.  

2.2.6 Pitfalls in the traditional methods for studying rafts 

Since the early days of the lipid microdomain studies, the validity of the detergent 

resistance method has been debated. In most cases, DRMs are not observed if the 

solubilisation is performed at 37˚C, and as temperature is one of the main parameters 

affecting the phase behaviour of lipids, it can be argued that detergent resistance at 

low temperatures does not describe the phases existing at higher temperatures [202]. 

Furthermore, the interaction of detergent with membrane is a complex event, strongly 

affected by such factors as lipid to detergent ratios [201, 202]. Detergent 

incorporation can induce several nonphysiological rearrangements in the membrane, 

such as the mixing of outer and inner leaflet constituents, or even the creation of Lo 

domains in a previously homogenous membrane [2, 202, 264]. When live cells were 

treated with Triton X-100 and analysed by fluorescent microscopy thereafter, the 

detergent created a few large holes, leaving the rest of the plasma membrane intact 

[265]. This does not agree with the current view of small, dynamic rafts, but more 

closely resembles the large DRM vesicles reported by Brown and Rose [185]. Indeed, 
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as the current view of lipid rafts no longer assumes that they correspond to true Lo 

phase domains, the origin of DRMs in cell membranes remains somewhat enigmatic 

[266].

Nevertheless, the detergent resistance method can be useful on certain occasions, such 

as when studying the behaviour of a given molecule under differing cellular 

conditions [202, 203]. Observed changes in detergent resistance are likely to reflect 

alterations in the physical state of the surroundings of the molecule. 

The problem with cholesterol depletion – or the modulation of any other raft 

component – is that it does not prove the existence of lipid domains. Any other role 

cholesterol or sphingolipids might have in the membrane would be equally affected 

by the treatments [202] and many membrane proteins are known to be sensitive to the 

physical properties of the membrane per se [267]. Especially cholesterol depletion 

alters these properties, and it has even been suggested that the presence of cholesterol 

actually prevents the formation of gel-phase domains in cell membranes [15, 202]. In 

support of this view, it has been recently shown that cholesterol removal from the 

plasma membrane induces ordered-phase domain formation [268]. Cholesterol 

depletion has also been seen to induce global changes in the organisation of the 

plasma membrane, including the membrane cytoskeleton [269]. Thus, the results from 

cholesterol depletion studies should be carefully controlled and interpreted with 

caution.

2.3 Lipid rafts in signal transduction 

Activation of immune cells is signalled via kinases attached to the cytosolic leaflet of 

the plasma membrane but curiously, crosslinking of GPI-anchored proteins at the 

exoplasmic leaflet can induce this activation [201]. A solution to this puzzling 

topological problem appeared when GPI-anchored proteins and kinases of the src-

family were both detected in DRMs from activated lymphocytes [270-272]. It was 

suggested that crosslinking GPI-anchored proteins would bring together lipid rafts at 

both membrane leaflets and thus enable the initiation of signalling cascades. 

Subsequently, the association of several signalling receptors, cytosolic non-receptor 

kinases and the G -subunits of trimeric G-proteins with DRMs were described (263-
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266). In addition to the trans-bilayer contacts, the lipid raft concept has been used to 

explain other seminal questions in signal transduction, like the spatial separation of 

different pathways and the ligand-induced clustering of pathway components [2, 273-

276].

Immune cell receptors, especially T-cell receptors (TCR), B-cell receptors (BCR) and 

the IgE receptors of mast cells, are one of the best-studied examples of raft-associated 

signalling molecules [273-276]. Studies have demonstrated that the key components 

of TCR-signalling machinery are recovered in DRMs in active but not inactive T-cells 

[277, 278]; that signalling molecules do not exhibit DRM association in activation-

incompetent, immature B-cells, but they do in mature B-cells [279]; and that inner-

leaflet raft-associated molecules cluster together with outer-leaflet components when 

receptors are ligated [251]. However, the general markers of lipid rafts, such as the 

ganglioside GM1 or GPI-anchored green fluorescent protein, display a random 

distribution in active T-cells [249, 280]. Recently, it was shown using single-molecule 

confocal imaging that the formation of TCR-signalling complex is based on protein-

protein interactions, and does not require lipids, or the actin cytoskeleton, for 

maintenance [281]. However, the authors speculate that small-scale lipid domains 

might function in initiation of the complex formation. 

Immune cells do not contain caveolae, thus the concept of caveolar involvement in 

signalling events can not be addressed in them. On the contrary, a role for 

caveolae/caveolins in regulating the function of many growth factor receptors, 

including the epidermal-growth factor receptor (EGFR), platelet-derived growth 

factor receptor and several neurokine receptors, has been frequently reported [275, 

276]. Yet, despite direct interaction with caveolin-1 [282], receptors such as EGFR 

have been shown to associate with DRMs different from the caveolin-containing 

vesicles [283]. In most cases, the interaction with caveolin-1 inhibits growth factor 

receptor signalling. Therefore, it has been suggested that the inactive receptors would 

be sequestered to caveolae [276, 284]. However, the opposite view, with active 

receptors partitioning in lipid rafts has also been proposed [2]. Many of these 

receptors dimerise upon ligand binding, which could serve as a driving force for the 

lipid raft association of the active receptors [2].  
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3. Insulin receptor signalling and insulin resistance 

Insulin is a powerful anabolic hormone and the master regulator of whole-body 

energy homeostasis: it governs not only glucose but also protein and lipid 

metabolism. Insulin is secreted by the beta cells of the Langerhans islets in the 

pancreas, and the destruction of these cells leads to the disease type 1 diabetes 

mellitus (DM). Resistance to the effects of insulin, in turn, leads to type 2 DM that 

constitutes an ever-growing health problem all over the world. Thus, the mechanisms 

of insulin action are the subjects of intense research and currently understood in 

considerable detail. The insulin-signalling cascade is initiated at the surface of its 

target cells, where insulin binds its cognate receptor, the insulin receptor (IR). 

3.1 Insulin target tissues  

Insulin is a key growth factor to many cell types, especially during embryonic 

development [285], thus IR is expressed in virtually all cells in the human body, but 

for the metabolic effects of the hormone, the most important target tissues are adipose 

tissue, striated muscle, and the liver. In these tissues, IR is expressed at high levels, 

with over 105 receptors per hepatocyte [286], and they each have their special roles in 

the body’s energy homeostasis. The adipose tissue is most of all involved in the 

storage and release of energy in the form of fatty acids. In the presence of insulin, 

adipocytes take up glucose and lipids from the blood and store them as 

triacylglycerols. The adipose tissue is the major site for the uptake of dietary fatty 

acids (circulating in the form of chylomicron particles) [287]. Insulin also prevents 

the hydrolysis of the stored triacylglycerols, and thus the release of free fatty acid 

(FFAs), in adipocytes. In the fasted state – in the absence of insulin – the adipose 

tissue then functions supplies energy for other tissues by releasing FFAs into 

circulation [287].

Striated muscle cells take up glucose from the circulation in response to insulin, and 

are largely responsible for clearing post-prandial hyperglycemia [288]. Insulin also 

increases glucose storage in muscle cells in the form of glycogen. The increased 

glucose uptake by both of muscle cells and adipocytes is mediated by a type 4 glucose 

transporter (GLUT4), which is stored in intracellular vesicles in the absence of insulin 

[289]. Insulin signalling increases the exocytosis of these vesicles and consequently, 
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GLUT4 translocates to the plasma membrane. Insulin may also increase the activity 

of the transporter, and to some extent, reduce its endocytosis [290]. 

In contrast, the liver functions as a whole body “glucostat” by sensing the blood 

glucose levels via the glucose transporter GLUT1, which is constitutively localised at 

the plasma membrane [291]. Hepatocytes contain the enzyme glucose-6-phosphatase, 

which allows them to release glucose for transport out of the cell in response to 

dropping blood glucose levels [288]. Insulin decreases the activity of this enzyme, and 

thus glucose output by the liver. In addition, insulin e.g. decreases gluconeogenesis 

and VLDL secretion and stimulates lipogenesis and glycogen synthesis by the liver 

[288].

3.2 The insulin receptor and its signalling system 

3.2.1 The insulin receptor (IR) 

The IR belongs to the family of receptor tyrosine kinases, together with many other 

growth factor receptors. It is a disulphide-bonded heterotetramer of two alpha and two 

beta subunits, of which the alpha subunits form the extracellular, insulin-binding 

domain and the beta subunits correspond to the transmembrane and cytosolic parts, 

including the kinase domains [292-294]. Upon insulin binding, the IR undergoes a 

conformational change, which brings the beta subunits into close apposition and 

allows for trans-autophosphorylation of several tyrosine residues in the beta-subunits 

[295, 296]. In the inactive state, so-called activation loops occupy the active sites of 

the IR kinase, but as a result of autophosphorylation at residues 1158, 1162 and 1163, 

the positions of the loops change, and ATP and other substrates can access the active 

sites [295, 297] Most of the other growth factor receptors with intrinsic tyrosine 

kinase activity, such as the EGFR, consist of monomers that are activated by ligand-

induced dimerisation. Even though a single IR molecule is functional by itself, it has 

been shown that IR micro-aggregation at the cell surface is important for insulin 

action [298]. IR has been shown to contain palmitoyl and myristoyl residues [299, 

300], but the significance of these modifications is unknown.  

At the hepatocyte plasma membrane, single IR molecules are concentrated on the 

microvilli, whereas in adipocytes, the receptors are mostly found in clusters [301]. 
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Some studies have also reported caveolar localisation of IR in adipocytes, but others 

have not confirmed these findings (discussed in Section 3.2.3). The unoccupied 

receptor is tethered onto the plasma membrane, possibly through interaction with 

cytoskeletal elements, but insulin binding releases this constraint, allowing the 

receptors to diffuse more freely [302-304]. This release is necessary for IR 

internalisation. The IR contains an internalisation motif, which is found in several 

other receptor tyrosine kinases that are internalised in a ligand-dependent fashion via 

the clathrin-coated pits [305-307]. The clathrin-coated pit pathway has been reported 

to be the major internalisation route for the IR [305, 308-310], although caveolar 

endocytosis has also been suggested [311].

Insulin dissociates from the IR in the acidic environment of the early endosomes and 

the IR is recycled back to the plasma membrane, whereas insulin is degraded in the 

endosomal compartments [308]. Endocytosis of the receptor-ligand complex is a way 

to down-regulate receptor activity and in the case of hepatocytes, it also serves to 

remove insulin from circulation [312]. On the other hand, part of IR signalling may 

take place in the endosomes (see Section 3.2.2). Protein tyrosine phosphatases, 

especially type B1 (PTPB1), also play a role in terminating IR signalling [313].

3.2.2 Downstream targets of IR 

Downstream to the IR, a complex network of effectors convey the signal forward to 

regulate the ultimate targets of insulin, such as the activities of metabolic enzymes, 

translocation of GLUT4 to the plasma membrane and gene transcription. In the first 

line, there is a group of adaptor molecules called the IR substrates (IRS) that are 

phosphorylated by the IR itself. These molecules include IRS-1, -2, -3 and -4, which 

are considered to be most specific for insulin signalling, as well as Gab-1 and Shc 

[314-316]. The IRS molecules often contain a pleckstrin-homology (PH) domain for 

attachment to the membrane in the vicinity of the IR, a phosphotyrosine binding 

domain for phospho-IR recognition and an src-homology (SH) 2 domain for 

interaction with downstream effectors [314, 317]. Especially for IRS-1 and -2, there 

are tissue-specific differences in their relative importance as IR targets [316], and in 

some cell types like hepatocytes, they appear to have complementary roles in the 

signalling cascade [318]. The IRSs are believed to associate with the IR at the plasma 

membrane only transiently, after which they translocate to different cellular 

37



compartments for further activity [314]. It has also been suggested that IR activity 

could be partly mediated by IR localised to endosomes, as the receptor is rapidly 

internalised after insulin binding [319]. 

IRSs are normally not enzymatically active themselves, but rather convey the signal 

to further target molecules. Phosphorylated IRS molecules function as docking sites 

for a number of SH2-domain-containing adapters and enzymes. For the metabolic 

actions of insulin, the most important of these molecules appears to be the regulatory 

subunit of the type 1A phophatidylinositol 3-kinase (PI3K), p85, which then binds to 

the actual enzymatic part of the molecule, p110 [320, 321]. If PI3K activity is 

inhibited pharmacologically or using a dominant-negative mutant, most of the 

metabolic actions of insulin are repressed, including GLUT4 translocation and 

glucose uptake [320]. As a result of PI3K activity, phosphatidylinositol-3,4,-

phosphate is created in cell membranes, and these in turn are recognised by the PH 

domains of other proteins, such as phosphatidyl inositiol-dependent kinase (PKD) 1 

[322]. PKD1 activates the protein kinase B (PKB/Akt) serine/threonine kinase 

pathway and the apitypical proteins kinase C (PKC) isoforms / , which both appear 

critical for increased uptake of glucose in response to insulin [322-325].

Other IRS-binding adapters include Grb2 and Crk, which can e.g. recruit Sos, a 

guanine-nucleotide exchange factor for the small GTPase Ras. This leads to the 

subsequent activation of the mitogen-activated protein kinase (MAPK) pathway and 

the mitogenic effects of insulin [326-328]. The insulin signalling system is outlined in 

Figure 5. 
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Figure 5. A schematic presentation of the insulin signalling system and its 

components. The cascade is initiated at the plasma membrane, where insulin binds to 

its receptor. Intracellular signalling molecules then convey the signal further, 

ultimately leading to the metabolic and mitogenic effects of the hormone. Only a few 

key molecules of the signalling system are depicted.  

3.2.3 Caveolae and lipid rafts  in IR signalling 

The insulin signalling machinery downstream from the IR is not unique to insulin, and 

enzymes such as PI3K can be activated by other growth factors as well. However, the 

action of these other factors does not lead to the metabolic effects of insulin, most 

notably GLUT4 translocation and increased glucose uptake. Thus, even though PI3K 

signalling is necessary for this action of insulin, researchers have long been looking 

for one or more other insulin-activated pathways needed for the translocation of 

GLUT4. Caveolae and compartmentalisation of signalling events appeared in this 

context when it was found that caveolin-1 is phosphorylated in response to insulin 

[329-331]. Subsequently, an insulin-activated pathway localising to membrane 

microdomains has been identified.  

First, the proto-oncogene product c-Cbl was found to be phosphorylated by insulin 

only in cell types capable of GLUT4 translocation [332]. Cbl was shown to be 

recruited to the IR by an adapter protein APS [333] and upon Cbl phosphorylation, 

this complex dissociated from the receptor and phospho-Cbl accumulated in DRMs 

[330, 332]. This accumulation was found to be mediated by a Cbl-associated protein 

(CAP), which binds a caveolar/lipid raft-associated protein called flotillin [334, 335]. 

Phosphorylated Cbl then functions to recruit the adapter protein CrkII, together with 

the guanine-nucleotide exchange factor C3G, into the microdomains. C3G, in turn, 
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activates the constitutively lipid raft-associated small GTPase TC10 [334, 336]. 

Inhibiting the Cbl-CAP-TC10 pathway appears to abolish GLUT4 translocation, in a 

similar way to PI3K-inhibition [334, 337], and the lipid raft localisation of this 

pathway is necessary for its function [338]. It has been suggested that PI3K-

dependent signalling would release the intracellular GLUT4-containing vesicles for 

trafficking to the plasma membrane, whereas the Cbl-CAP-TC10 pathway might 

regulate trafficking, docking or fusion of these vesicles [4]. Indeed, the exocyst 

complex appears to be a downstream target of TC10 [339]. GLUT4 has been shown 

to localise to caveolae, which might explain the need for the TC10 pathway to act on 

these microdomains [340, 341]. It has also been reported that both the Cbl-CAP-TC10 

and PI3K-pathways regulate the activity of PKC / but TC10 functions to localise 

this activity to lipid rafts [342].

Whether the IR itself is localised to lipid rafts/caveolae is a matter of debate. The IR 

has been found in caveolin-enriched membrane fractions prepared without detergent 

[311, 343], and in DRMs by some investigators [344] but not by others [345]. Further, 

the IR was observed in caveolae by immuno-electron microscopy [311, 345] but not 

detected in immuno-isolated caveolae [346]. Studies on caveolin knock-out mouse 

models however, suggest a role for caveolins/caveolea in IR function: caveolin-1 

knock-out mice are resistant to diet-induced obesity and this appears to be at least 

partly due to drastically-decreased IR levels in adipocytes [347]. Muscle cells from 

the caveolin-3 knock-out mouse exhibit impaired IR signalling without notable 

changes in the expression of IR, or its downstream targets [348]. The participation of 

non-caveolar lipid rafts in IR signalling has been reported in pancreatic beta-cells, in 

which insulin regulates its own secretion [349].
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Figure 6. Lipid rafts/caveolae and endosomes in insulin signalling. The Cbl-CAP-

TC10 pathway has been shown to assemble in caveolae, while IRS-1/PI3K signalling 

occurs in the cytoplasm and endosomes. PIP3 is created by the action of PI3K at the 

plasma membrane and probably other membrane compartments as well. Whether the 

IR itself localises to caveolae/rafts is unclear, although cell type specific differences 

might explain some of the reported discrepancies. Lighter blue colour and straight 

lines indicate lipid rafts/caveolae, darker blue and hatched lines show the rest of the 

membrane. CAP, cbl-associated protein; FLT, flotillin; PIP3, phosphatidyl inositol 3-

phosphate; P, phosphotyrosine. 

3.3 Insulin resistance 

The outbreak of a world-wide epidemy of obesity, metabolic syndrome and insulin 

resistance is among today’s biggest health problems [350]. Patients with these 

metabolic abnormalities have a highly increased risk for cardiovascular diseases, 

which significantly contributes to the related morbidity and mortality. This increased 

risk has several causes, and among them are the dyslipidemias invariably associated 

with these syndromes, especially increased concentrations of total and VLDL-

associated triacylglycerols and decreased HDL-cholesterol [351]. The connections 

between disorders of lipid and glucose metabolism are being intensively investigated. 

As the major regulator of both lipid and glucose metabolism, the liver appears the be 
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the central organ in many aspects of the pathophysiology of insulin resistance and 

related disorders. Organ-specific knock-outs of the IR in mice have also shown that 

the deletion of the receptor from adipocytes or muscles does not impair whole-body 

glucose homeostasis, whereas the liver-specific knock-out induces a severe insulin 

resistance and glucose intolerance [352].  

3.3.1 Mechanisms of insulin resistance 

Insulin resistance is often determined as a state when a certain amount of insulin does 

not yield the expected biological outcomes [350]. At the cellular level, resistance to 

insulin action could stem from two principal causes: defective binding of insulin to 

the IR, or impaired activation of the IR signalling cascade in the presence of normal 

insulin binding. Although defective binding has sometimes been reported [353], in 

most cases insulin resistance is accounted for by post-binding effects. Compromised 

activity of the components of the insulin signalling cascade, such as IR, IRS1 and 

PI3K, has been reported in the tissues of type 2 DM patients [354-356]. Mutations of 

the IR underlie some rare hereditary cases of severe type 2 DM [357]. There is a 

strong familial component also in the common forms of insulin resistance, but the 

genetic background appears very heterogeneous. In contrast, the environmental 

factors predisposing to insulin resistance and frank type 2 DM are well-known, the 

most important of them being a high-fat (Western type) diet, physical inactivity and 

obesity [356, 358].

In recent years, it has been recognized that instead of being just an inert lipid storage 

organ, white adipose tissue is hormonally and metabolically highly active. Its amount 

as well as a variety of adipocyte-derived molecules is increased in obesity. It has thus 

been suggested that these molecules could play a causative role in insulin resistance.

Adipocytokines. Increased secretion of proinflammatory cytokines by adipose tissue 

(adipocytes and/or adipose tissue resident macrophages) has been observed in obesity 

and metabolic syndrome [350]. Tumor necrosis factor-  (TNF ) and interleukin-6 

(IL-6) have been most extensively studied in this aspect [359, 360]. In rodent models 

of insulin resistance, neutralisation of circulating TNF  by monoclonal antibodies 

improves insulin sensitivity [361], but similar experiments in humans have been 
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unsuccessful [362]. However, TNF in humans might also act in a paracrine 

fashion. Several possible mechanisms for the action of TNF  have been suggested, 

such as the down-regulation of genes needed for insulin action [363], increased 

serine/threonine phosphorylation of IRSs [364] and increased lipolysis leading to 

elevated FFAs (see below) [365, 366].

IL-6 levels have also been reported to be elevated in obese individuals, but the levels 

correlate better with the amount of adipose tissue than insulin sensitivity [359]. In cell 

culture experiments, IL-6 has been shown to reduce the insulin sensitivity of 

hepatocytes [367, 368], and in vivo studies support this notion [369]. The mechanisms 

of action of IL-6 seem to be partly similar to those of TNF , but IL-6 also activates 

transcription of a family of proteins called the suppressors of cytokine signalling 

(SOCS). These can, in turn, reduce the activity of molecules in the IR signalling 

pathway, such as IRS-1 [368]. In other cell types, especially striated muscle, IL-6 

however seems to rather increase insulin action, and thus the effect of this cytokine in 

the whole body insulin sensitivity is not evident [359].

Adipokines. Several small peptide hormone products of the adipose tissue – including 

leptin, resistin and adiponectin, collectively called adipokines – have emerged in the 

concept of insuling resistance [350]. Leptin was identified as the causative mutation 

in the ob/ob mouse model of obesity [370], and is known to play a central role in the 

regulation of apetite and energy expenditure. Leptin levels are often increased in 

obesity, and it has been shown to affect insulin action both in vivo and in vitro [371]. 

These studies are however rather controversial and their physiological significance 

remains obscure [372]. Resistin was originally discovered as a gene suppressed by 

peroxixome proliferator-activated receptor  (PPAR ) agonists in mice, and in murine 

models of insulin resistance and obesity, resistin levels are increased and appear to 

significantly contribute to the observed phenotypes [373]. In humans, however, the 

data is far less convincing and the function of resistin – if any – poorly understood 

[373].

Adiponectin, in contrast to the other adipokines, is decreased in obesity [374]. 

Transcription of the adiponectin gene is induced during adipocyte differentiation and 

43



by PPAR  agonists, but inhibited by both TNF - and IL-6-mediated signalling [375]. 

Adiponectin-deficient mice develop insulin resistance on a high-fat diet [376], and 

trans-genic expression of adinectin in adipose tissue reverses the phenotype [377]. 

Also in lipodystrofy, which regularly leads to insulin resistance [378], adiponectin 

levels are low but transplantation of even a small amount of normal white adipose 

tissue can correct the metabolic abnormalities [379]. In humans, adiponectin 

decreases the accumulation of triacylglycerols in the liver [380], which appears to 

play a key role in the insulin sensitivity of the liver (see below).

Elevated FFAs have been known to associate with insulin resistance for years, but 

recently, new mechanisms to explain the connection have emerged. Elevated 

circulating FFAs lead to the increased flux and metabolism fatty acids in insulin target 

tissues, especially the liver, and studies have reported a strong correlation between the 

amount of fat in the liver and its insulin sensitivity [358, 381-383]. Accumulation of 

fat in the liver is often observed in not only obese but also lipodystrofic patients, who 

also have high circulating FFAs [383]. The white adipose tissue is the main organ for 

fatty acid uptake, storage and release, thus a dysfunction of this tissue – present in 

both obesity and lipodystrophy – seems to underlie the associated FFA increase. This, 

in turn, leads to “ectopic” depositon of FAs in other tissues and their reduced insulin 

sensitivity. The insulin sensitivity of striated muscle is also decreased by intracellular 

lipid accumulation [358]. The increased flux of FFAs into the liver, together with 

reduced hepatic insulin responsiveness, could also lead to increased secretion of 

VLDL and to the other lipoprotein abnormalities often observed in insuli resistant 

states [383].

Possible cellular mechanisms of FFA-induced insulin resistance have been intensively 

studied [358, 384, 385]. It is known that increased metabolism of FFAs by the liver 

and striated muscle increases the formation of lipid secondary messangers, e.g. 

diacylglycerol, fatty acyl-CoA and ceramide, which can interfere with several 

intracellular signalling cascades. A candidate pathway leading to the development of 

insulin resistance involves the atypical isoforms of the serine/threonine kinases PKC, 

 and , which can phosphorylate IR and IRS-1 molecules in serine residues. This 
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modification reduces the activity of these molecules by making them less optimal 

substrates for the IR kinase domain [386-388]. 

3.3.2 Membrane hypothesis of insulin resistance 

Even before identification of the IR, changes in membrane biophysical parameters, 

especially microviscosity and fluidity, were reported upon insulin binding [389, 390]. 

Moreover, it was found that altered membrane properties, decreased membrane 

fluidity in particular, compromised insulin-induced glucose transport [391]. When 

decreased membrane fluidity was then reported in erythrocytes from type II DM 

patients [392], a connection between the properties of cell membranes and insulin 

signalling efficiency was suggested [6]. Reconstitution studies on the IR in liposomes 

demonstrated that insulin binding induces extensive changes in membrane structure in 

the vicinity of the receptor, and that cholesterol strongly inhibited these changes [393, 

394]. IR activity was also found to be sensitive to the phospholipid and GSL 

composition of the membranes [395], and cell biological studies confirmed that 

altering the composition of cell membranes affects insulin sensitivity at the level of 

receptor activation [396-398]. 

Subsequently, the lipid composition and fluidity of cell membranes (mostly 

erythrocytes) from diabetic and obese patients have been measured in several studies 

yielding controversial results [399-405]. Increases in membrane 

cholesterol/phospholipid ratio and fluidity have, however, been reported in some of 

them [400, 402, 405], and similar observations have been made in animal studies, 

especially in the livers of aging Wistard rats [406, 407]. Curiously, the antidiabetic 

agent Metformin has been suggested to act at the level of plasma membrane, possibly 

by correcting the supranormal fluidity of cell membranes in the diabetic state [408]. 

While membrane fluidity as such can affect the function of membrane proteins (see 

Section 2.2.4), the altered function of lipid microdomains associated with increased 

cholesterol levels could also be considered as an underlying mechanism. Interestingly, 

it was also recently reported that TNF -induced insulin resistance may involve lipid 

microdomains via increased synthesis of the ganglioside GM3. It was found that in 

TNF -treated adipocytes, the amount of GM3 in DRMs was increased but the amount 
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of IR decreased, thus the mechanism of augmented IR function might be its 

replacement from the lipid microdomains  [344]. 

The membrane hypothesis might also provide an explanation for the deleterious 

effects of intrahepatic triacylglycerol accumulation for insulin signalling. In animal 

studies, changes in the hepatocyte plasma membrane lipid composition related to fatty 

liver and the quality of dietary lipids have been reported [409, 410]. Similar changes 

might happen in the liver as well. Recent reports have also described a close 

relationship between plasma membrane free cholesterol and lipid droplets. The free 

cholesterol surrounding the lipid droplets can represent ~30% of total cellular 

cholesterol, and upon plasma membrane cholesterol depletion, can readily redistribute 

to the plasma membrane [100, 411]. This work has been carried out in adipocytes, but 

we have observed layers of free cholesterol surrounding lipid droplets in hepatocytes 

as well (our unpublished results).
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AIMS OF THE STUDY 

The importance of lipid microdomains in insulin signalling has been revealed in 

recent years, but the research has concentrated on adipocytes. The current study aimed 

at characterising the role of lipid microdomains in hepatocyte insulin signalling, at the 

level of the IR in particular. In addition, the study sought insight into the effects of 

disturbed cholesterol homeostasis on the composition of cell membranes and into the 

special structural characteristics of cholesterol in membrane function. The specific 

aims of the individual research projects are listed below: 

I) To study the association of IR with lipid microdomains and the effects of 

domain disruption on IR function in hepatic cells.

II) To investigate the function of the IR in hepatocytes with intracellular lipid 

accumulation (primary hepatocytes from the NPC-cholesterolosis mouse), 

and to characterise the plasma membrane lipid composition of these cells. 

III) To study the effect of altered domain-forming capacity of cell membranes 

on IR function by exchanging cholesterol for desmosterol, and to compare 

the properties of desmosterol and cholesterol in model systems and cell 

membranes. 
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METHODS

All the experimental procedures used to create the data presented in this thesis are 

summarised in the table below. The number of the original publication in which the 

method has been described is indicated.  

Table 1. 
METHOD                                                                        PUBLICATION 

Cell culture                    I, III 

Protein determination                   I, II 

Cholesterol determination     I, II 

Insulin stimulation and IR activation                 I, II 

SDS-page and Western blotting    I, II 

Quantification of Western blots    I, II 

Cholesterol depletion     I, II, III 

Cholesterol/desmosterol-cyclodextrin complexes  I, III 

Fluorescent stainings and microscopy   I, II, III 

Electron microscopy     I, II 

GM2 clustering      I 

GSL determination     I 

DRM isolation                                              I, II, III 

Primary hepatocyte isolation and culture   I, II 

Plasma membrane isolation    II 

IR in vitro kinase assay     II 

Lipid extraction      II 

Phosphorus determination     II 

Electronspray ionization mass spectrometry   II 

[125I]-insulin binding     II, III 

[14C]-cholesterol and [3H]-choline labelling   II 

Thin-layer chromatography    II 

DPH anisotropy measurement    II, III 

Liposome preparation     III 

Detergent turbidity     III 

Fluorescence quenching assay    III 

Subcellular fractionation     III 

Ag+-high performance liquid chromatography  III 

Albumin secretion     III 

Atomic-scale simulations     III 

48



RESULTS AND DISCUSSION

1.  Active IR associates with non-caveolar lipid rafts in hepatocytes 

1.1 The lack of caveolae at the hepatocyte plasma membrane 

The presence of the IR in caveolae/lipid rafts in adipocytes is controversial and 

moreover, in hepatocytes, the existence of caveolae is a matter of debate [412-414]. 

Thus, we first aimed at determining the expression of caveolar proteins in the cell 

type used in the study, Huh7. Huh7 is a human hepatoma cell line, which expresses IR 

at high levels and the receptor is activated in response to insulin. We were unable to 

detect any expression of caveolin-1 or caveolin-2 in these cells by Western blotting (I, 

Figure A1). When inspected by electron microscopy, morphological caveolae were 

not observed at the plasma membrane of Huh7 cells (I, Figure 1B). As a positive 

control, we used mature 3T3-L1 adipocytes, which express caveolin-1 and -2 at high 

levels and contain abundant caveolae.

We also isolated primary hepatocytes from mice, and studied the expression of 

caveolin-1 and -2 in them. Again, no expression of either of the proteins could be 

detected by Western blotting (I, Supplementary Figure 1A). To confirm that this lack 

of detection was not because of weak or non-functional antibodies, we tested several 

anti-caveolin-1 antibodies (data not shown). Others have, however, detected 

expression of caveolins in liver lysates and even in isolated hepatocytes [412, 414]. In 

the former case, other liver resident cell types like endothelial cells and stellate cells 

could contribute to the observations. For hepatocytes, the state of differentiation 

might be involved, as hepatocytes have been reported to up-regulate the expression 

caveolins during liver regeneration [411]. In any case, the hepatic cells used in this 

study were negative for caveolin expression and could thus be used to study the role 

of non-caveolar lipid rafts in IR function.

1.2 Treatments affecting lipid raft components compromise IR activity 

Cholesterol removal by methyl- -cyclodextrin is commonly used to study lipid raft – 

or caveolar – dependence of cellular processes, and was reported to affect IRS1, but 
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not IR activation in adipocytes [345, 415]. We tested the effect of cholesterol removal 

on IR function in Huh7 cells. The cells were treated with 10 mM methyl- -

cyclodextrin for 15 min, stimulated with insulin and the phosphorylation status of IR 

then analysed by Western blotting with anti-phosphotyrosine antibodies. We found 

that IR autophosphorylation was significantly decreased in the cyclodextrin-treated

cells, and phosphorylation of IRS1 was also affected (I, Figure 2A, B). A possible 

explanation for the discrepancy between our observations and the previous studies is 

that the lack of caveolae makes the IR in Huh7 cells more sensitive to cholesterol 

depletion than in adipocytes. 

Cholesterol depletion can have other effects on cells than lipid raft disruption [202, 

269] and see Section 2.2.4), thus we wanted to confirm our results by using other 

methods. Crosslinking of GSLs on live cells leads to a clustering of these components 

in large patches [209], and given the proposed dynamic nature of lipid rafts on cell 

membranes, such a treatment would be likely to disturb the normal function of these 

domains. Multivalent antibodies can be used to crosslink GSLs, and we chose to use 

an antibody against the ganglioside GM2, as Huh7 cells contained high amounts of 

this lipid (I, text, page 3). The cells were incubated in the presence of anti-GM2 or 

control antibodies (a mixture of mouse IgM antibodies), followed by secondary anti-

IgM antibodies to induce clustering. The incubations were performed at 12˚C to 

prevent endocytosis of the bound antibodies. Micronscale clusters of GM2 were 

observed by fluorescent microscopy when both primary and secondary antibodies 

were added to live cells, while adding the secondary antibodies to fixed cells resulted 

in a uniform staining pattern (I, Figure 3A). IR phosphorylation was markedly 

reduced after GM2 patching, whereas treatment with control antibodies had no effect 

(I, Figure 3B, C). To confirm that the result was not restricted to the Huh7 cell line, 

which – like other cultured cells – may exhibit characteristics not found in primary 

cells, we tested the effect of GM2 patching also in mouse primary hepatocytes. Again, 

a defect in IR activation was observed (I, Supplementary Figure 1B).  

1.3 Active IR associates with detergent-resistant membranes (DRMs) 

We next studied the DRM association of the IR. In adipocytes, despite the immuno-

electron microscopy findings, the IR was not recovered in DRMs [345]. In that study, 
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1% Triton X-100 was used, we therefore chose to use a lower detergent concentration 

(0.1%). It has been previously shown that lower concentrations of Triton X-100 or 

milder detergents can be useful when detecting possible but weak DRM association of 

molecules [2, 203]. Huh7 cells were extracted with the detergent at 4˚C and the 

DRMs separated from soluble membranes by density-gradient fractionation. In the 

absence of insulin, the IR was completely solubilised, but after insulin stimulation, it 

partitioned into DRMs to a significant extent (I, Figure 4A). Under the same 

conditions, another plasma membrane receptor, the transferrin receptor, was 

exclusively found in the soluble fractions (I, Figure 4A). We also tested 1% Triton X-

100, and found that the ligand-occupied IR was recovered in DRMs also after the 

more stringent detergent extraction, albeit to a smaller degree (I, Supplementary 

Figure 2). 

To confirm the connection the results of the DRM-association experiments, we 

depleted Huh7 cells of cholesterol and performed the DRM isolation thereafter. Even 

in the presence of insulin, the IR was found in the soluble fractions in cholesterol-

depleted cells (I, Figure 4B). To further validate the specificity of the treatment, we 

added back cholesterol to the depleted cells and analysed the DRM association of the 

IR in the cholesterol-repleted cells. Cholesterol repletion rescued the detergent 

resistance of the IR, although not quite up to the original level (I, Figure 4B). Others 

have also reported only partial rescue of raft-dependent phenomena after cholesterol 

depletion-repletion [244], thus it may not be possible to fully restore the delicate 

structure of the plasma membrane by adding back cholesterol. The activation of the 

IR was, however, markedly improved by cholesterol repletion (data not shown).

In addition, we tested if the effect of GM2-patching on the DRM association of IR 

was analogous to that of cholesterol depletion. We isolated DRMs from GM2- 

crosslinked cells, and found that the ligand-bound IR was not recovered in the DRM 

fraction (I, Figure 5A). Morphologically, we observed that fluorescently-labelled 

insulin was excluded from the GM2 clusters, whereas in non-clustered cells, insulin 

and GM2 partially co-localised (I, Figure 5B).

Together, the data indicate that the function of the IR is sensitive to changes in its 

membrane environment, and a possible explanation for this sensitivity is the 
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partitioning of the active IR into cholesterol-sphingolipid microdomains. In 

adipocytes, the reported interaction of IR with caveolin-1 might mediate caveolar 

localisation of the receptor, but in cells lacking caveolins, other mechanisms must 

exist. DRM association could be triggered by such events as a conformational change 

in the IR upon insulin binding. The IR contains palmitoyl and myristoyl modifications 

that might become more exposed in the active conformation, affecting the receptor-

membrane lipid interactions. Previous research has also shown that reversible 

palmitoylation of signalling proteins can regulate their association with microdomains 

[416]. Segregation into domains, in turn, could augment IR signalling by several 

mechanisms: Domain partitioning might drive the reported self-aggregation of the IR 

[298] or support the active conformation of the receptor. In addition, localisation into 

specific domains might protect the active receptor from its down-regulators, such as 

tyrosine phosphatases.

Our observations also bring together data from several previous reports on the effect 

of membrane lipids on IR function (see Section 3.3.2). The reported changes in 

membrane biophysical characteristics upon insulin binding and the partitioning of the 

active IR into DRMs might actually be reflections of the same phenomenon.  

2. Function of IR and lipid rafts in NPC hepatocytes 

2.1 IR localisation in NPC hepatocytes 

To gain further insight into the role of cholesterol and lipid rafts in IR signalling, as 

well as to the effects of intracellular cholesterol accumulation on the composition of 

cell membranes, we studied primary hepatocytes from the NPC-cholesterolosis 

mouse. The NPC disease offers a model system for investigating the effects of 

disturbed cholesterol homeostasis on cellular processes. A naturally-occurring mouse 

model of the NPC1 disease closely resembles the human disease [151], and was used 

in this study together with wild type (WT) littermates of the same strain.  

Hepatocytes were isolated from seven-week-old mice using the collagen perfusion 

method [417]. Before plating, the viability of the cells was controlled. As rapid 

dedifferentiation of primary hepatocytes in culture is a well-known phenomenon, the 
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cells were always used within 24 hours of isolation and plated on gelatine-coated 

dishes [418]. The NPC cells exhibited the characteristic perinuclear accumulation of 

free cholesterol as visualised by filipin staining (II, Figure 1A). Anti-IR 

immunofluorescent staining revealed a punctuate pattern at the plasma membrane of 

both WT and NPC cells, with no co-localisation with the late-endosomal/lysosomal 

marker Lamp-1 (II, Figure 1B). We also studied the distribution of IR in the presence 

of insulin and after insulin washout. In both cell types, the plasma membrane staining 

pattern was completely recovered after a 60 minute washout, indicating that the IR in 

NPC cells does not become sequestered to the storage organelles upon receptor 

endocytosis (Figure 7). 

Figure 7. IR recycling in WT and NPC mouse primary hepatocytes. Insulin was 

bound to the cells for 15 min on ice, and the cells were then washed and moved to 

37˚C for indicated timepoints (0, 20 or 60 min). Thereafter, the cells were fixed with 

acetone and stained with anti-IR  antibodies. The plasma membrane staining present 

at the 0 min time point was recovered after 60 min of insulin washout in both WT and 

NPC cells.

2.2 IR levels and activation in NPC hepatocytes 

Next, the amount of IR in WT and NPC hepatocytes was studied by Western blotting. 

Unexpectedly, we found that the receptor levels in NPC cells were about 50 per cent 

higher than in WT cells (II, Figure 2A, B). This finding was highly consistent and 

observed in all the mice analysed, as well as in whole liver and brain lysates from the 
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NPC mice (data not shown). Interestingly, the up-regulation of IR mRNA in several 

NPC patient fibroblast lines has also been observed (Dr. Suzanne Pfeffer, personal 

communication). To analyze the activation of the IR, WT and NPC cells were 

stimulated with insulin and IR phosphorylation was determined by immunoblotting 

with anti-phosphotyrosine antibodies. Despite the higher expression levels, the 

amount of phosphorylated IR in NPC cells was similar to that observed in WT cells, 

indicating that the activation efficiency of the NPC IR was compromised (II, Figure 

2A). When activation of the IR was analysed as a function of time, the difference 

between WT and NPC was detected at several time points (II, Figure 2C).  

A possible explanation for the increased number but decreased phosphorylation of the 

IR in NPC cells could be that the receptors are located in a compartment inaccessible 

to insulin. However, the results from IR immunofluorescent stainings suggested that 

the IR localised at the plasma membrane in NPC cells, and is thus available for insulin 

binding. Subsequent experiments with [125I]-labelled insulin and isolated plasma 

membranes (II, Figures 6 and 7) also indicated that insulin binding to the IR was not 

affected in NPC cells. Thus, we concluded that the up-regulation of IR in NPC cells 

could be a compensatory mechanism to overcome the decreased activity of the 

receptor. In mice, this compensatory mechanism is apparently able to balance the 

system, as we did not observe differences in the fasting insulin levels of WT and NPC 

mice (data not shown). This also corroborates the fact that insulin resistance, or at 

least frank diabetes, is not commonly observed in NPC patients. However, other 

aspects of insulin signalling, such as the stimulation of cell survival, especially in the 

central nervous system, might still be affected and contribute to the pathogenesis of 

the NPC disease. Moreover, the mechanism of defective signalling could be shared by 

other growth factor receptors, and indeed, impaired function of the raft-associated 

neurokine receptor TrkB in NPC cells has been reported [275, 419].

2.3 Activation of IR in isolated plasma membranes 

To further analyse the mechanisms of defective IR activation in NPC cells, we 

isolated plasma membrane fractions from WT and NPC mouse livers. The livers were 

homogenised and fractionated in a discontinuous sucrose-density gradient. This 

fractionation was fairly efficient in separating the plasma membranes of WT cells 

from other cellular membranes, like the ER and the late endosomes/lysosomes, as 
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judged by anti-calnexin and anti-Lamp1 immunoblotting, respectively, of the plasma 

membrane-enriched fraction (the interphase between 0.8 M/1.2 M sucrose - II, Figure 

3A). The fraction representing the plasma membrane in NPC samples, however, 

contained considerable amounts of lysosomal membranes, as revealed by anti-Lamp-1 

Western blotting (II, Figure 2A), and ultra-structural analysis of the fraction by 

electron microscopy (II, Figure 2A). This difference between WT and NPC most 

likely reflects the proliferation of the storage organelles in NPC cells, as well as their 

high cholesterol content, which affects the density of the membranes. Thus, the 

plasma membrane-enriched fractions recovered from the first gradient were subjected 

to a second gradient purification step. After this second gradient, WT and NPC cells 

appeared morphologically similar, and only trace amounts of Lamp-1 and calnexin 

were detected in the plasma membrane fractions (II, Figure 2B). In comparison to the 

starting material (II, Figure 3C), the final preparations of both the WT and NPC 

samples exhibited an eightfold enrichment of the plasma membrane markers IR and 

Na+/K+ ATPase. 

We next set up an in vitro-assay for studying IR activation in the isolated plasma 

membranes. IR phosphorylation in the membrane preparations was observed in the 

presence of insulin and ATP, but not if either of these components was excluded (II, 

Figure 4A). The difference between IR phosphorylation in WT and NPC samples was 

also detected in the isolated membranes (II, Figure 4B, C). Indeed, when the samples 

were normalised for the amount of IR, the compromised activation of the receptor in 

NPC membranes was even more evident than in intact cells (II, Figure 4B). These 

observations indicated that the IR activation defect in NPC cells was caused by 

factors present at the plasma membrane. Increased tyrosine phosphatase activity could 

account for decreased IR phosphorylation, and has been shown to be one mechanism 

of defective IR activation in insulin-resistant Wistard rats [406]. Membrane-

associated phosphatases could be present in the plasma membrane preparations; 

therefore, we performed the IR activation assay in the presence of phosphatase 

inhibitors. This treatment was accompanied by a slight increase in IR phosphorylation 

in both WT and NPC preparations, but the difference between the samples was 

maintained (data not shown). 
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2.4 Lipid composition of the NPC hepatocyte plasma membranes 

We then studied the lipid composition of the isolated plasma membranes. The 

amounts of cholesterol and total phospholipids were determined by enzymatic assays 

and the detailed composition of the constituent phospholipids by electronspray 

ionization mass spectrometry. We detected a twofold excess of cholesterol in the NPC 

samples in comparison to WT, but no significant difference in the total amount of 

phospholipids, thus the cholesterol/phospholipid ratio in the NPC membranes was 

increased (II, Figure 5A). A previous study reported a tenfold increase in the 

cholesterol content of NPC mouse livers [420], suggesting that our plasma membrane 

preparation method was relatively efficient in removing the storage organelles. Minor 

contamination of the plasma membrane preparations by late-endosomal/lysosomal 

membranes can however not be ruled out, but we have several reasons to believe that 

the plasma membrane of NPC cells was indeed enriched in cholesterol.  

Previous studies have reported controversial results concerning the cholesterol content 

of the NPC plasma membranes [139, 140, 421-423], but these studies have used 

variable techniques and cell types that are likely to explain at least part of the 

difference [5, 424]. To our knowledge, the current study is the first to investigate the 

plasma membrane of NPC hepatocytes. Hepatocytes differ from other cell types in 

several aspects of cholesterol metabolism, as they are constantly dealing with high 

amounts of both endogenously-synthesised and lipoprotein-derived cholesterol. Prior 

research has shown that in addition to LDL cholesterol, other cellular cholesterol 

pools (e.g. newly synthesised cholesterol) contribute to the cholesterol accumulation 

in NPC cells [425]. In addition, despite the late-endosomal transport block in the NPC 

cells some LDL-derived cholesterol still reaches the plasma membrane [140]. It can 

therefore be surmised that eventually, the “backwards” leakage of cholesterol from 

the late endosomes/lysosomes fills up other membrane compartments as well. This 

does indeed appear to be the case, as the whole endosomal system in NPC cells 

appears paralysed [132] and even the early endosomal compartment, which derives 

directly from the plasma membrane, has been shown to be cholesterol-enriched [138]. 

Finally, an additional mechanism in hepatocytes, i.e. cholesterol uptake from HDL 

particles via SR-B1, appears to deliver cholesterol to the plasma membrane without 

passing via the late endosomes [426, 427].  
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The mass spectrometric analysis of the major phospholipid classes (PC, SM, PE) 

revealed that in the NPC plasma membranes, the average degree of acyl chain 

unsaturation of PC and SM was decreased in comparison to WT, and especially in 

SM, the average chain length was decreased (II, Figure 5B). In PE, only minor 

differences were detected. The acyl chain composition of SM and PC indicated that at 

least the outer leaflet of the NPC plasma membrane would have a more rigid and 

ordered phase-favouring structure than the plasma membrane of WT cells. To assess 

the fluidity of our membrane preparations, we studied the fluorescence polarisation of 

1,6-diphenyl-1,3,5-hexatriene (DPH) in WT and NPC membranes. The anisotropy of 

DPH polarisation can be used as a measure of membrane organisation, or fluidity 

(high values indicating high ordering and low values low ordering) [428]. We found 

that DPH anisotropy values in NPC membrane preparations were significantly 

increased in comparison to WT (II, text, page 11).  

These results further supported our notion that the cholesterol content of NPC plasma 

membranes increased. Indeed, as cholesterol packs best next to saturated acyl chains 

and the metabolism of cholesterol and SM, and to some extent also PC, are 

interconnected [15], the detected acyl chain changes could reflect an unavoided 

consequence of the cholesterol overload. In a previous study, the changes in the 

phospholipids at the plasma membrane of NPC1 fibroblasts were in the opposite 

direction [421]. The discrepancy between the current data and that obtained in 

fibroblasts might be related to cell type differences, or to the fact that the material 

used in this study was from primary cells. Cell lines, even if they are of primary 

origin, can develop varying phenotypes when cultured for a long time. In favour of 

this explanation, decreased fluidity and fatty acyl unsaturation of cellular membranes 

in another NPC1 fibroblast cell line have been reported [422] 

2.5 DRMs in NPC hepatocytes 

The lipid composition of the NPC plasma membranes (i.e. high cholesterol content 

and saturated phospholipids) pointed towards increased formation of DRMs. We 

therefore studied the DRM association of the IR and other lipid raft components in 

NPC cells. Because of technical difficulties, it was not possible to detect the DRM 

association of the inactive IR in hepatocytes, so we performed detergent extraction 

and density gradient on the isolated plasma membranes. Both hepatocytes and the 
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isolated membranes were found to be less sensitive to the detergent treatment than 

Huh7 cells, so 1% Triton X-100 was used in these experiments. The inactive IR in 

WT plasma membranes exhibited no detergent resistance, whereas in NPC 

membranes, small amounts of IR were detected in DRMs even in the absence of 

insulin (II, Figure 6A). The DRM association of the active receptor was studied in 

hepatocytes by using [125I]-labelled insulin. Cells were stimulated with the radio-

labelled ligand and the amount of the label in each fraction was detected. In WT cells, 

the amount of [125I]-insulin in DRMs was approximately 20 % of the total, whereas in 

NPC cells, the amount recovered in DRMs was around 40 % (II, Figure 6B). In this 

experiment, we also determined the total amount of [125I]-insulin binding to WT and 

NPC cells, and found that NPC cells exhibited increased insulin binding, consistent 

with increased IR levels, plasma membrane localisation, and the normal ligand 

binding capacity of the receptor (data not shown).  

The association of membrane lipids with DRMs was studied using [14C]-cholesterol

and [3H]-choline labelled WT and NPC cells. Choline becomes incorporated into both 

PC and SM, thus to detect the amounts of these two species individually, lipids in the 

gradient fractions were extracted and separated by thin-layer chromatography. We 

found that the DRM association of all these lipids was increased in NPC cells, 

although in the case of SM, the difference was not statistically significant (II, Figure 

6C). The clearest difference was in the DRM association of PC, as this lipid in the 

WT hepatocytes (and in other normal cells) is almost completely soluble. The 

increased DRM association of PC in NPC cells probably reflects the increased amount 

of saturated PC species, as well as the decreased fluidity of the NPC membranes in 

general. It can indeed be envisioned that only a minor fraction of NPC cell 

membranes would actually be solubilised by the detergent treatment.  

2.6 Cholesterol depletion improves IR activation in NPC membranes 

The decreased fluidity of NPC membranes and the increased DRM association of the 

IR prompted us to test the effect of cholesterol depletion on IR activation in NPC 

cells. Because of the harmful effects of the treatment on live cells, we tested the 

effects of cholesterol removal on isolated plasma membranes. Prior research has 

shown that methyl- -cyclodextrin treatment of plasma membrane vesicles decreases 
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the ordering of the membrane lipids [429]. We incubated the membrane preparations 

in the presence of methyl- -cyclodextrin and analysed IR activity thereafter. In WT 

samples, the treatment compromised IR activation, in accordance with our previous 

data (I and data not shown), but in NPC membranes, we detected a significant 

increase in IR phosphorylation (II, Figure 7A, B).  

Together, the data describes increased levels, but compromised activity of the IR in 

NPC mouse primary hepatocytes. These cells also exhibited an altered lipid 

composition and a decreased fluidity of the plasma membrane and the DRM 

association of the IR and major membrane lipids were increased. The activity of the 

IR can be improved by removing cholesterol from the membranes. This improvement 

can result from an increased fluidity of the membrane as such, or be more specific for 

cholesterol removal, but either way, the finding is highly interesting. Decreased 

membrane fluidity, owing in many cases to increased cholesterol/phospholipid ratio, 

has been reported in cell membranes from insulin-resistant subjects, and evidence 

suggests that the antidiabetic agent Metformin acts, at least in part, by correcting these 

unfavorable cell membrane properties (see Section 3.3.2). The mechanism, by which 

decreased membrane fluidity impairs IR function, could be disrupted membrane 

dynamics and function of lipid microdomains. In addition to the NPC cells, we were 

able to demonstrate the inhibitory effect of increased plasma membrane cholesterol in 

Huh7 cells by loading them with cholesterol/cyclodextrin complexes (Figure 8). 

Another important point in this work is the demonstration of altered lipid composition 

of the plasma membrane as a result of intracellular lipid accumulation. This holds at 

least in the case of hepatocytes, and as discussed in Section 3.3.3, the accretion of 

intrahepatic lipid strongly correlates with insulin resistance. The mechanisms of lipid 

storage in NPC and the more common forms of fatty liver are very different, but the 

composition of the plasma membrane could be affected also in the latter. In particular, 

the suggested interaction between cytoplasmic neutral lipid droplets and plasma 

membrane free cholesterol could be a mechanism modulating the properties of plasma 

membrane, and possibly IR function, in the common forms of fatty liver. 

59



Figure 8. IR activation in cholesterol-loaded Huh7 cells. The plasma membrane of 

Huh7 cells was loaded with cholesterol by incubating the cells in the presence of 

cholesterol/methyl- -cyclodextrin complexes for 1 h. IR activation in response to 

insulin stimulation (3 min) was analysed thereafter. A representative immunoblot 

together with quantitation of the data is shown. Anti-pTyr, anti-phosphotyrosine; 

pTyr/IR, the intensity of the anti-pTyr band divided by the intensity of the anti-IR 

band.Values are mean ± SEM, n = 10, *p< 0.01 between ctrl and chol load.  

3. The effect of desmosterol on domain formation and IR function 

3.1 Domain-forming properties of desmosterol in liposomes

Desmosterol is an abundant membrane component in certain cell types, and its 

structure differs from that of cholesterol only by the presence of an additional double 

bond at position C24 (III, Figure 1). The effects of this structural difference on the 

properties of desmosterol-containing membranes are not clear. In humans, mutations 

in the gene coding for 24-dehydrocholesterol reductase results in severe phenotypes 

[161, 162], whereas knock-out mice lacking the enzyme are viable, although small 

and infertile [430]. In dioleyl-PC model membranes, the acyl chain-ordering effect of 

desmosterol was found to be similar to that of cholesterol [239], while in a saturated 

PC matrix, the effect of desmosterol was weaker [240].  

We studied the properties of cholesterol and desmosterol containing ternary liposomes 

(consisting of dipalmitoyl-PC, DPPC, dioleyl-PC, DOPC and the sterol, III, Table I). 

First, the liposomes were subjected to detergent (Triton X-100) solubilisation and the 

light scattering remaining after detergent addition was determined by measuring the 
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optical density (OD) values. This method has been widely used in detecting Lo 

domains in model membranes, and is based on the formation of small micelles in 

samples that are solubilised, and the maintenance of big, turbid vesicles in samples 

that are not solubilised, upon detergent addition [172]. We found that the presence of 

cholesterol significantly increased the OD values in comparison to non-sterol-

containing liposomes (III, Figure 2A), in accordance with several previous reports 

[172]. The effect of desmosterol was considerably milder, although a clear difference 

between desmosterol and no sterol was detected (III, Figure 2A).  

We obtained analogous differences between the sterols when the DPH fluorescent 

polarisation, as a measure of fluidity and lipid ordering in the vesicles was determined 

(III, Figure 2B). The vesicles in these experiments contained 15 mol% of sterol, 

which is less than the amount of sterol normally present at the plasma membrane. 

This concentration was chosen because it has been used in previous studies assessing 

the effects of different sterols in domain formation [238] and because the domains 

formed with this concentration are relatively stable and present in the majority of the 

vesicles [189]. However, we also tested liposomes with 30 mol% of sterol, and found 

that the results for OD measurements were essentially similar to those obtained with 

the lower amount of sterol (data not shown).

Fluorescent quenching assay is another commonly-used method to assess domain 

formation and stability in model membranes [234]. In this method, an ordered-phase-

favouring quencher lipid and a reporter lipid distributing equally among different 

phases are included in the membranes (III, Table I). When Lo phase forms, the 

quencher is sequestered away from the reporter and consequently, more fluorescence 

is detected, whereas disruption of the Lo phase has the opposite effects. When the 

fluorescence quenching is measured as a function of temperature, the thermal stability 

of the Lo domains can be estimated [431]. We studied the fluorescent quenching in 

cholesterol and desmosterol-containing vesicles. In comparison to non-sterol-

containing liposomes, both sterols increased the fluorescent intensity at 20˚C, but the 

effect of desmosterol was again milder (III, Figure 2C, D). When the relative stability 

of the domains was determined by calculating the apparent Tms, we found that 

cholesterol significantly increased the Tm while the Tms for desmosterol and non-

sterol containing vesicles were essentially similar (III, Figure 2E). Together, data 
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from the liposome experiments showed that desmosterol exhibits some ordering 

potential in the DPPC-DOPC membranes but this effect is significantly weaker than 

that of cholesterol. 

3.2 Distribution of desmosterol in cell membranes 

We next studied the distribution of desmosterol in cell membranes. To obtain 

measurable amounts of desmosterol, we chose to use Chinese hamster ovary (CHO) 

cells that are known to efficiently synthesise cholesterol via desmosterol [432]. To up-

regulate cholesterol biosynthesis, the cells were cultured in the absence of lipoproteins 

for 7 days. This resulted in a significant increment in the amount of desmosterol (up 

to 10% of total cellular sterol). Cellular membranes were then separated by sucrose-

density gradient fractionation. Cholesterol and desmosterol exhibited essentially 

similar distribution within the gradient, and the majority of both sterols was detected 

in intermediate-buoyant density fractions (0.8 – 1.2 M sucrose) corresponding largely 

to the plasma membrane and endosomes (III, Figure 3A). These membranes also 

contained a major pool of caveolin-1 (data not shown). The ER marker calnexin (data 

not shown) was mostly detected in the low-density fractions that contained little 

cholesterol and desmosterol (III, Figure 3A), implicating that neither of the sterols 

was enriched in the ER membranes. Our results are in accordance with a previous 

study reporting that desmosterol in cells localises to the plasma membrane [159]. 

To investigate whether desmosterol associates with DRMs, we subjected the plasma 

membrane-enriched membrane fractions to detergent extraction, pelleted the insoluble 

membranes and analysed the amount of desmosterol and cholesterol in the pellet and 

in the supernatant. While the majority of cholesterol was detected in the DRMs, 

desmosterol was almost completely soluble (III, Figure 3B). Thus, even though 

desmosterol is present at the plasma membrane, it does not efficiently partition into 

DRMs. Similarly to model membranes, desmosterol may therefore have a weaker 

organising potential than cholesterol in cell membranes as well.  

3.3 Acute exchange of cholesterol with desmosterol in cell membranes 

To study if exchanging cholesterol with desmosterol would have functional effects in 

cells normally containing cholesterol, we set up a protocol for acutely changing the 

majority of the plasma membrane sterol. Changing the sterol could affect cholesterol 
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and/or lipid microdomain-dependent processes, such as IR signalling, and we also 

sought to find out how IR function in particular would react to the sterol exchange. 

Huh7 cells were used for these experiments. They normally contain cholesterol as 

their sole membrane sterol, and conversion of desmosterol as well as other precursors 

into cholesterol occurs rapidly [158]. We used methyl- -cyclodextrin to remove about 

70 per cent of plasma membrane cholesterol and then fed back either cholesterol or 

desmosterol from a cyclodextrin complex. We tested several repletion times, and 

found that the total amount of sterol returned to control levels within one hour (III, 

Figure 4A). The majority of the added desmosterol was not yet converted to 

cholesterol at this point (III, Figure 4A).  

To ensure that the cells that had undergone the sterol exchange protocol were still 

viable, we studied their morphology by fluorescent microscopy. As expected, the 

filipin staining intensity dropped dramatically after methyl- -cyclodextrin treatment, 

but returned back to normal after either cholesterol or desmosterol repletion (III, 

Figure 4B, upper panel). Filipin staining also revealed that the basic morphology of 

the repleted cells was similar to that of control cells. To visualise the Golgi apparatus, 

the cells were stained with fluorescently-labelled lectin. Cholesterol depletion caused 

a mild dispersion of the staining, but repletion with both of the sterols reversed the 

phenomenon (III, Figure 4B, lower panel).  

As an indicator of the general well-being of the sterol-exchanged cells, and also as an 

example of a cellular process not thought to be lipid raft-dependent, we studied 

protein secretion in the sterol-exchanged cells. Huh7 cells secrete high amounts of 

albumin, with 50 % of newly-synthesised albumin being secreted within one hour 

[158]. Thus, we incubated the cells for one hour after the sterol exchange protocol in 

serum-free media, recovered secreted proteins from the media by tricholoroacetic acid 

precipitation, and analysed the amount of albumin by Western blotting. We found no 

difference in albumin secretion between control and cholesterol- or desmosterol-

repleted cells (III, Figure 4C). Lipid analysis of the cells after the secretion period 

showed that the desmosterol-repleted cells still had desmosterol as their major sterol 

(~60% of total, III, text, page 7). From these results, we concluded that the sterol-
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exchanged cells were in relatively good condition and gross functions like protein 

secretion were not affected by the treatment.   

3.4 Desmosterol compromises IR activity and DRM-association 

We then moved on to analyse the consequences of sterol exchange in IR function. The 

sterol-exchanged cells were stimulated with insulin and IR activation analysed by 

Western blotting, as in our previous studies. We found that while insulin robustly 

stimulated IR phosphorylation in cholesterol-repleted cells, receptor activation was 

almost completely abolished in desmosterol-containing cells (III, Figure 5A). This 

was not due to decreased insulin binding, as both cholesterol- and desmosterol-

repleted cells showed similar [125I]-insulin binding properties (III, Figure 5B). To 

study whether the impaired function of the IR was coupled to changes in the DRM 

association of the receptor, the sterol-exchanged and insulin-stimulated cells were 

subjected to detergent extraction. In cholesterol-repleted cells, the IR was detected in 

DRMs; although similar to the cholesterol depletion-repletion experiment described in 

study I, the amount of the active receptor in DRMs was lower than in untreated cells. 

However, in the desmosterol-repleted cells, IR localised exclusively to the soluble 

fractions (III, Figure 5C).

The results indicate that desmosterol is not equivalent to cholesterol in cell 

membranes, at least not in supporting a specialised signalling function. Currently, we 

do not know whether the inhibitory effect of desmosterol on IR function is specific to 

desmosterol itself or accounted for by the lack of cholesterol and/or altered membrane 

properties and domain formation. The latter possibility would however be well in line 

with our previous results (I and II) as well as with the liposome experiments in this 

study.

We also studied the DRM association of PC and SM in the sterol-exchanged cells. 

The lipids in the different gradient fractions were analysed by electronspray ionization 

mass spectrometry. PC was, as expected, almost totally soluble, but somewhat 

surprisingly, SM exhibited considerable detergent resistance also in desmosterol-

repleted cells (our unpublished results, Figure 9). The low domain-forming capacity 

of desmosterol in model membranes would predict little DRM assembly in the 

desmosterol-repleted cells as well. However, the desmosterol-repleted cells do contain 
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some cholesterol, which – although not sufficient to support the DRM-association of 

IR – might partly fulfil the requirements for Lo phase creation. It was recently 

reported that tiny amounts of cholesterol are enough to support the viability of 

mammalian cells, if some other sterol is present in larger amounts [21]. Alternatively, 

as it is currently unclear whether DRMs from cell membranes actually represent Lo 

phase domains or lipid/lipid-protein complexes of some other kind, the DRMs 

obtained from desmosterol-repleted cells could be e.g. sterol-independent clusters of 

SM and GSLs [199, 200].

Figure 9. The amounts of SM and PC in Triton X-100/Optiprep gradient fractions. 

Sterol-exchanged cells were subjected to the detergent treatment (1% Triton X-100 

for 10 min at 4˚C) and the Optiprep density gradient fractionation. Lipids in the 

fractions were extracted and the amounts of PC and SM analysed by electronspray 

ionization mass spectrometry. Values show means ± st dev, data from a representative 

experiment performed in duplicates.  

3.5 Atomic-scale simulations of desmosterol-containing membranes 

Recent atomic-scale stimulations have demonstrated the ordering effect of cholesterol 

on membrane lipids [174, 433], so we took this approach to gain further insight into 

the biophysical and functional differences between desmosterol and cholesterol. We 

studied the properties of dipalmitoyl PC-cholesterol (DPPC-chol) and DPPC-

desmosterol (DPPC-desmo) bilayers at a sterol concentration of 20 mol% in the fluid 

phase and compared them to those of a pure DPPC bilayer. To our knowledge, 

previous atomic-scale simulation studies of lipid-desmosterol systems are not 

available.
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To assess the sterol-dependent ordering of lipid hydrocarbon chains we determined 

the molecular order parameter, SCD. Profiles of the order parameter for the sn2 chain 

of DPPC in the PC-chol and PC-desmo systems revealed that both sterols increased 

the acyl chain order compared to the pure DPPC but cholesterol was significantly 

more effective in this respect (III, Figure 6A). The hydrocarbon chains of DPPC lie, 

on average, almost parallel to the bilayer normal in the presence of cholesterol, while 

the effect of desmosterol is less prominent (III, Figure 6B). An increase of membrane 

order is associated with changes in the number of gauche defects in the acyl chains 

and in the tilt angles of hydrocarbon chains with respect to the membrane normal. 

Cholesterol was found to be more effective than desmosterol in ordering the bilayer 

also when judged by these parameters (III, Table II). Moreover, the structural 

properties describing the condensing effect showed that cholesterol reduces the 

average surface area per DPPC and increases membrane thickness more effectively 

than desmosterol (III, Table II). We also determined the orientation of the sterols in 

the bilayer by considering the tilt angle between the sterol ring axis (vector between 

carbon atoms C3 and C17) and the bilayer normal. The average tilt angles of 

cholesterol and desmosterol were found to be clearly different, about 20º for 

cholesterol and 27º for desmosterol (III, Table II).  

To study the molecular mechanisms responsible for the different actions of the two 

sterols, we focused on the conformations of the sterol tails and their interactions with 

the hydrocarbon chains of the DPPC molecules. The molecular order parameters of 

the tail segments showed that the cholesterol tail is strongly ordered, whereas in 

desmosterol the ordering of the tail is significantly lower and decreases strongly after 

the first segment of the chain (III, Figure 6C). This decrease is associated with the 

different conformations of the first two torsion angles in the chain (torsion around the 

bonds C17-C20 and C20-C22) (III, Figure 6D). Thus, it appears that the double bond 

in the tail of desmosterol changes the shape and flexibility of the end of the tail – the 

last four atoms lie on a surface and create a rigid structure. Consequently, the van der 

Waals interactions of the desmosterol tail with the hydrocarbon chains of the DPPCs 

should be different from those of cholesterol. To elucidate these differences, we 

conducted an analysis similar to that performed by Róg and Pasenkiewicz-Gierula 

[434]. We observed that van der Waals interactions of the last four atoms of the tail 

with DPPC hydrocarbon chains are stronger in the case of desmosterol than 
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cholesterol. At the beginning of the tail, close to the steroid ring structure, the effect 

was the opposite, as the hydrocarbon chains of DPPC packed better around the upper 

part of the tail of cholesterol than that of desmosterol.  

Together, the simulations show that the double bond in the hydrocarbon tail of 

desmosterol gives rise to an additional stress in the tail, changing its conformation at 

the beginning of the tail compared to cholesterol. This seemingly minor difference has 

rather profound implications for various structural properties of the bilayer (III, Figure 

7), in particular fluidity. These results are well in accordance with our findings in 

liposomes and in cell membranes. The finding that desmosterol impairs lipid 

microdomain-dependent signalling events pinpoints the importance of the special 

structural characteristics of cholesterol for cellular processes. Interestingly, the two 

pathways of cholesterol synthesis, Kandutsch-Russell and Bloch, produce precursor 

sterols with different domain-forming capacities (lathosterol and 7-dehydrocholesterol 

and desmosterol, respectively, see Section 2.1.3). Thus, as the precursors get 

incorporated into the cell membranes, the use of these alternative pathways might 

provide the cells with additional means to regulate their membrane properties.  

Table 2. Biological processes, in which differences between cholesterol and 

desmosterol have been reported 

Process Ref.

Induction of conformational change in SCAP: desmosterol > cholesterol  [435] 

ACAT substrate: desmosterol<cholesterol      [436]  

Suppression of HMG-CoA activity: desmosterol>cholesterol   [437]  

Precursor for 25-hydroxycholesterol: desmosterol<cholesterol   [438]  

LCAT* substrate: desmosterol>cholesterol      [439] 

Hedgehog morphogen signalling: desmosterol<cholesterol              [10, 440] 

*LCAT, lecithin: cholesterol acyl transferase 

67



PROSPECTIVES

The studies in this thesis describe the effects of membrane lipids, especially 

cholesterol, on IR signalling. It appears that the function of the receptor is highly 

sensitive to changes in its membrane environment, and we suggest that this sensitivity 

is mediated via cholesterol-dependent lipid microdomains. This view is reinforced by 

the finding that a sterol with a weak domain-forming capacity is unable to support IR 

activation. However, the exact nature and composition of these microdomains awaits 

characterisation. Especially the field of cell biology suffers from the lack of proper 

methods for studying them. New methods, microscopic in particular, are constantly 

being developed [441], but real breakthroughs are not yet in sight. In addition to the 

advances needed in cell biological studies, model membrane research should aim at 

characterising the behaviour of complex systems under physiological conditions (in 

terms of such measures as temperature, lipid species and the inclusion of proteins). 

Otherwise, the results from these studies will be difficult to apply to biological 

systems  [266]. 

Despite these setbacks, it is interesting to speculate on the possible mechanisms how 

lipid microdomains might modulate IR function. Membrane domains could regulate 

or drive the microaggregation of IR, or receptor palmitoylation might govern the 

association with DRMs. We are currently characterising the function and DRM 

association of the IR in cells with deficient function of the enzyme palmitoyl protein 

thioesterase (an enzyme regulating protein palmitoylation). 

Another concept addressed in the current study is the effect of intracellular lipid 

imbalance on the composition of plasma membranes. These findings relate to the 

pathophysiology of several diseases, including NPC and other lipid storage diseases, 

as well as more common conditions like non-alcoholic fatty liver. Alteration of 

membrane lipid composition could be a mechanism shared by these conditions, and in 

addition to IR, it could affect the function of several other membrane proteins. In an 

ongoing project, we are analysing the lipid composition and activation efficiency of 

IR in erythrocyte membranes from insulin-resistant subjects.  

68



ACKNOWLEDGEMENTS 

This work was carried out at the National Public Health Institute, Helsinki; Institute of 
Biotechnology, University of Helsinki; and Institute of Biomedicine/Anatomy, 
University of Helsinki, during the the years 1999 – 2006. The work was financially 
supported by The Science Foundation of The University of Helsinki, The Finnish 
Medical Society, The Research and Science Foundation of Farmos, The Jalmari and 
Rauha Ahokas Foundation and The Finish Cultural Foundation. I wish to thank all the 
friends and colleagues who have helped me during these years. Especially I would 
like to acknowledge the following people: 

Professors Jussi Huttunen, Pekka Puska, Christian Ehnholm and Leena Palotie from 
the National Public Health Institute, professor Mart Saarma from the Institute of 
Biotechnology and professors Esa Korpi and Ismo Virtanen from the Institute of 
Biomedicine, for providing such excellent research facilities. 

Professor Elina Ikonen, my supervisor, for your amazing expertise in science and 
even more amazing positive attitude. Under your supervision, there hardly was such a 
thing as an unsuccessful experiment. 

Docents Reijo Käkelä and Antti Virkamäki for reviewing my thesis and for providing 
helpful and encouraging comments. 

Docents Vesa Olkkonen, Matti Jauhiainen and Pentti Somerharju for sharing with me 
your wealth of knowledge in cell biology and lipid biochemistry. 

My collaborators Sanna Heino, Pam Fredman, Jan-Erik Månsson, Esa Kuismanen, 
Outi Vaarala, Igor Bykov, Martin Hermansson, Eija Jokitalo Pentti Somerharju, 
Maurice Janssen, Mirkka Koivusalo, Tomek Róg, Mikko Karttunen and Ilpo 
Vattulainen for your invaluable contribution to this work.

Liisa and Anna for your excellent and continued technical help throughout these 
years. I wouldn’t be this far without you. 

All the current and former lab members in all the places where I’ve worked. Thanks 
to you, these years have mostly been a lot of fun and when not, you’ve helped me to 
survive. I especially want to thank Sarah and Maria: In addition to being two of my 
very dearest friends, you both significantly contributed to the increment of the lab’s 
entertainment factor. I also want to acknowledge Mirkka for being my best lab mate 
when others had gone down-under, and Kaisu, my dear friend and colleague, for your 
friendship and all those cups of thee that have been offered just at the right moments. 

My friends outside the lab, especially Riikka and Kati, all the great times that we’ve 
had before and during this time. I’m so lucky to have friends like you. 

My Mom, Jenny and Emmi, and other family members, for being so supportive and 
showing continious interest towards my work. 

Wouter, my darling, for simply being there for me at all times. You’ve really made 
my life worth living. 

69



REFERENCES 

1. Simons, K. and E. Ikonen, Functional rafts in cell membranes. Nature, 1997. 
387(6633): p. 569-72. 

2. Simons, K. and D. Toomre, Lipid Rafts and Signal Transduction. Nat Rev Mol 
Cell Biol, 2000. 1(1): p. 31-39. 

3. Bickel, P.E., Lipid rafts and insulin signaling. Am J Physiol Endocrinol 
Metab, 2002. 282(1): p. E1-E10. 

4. Saltiel, A.R. and J.E. Pessin, Insulin signaling in microdomains of the plasma 
membrane. Traffic, 2003. 4(11): p. 711-6. 

5. Ikonen, E. and M. Holtta-Vuori, Cellular pathology of Niemann-Pick type C 
disease. Semin Cell Dev Biol, 2004. 15(4): p. 445-54. 

6. McMillan, D.E., Insulin, diabetes, and the cell membrane: an hypothesis.
Diabetologia, 1983. 24(5): p. 308-10. 

7. Mouritsen, O.G. and M.J. Zuckermann, What's so special about cholesterol?
Lipids, 2004. 39(11): p. 1101-13. 

8. Bjorkhem, I. and U. Diczfalusy, Oxysterols: friends, foes, or just fellow 
passengers? Arterioscler Thromb Vasc Biol, 2002. 22(5): p. 734-42. 

9. Porter, F.D., Malformation syndromes due to inborn errors of cholesterol 
synthesis. J Clin Invest, 2002. 110(6): p. 715-24. 

10. Jeong, J. and A.P. McMahon, Cholesterol modification of Hedgehog family 
proteins. J Clin Invest, 2002. 110(5): p. 591-6. 

11. Bloch, K.E., Sterol structure and membrane function. CRC Crit Rev Biochem, 
1983. 14(1): p. 47-92. 

12. Yeagle, P.L., Cholesterol and the cell membrane. Biochim Biophys Acta, 
1985. 822(3-4): p. 267-87. 

13. Glass, C.K. and J.L. Witztum, Atherosclerosis. the road ahead. Cell, 2001. 
104(4): p. 503-16. 

14. Barenholz, Y. and T.E. Thompson, Sphingomyelin: biophysical aspects. Chem 
Phys Lipids, 1999. 102(1-2): p. 29-34. 

15. Ohvo-Rekila, H., et al., Cholesterol interactions with phospholipids in 
membranes. Prog Lipid Res, 2002. 41(1): p. 66-97. 

16. Clejan, S., Analysis of molecular species of cellular sphingomyelins and 
ceramides. Methods Mol Biol, 1998. 105: p. 275-85. 

17. Ramstedt, B., et al., Analysis of natural and synthetic sphingomyelins using 
high-performance thin-layer chromatography. Eur J Biochem, 1999. 266(3):
p. 997-1002. 

18. Barenholz, Y. and T.E. Thompson, Sphingomyelins in bilayers and biological 
membranes. Biochim Biophys Acta, 1980. 604(2): p. 129-58. 

19. Boggs, J.M., Intermolecular hydrogen bonding between lipids: influence on 
organization and function of lipids in membranes. Can J Biochem, 1980. 
58(10): p. 755-70. 

20. Boggs, J.M., Lipid intermolecular hydrogen bonding: influence on structural 
organization and membrane function. Biochim Biophys Acta, 1987. 906(3): p. 
353-404.

21. Xu, F., et al., Dual roles for cholesterol in mammalian cells. Proc Natl Acad 
Sci U S A, 2005. 102(41): p. 14551-6. 

22. Bittman, R., et al., Interaction of cholesterol with sphingomyelin in 
monolayers and vesicles. Biochemistry, 1994. 33(39): p. 11776-81. 

70



23. Lund-Katz, S., et al., Influence of molecular packing and phospholipid type on 
rates of cholesterol exchange. Biochemistry, 1988. 27(9): p. 3416-23. 

24. Smaby, J.M., H.L. Brockman, and R.E. Brown, Cholesterol's interfacial 
interactions with sphingomyelins and phosphatidylcholines: hydrocarbon 
chain structure determines the magnitude of condensation. Biochemistry, 
1994. 33(31): p. 9135-42. 

25. Smaby, J.M., et al., Cholesterol-induced interfacial area condensations of 
galactosylceramides and sphingomyelins with identical acyl chains.
Biochemistry, 1996. 35(18): p. 5696-704. 

26. Bijlmakers, M.J. and M. Marsh, The on-off story of protein palmitoylation.
Trends Cell Biol, 2003. 13(1): p. 32-42. 

27. Fugler, L., S. Clejan, and R. Bittman, Movement of cholesterol between 
vesicles prepared with different phospholipids or sizes. J Biol Chem, 1985. 
260(7): p. 4098-102. 

28. Mattjus, P. and J.P. Slotte, Availability for enzyme-catalyzed oxidation of 
cholesterol in mixed monolayers containing both phosphatidylcholine and 
sphingomyelin. Chem Phys Lipids, 1994. 71(1): p. 73-81. 

29. McMullen, T.P. and R.N. McElhaney, Differential scanning calorimetric 
studies of the interaction of cholesterol with distearoyl and dielaidoyl 
molecular species of phosphatidylcholine, phosphatidylethanolamine, and 
phosphatidylserine. Biochemistry, 1997. 36(16): p. 4979-86. 

30. Ramstedt, B. and J.P. Slotte, Interaction of cholesterol with sphingomyelins 
and acyl-chain-matched phosphatidylcholines: a comparative study of the 
effect of the chain length. Biophys J, 1999. 76(2): p. 908-15. 

31. Smaby, J.M., et al., Phosphatidylcholine acyl unsaturation modulates the 
decrease in interfacial elasticity induced by cholesterol. Biophys J, 1997. 
73(3): p. 1492-505. 

32. van Blitterswijk, W.J., B.W. van der Meer, and H. Hilkmann, Quantitative
contributions of cholesterol and the individual classes of phospholipids and 
their degree of fatty acyl (un)saturation to membrane fluidity measured by 
fluorescence polarization. Biochemistry, 1987. 26(6): p. 1746-56. 

33. Davies, M.A., et al., Effects of cholesterol on conformational disorder in 
dipalmitoylphosphatidylcholine bilayers. A quantitative IR study of the depth 
dependence. Biochemistry, 1990. 29(18): p. 4368-73. 

34. Morrow, M.R., et al., Glycosphingolipid fatty acid arrangement in 
phospholipid bilayers: cholesterol effects. Biophys J, 1995. 68(1): p. 179-86. 

35. Stockton, G.W. and I.C. Smith, A deuterium nuclear magnetic resonance 
study of the condensing effect of cholesterol on egg phosphatidylcholine 
bilayer membranes. I. Perdeuterated fatty acid probes. Chem Phys Lipids, 
1976. 17(2-3 SPEC NO): p. 251-63. 

36. Bar, L.K., Y. Barenholz, and T.E. Thompson, Dependence on phospholipid 
composition of the fraction of cholesterol undergoing spontaneous exchange 
between small unilamellar vesicles. Biochemistry, 1987. 26(17): p. 5460-5. 

37. Demel, R.A., et al., The preferential interaction of cholesterol with different 
classes of phospholipids. Biochim Biophys Acta, 1977. 465(1): p. 1-10. 

38. Lange, Y., J.S. D'Alessandro, and D.M. Small, The affinity of cholesterol for 
phosphatidylcholine and sphingomyelin. Biochim Biophys Acta, 1979. 556(3):
p. 388-98. 

71



39. Mannock, D.A., et al., Effects of natural and enantiomeric cholesterol on the 
thermotropic phase behavior and structure of egg sphingomyelin bilayer 
membranes. Biophys J, 2003. 84(2 Pt 1): p. 1038-46. 

40. McMullen, T.P., R.N. Lewis, and R.N. McElhaney, Calorimetric and 
spectroscopic studies of the effects of cholesterol on the thermotropic phase 
behavior and organization of a homologous series of linear saturated 
phosphatidylethanolamine bilayers. Biochim Biophys Acta, 1999. 1416(1-2):
p. 119-34. 

41. Gronberg, L., et al., Interaction of cholesterol with synthetic sphingomyelin 
derivatives in mixed monolayers. Biochemistry, 1991. 30(44): p. 10746-54. 

42. Kan, C.C., Z.S. Ruan, and R. Bittman, Interaction of cholesterol with 
sphingomyelin in bilayer membranes: evidence that the hydroxy group of 
sphingomyelin does not modulate the rate of cholesterol exchange between 
vesicles. Biochemistry, 1991. 30(31): p. 7759-66. 

43. Sankaram, M.B. and T.E. Thompson, Interaction of cholesterol with various 
glycerophospholipids and sphingomyelin. Biochemistry, 1990. 29(47): p. 
10670-5.

44. Lange, Y., Disposition of intracellular cholesterol in human fibroblasts. J 
Lipid Res, 1991. 32(2): p. 329-39. 

45. Lange, Y., et al., Plasma membranes contain half the phospholipid and 90% 
of the cholesterol and sphingomyelin in cultured human fibroblasts. J Biol 
Chem, 1989. 264(7): p. 3786-93. 

46. Liscum, L. and N.J. Munn, Intracellular cholesterol transport. Biochim 
Biophys Acta, 1999. 1438(1): p. 19-37. 

47. Gagescu, R., et al., The recycling endosome of Madin-Darby canine kidney 
cells is a mildly acidic compartment rich in raft components. Mol Biol Cell, 
2000. 11(8): p. 2775-91. 

48. Hao, M. and F.R. Maxfield, Characterization of rapid membrane 
internalization and recycling. J Biol Chem, 2000. 275(20): p. 15279-86. 

49. Mobius, W., et al., Recycling compartments and the internal vesicles of 
multivesicular bodies harbor most of the cholesterol found in the endocytic 
pathway. Traffic, 2003. 4(4): p. 222-31. 

50. Kobayashi, T., et al., A lipid associated with the antiphospholipid syndrome 
regulates endosome structure and function. Nature, 1998. 392(6672): p. 193-7. 

51. Lange, Y., et al., Regulation of endoplasmic reticulum cholesterol by plasma 
membrane cholesterol. J Lipid Res, 1999. 40(12): p. 2264-70. 

52. Renkonen, O., et al., The lipids of the plasma membranes and endoplasmic 
reticulum from cultured baby hamster kidney cells (BHK21). Biochim Biophys 
Acta, 1972. 255(1): p. 66-78. 

53. Coxey, R.A., et al., Differential accumulation of cholesterol in Golgi 
compartments of normal and Niemann-Pick type C fibroblasts incubated with 
LDL: a cytochemical freeze-fracture study. J Lipid Res, 1993. 34(7): p. 1165-
76.

54. Zambrano, F., S. Fleischer, and B. Fleischer, Lipid composition of the Golgi 
apparatus of rat kidney and liver in comparison with other subcellular 
organelles. Biochim Biophys Acta, 1975. 380(3): p. 357-69. 

55. Orci, L., et al., Heterogeneous distribution of filipin--cholesterol complexes 
across the cisternae of the Golgi apparatus. Proc Natl Acad Sci U S A, 1981. 
78(1): p. 293-7. 

72



56. Warnock, D.E., et al., Determination of plasma membrane lipid mass and 
composition in cultured Chinese hamster ovary cells using high gradient 
magnetic affinity chromatography. J Biol Chem, 1993. 268(14): p. 10145-53. 

57. Patton, S., Correlative relationship of cholesterol and sphingomyelin in cell 
membranes. J Theor Biol, 1970. 29(3): p. 489-91. 

58. Chatterjee, S., Neutral sphingomyelinase increases the binding, 
internalization, and degradation of low density lipoproteins and synthesis of 
cholesteryl ester in cultured human fibroblasts. J Biol Chem, 1993. 268(5): p. 
3401-6.

59. Gatt, S. and E.L. Bierman, Sphingomyelin suppresses the binding and 
utilization of low density lipoproteins by skin fibroblasts. J Biol Chem, 1980. 
255(8): p. 3371-6. 

60. Gupta, A.K. and H. Rudney, Plasma membrane sphingomyelin and the 
regulation of HMG-CoA reductase activity and cholesterol biosynthesis in cell 
cultures. J Lipid Res, 1991. 32(1): p. 125-36. 

61. Kudchodkar, B.J., J.J. Albers, and E.L. Bierman, Effect of positively charged 
sphingomyelin liposomes on cholesterol metabolism of cells in culture.
Atherosclerosis, 1983. 46(3): p. 353-67. 

62. Zha, X., et al., Sphingomyelinase treatment induces ATP-independent 
endocytosis. J Cell Biol, 1998. 140(1): p. 39-47. 

63. Leppimaki, P., R. Kronqvist, and J.P. Slotte, The rate of sphingomyelin 
synthesis de novo is influenced by the level of cholesterol in cultured human 
skin fibroblasts. Biochem J, 1998. 335 (Pt 2): p. 285-91. 

64. Okwu, A.K., et al., Regulation of the threshold for lipoprotein-induced acyl-
CoA:cholesterol O-acyltransferase stimulation in macrophages by cellular 
sphingomyelin content. J Lipid Res, 1994. 35(4): p. 644-55. 

65. Schmitz, G., et al., Regulation of phospholipid biosynthesis during cholesterol 
influx and high density lipoprotein-mediated cholesterol efflux in 
macrophages. J Lipid Res, 1990. 31(10): p. 1741-52. 

66. Ridgway, N.D., et al., Integration of phospholipid and sterol metabolism in 
mammalian cells. Prog Lipid Res, 1999. 38(4): p. 337-60. 

67. Slotte, J.P. and E.L. Bierman, Depletion of plasma-membrane sphingomyelin 
rapidly alters the distribution of cholesterol between plasma membranes and 
intracellular cholesterol pools in cultured fibroblasts. Biochem J, 1988. 
250(3): p. 653-8. 

68. Holthuis, J.C., et al., The organizing potential of sphingolipids in intracellular 
membrane transport. Physiol Rev, 2001. 81(4): p. 1689-723. 

69. Simons, K. and G. van Meer, Lipid sorting in epithelial cells. Biochemistry, 
1988. 27(17): p. 6197-202. 

70. van Meer, G. and K. Simons, Viruses budding from either the apical or the 
basolateral plasma membrane domain of MDCK cells have unique 
phospholipid compositions. Embo J, 1982. 1(7): p. 847-52. 

71. Devaux, P.F., Static and dynamic lipid asymmetry in cell membranes.
Biochemistry, 1991. 30(5): p. 1163-73. 

72. Levade, T., et al., Sphingomyelin-degrading pathways in human cells role in 
cell signalling. Chem Phys Lipids, 1999. 102(1-2): p. 167-78. 

73. Linardic, C.M. and Y.A. Hannun, Identification of a distinct pool of 
sphingomyelin involved in the sphingomyelin cycle. J Biol Chem, 1994. 
269(38): p. 23530-7. 

73



74. Bevers, E.M., et al., Lipid translocation across the plasma membrane of 
mammalian cells. Biochim Biophys Acta, 1999. 1439(3): p. 317-30. 

75. Daleke, D.L. and J.V. Lyles, Identification and purification of 
aminophospholipid flippases. Biochim Biophys Acta, 2000. 1486(1): p. 108-
27.

76. Steck, T.L., J. Ye, and Y. Lange, Probing red cell membrane cholesterol 
movement with cyclodextrin. Biophys J, 2002. 83(4): p. 2118-25. 

77. Keller, G.A., M. Pazirandeh, and S. Krisans, 3-Hydroxy-3-methylglutaryl 
coenzyme A reductase localization in rat liver peroxisomes and microsomes of 
control and cholestyramine-treated animals: quantitative biochemical and 
immunoelectron microscopical analyses. J Cell Biol, 1986. 103(3): p. 875-86. 

78. Reinhart, M.P., et al., Subcellular localization of the enzymes of cholesterol 
biosynthesis and metabolism in rat liver. J Biol Chem, 1987. 262(20): p. 9649-
55.

79. Bloch, K., The biological synthesis of cholesterol. Science, 1965. 150(692): p. 
19-28.

80. Brown, M.S. and J.L. Goldstein, A receptor-mediated pathway for cholesterol 
homeostasis. Science, 1986. 232(4746): p. 34-47. 

81. Anderson, R.A., et al., Mutations at the lysosomal acid cholesteryl ester 
hydrolase gene locus in Wolman disease. Proc Natl Acad Sci U S A, 1994. 
91(7): p. 2718-22. 

82. Takano, T., et al., Assay, kinetics, and lysosomal localization of an acid 
cholesteryl esterase in rabbit aortic smooth muscle cells. J Biol Chem, 1974. 
249(21): p. 6732-7. 

83. Lusa, S., et al., Depletion of rafts in late endocytic membranes is controlled by 
NPC1-dependent recycling of cholesterol to the plasma membrane. J Cell Sci, 
2001. 114(Pt 10): p. 1893-900. 

84. Sugii, S., et al., Distinct endosomal compartments in early trafficking of low 
density lipoprotein-derived cholesterol. J Biol Chem, 2003. 278(29): p. 27180-
9.

85. Lange, Y., F. Strebel, and T.L. Steck, Role of the plasma membrane in 
cholesterol esterification in rat hepatoma cells. J Biol Chem, 1993. 268(19):
p. 13838-43. 

86. Neufeld, E.B., et al., Intracellular trafficking of cholesterol monitored with a 
cyclodextrin. J Biol Chem, 1996. 271(35): p. 21604-13. 

87. Underwood, K.W., et al., Evidence for a cholesterol transport pathway from 
lysosomes to endoplasmic reticulum that is independent of the plasma 
membrane. J Biol Chem, 1998. 273(7): p. 4266-74. 

88. Fluiter, K. and T.J. van Berkel, Scavenger receptor B1 (SR-B1) substrates 
inhibit the selective uptake of high-density-lipoprotein cholesteryl esters by rat 
parenchymal liver cells. Biochem J, 1997. 326 (Pt 2): p. 515-9. 

89. Lee, J.Y. and J.S. Parks, ATP-binding cassette transporter AI and its role in 
HDL formation. Curr Opin Lipidol, 2005. 16(1): p. 19-25. 

90. Wang, N., et al., ATP-binding cassette transporters G1 and G4 mediate 
cellular cholesterol efflux to high-density lipoproteins. Proc Natl Acad Sci U S 
A, 2004. 101(26): p. 9774-9. 

91. Fielding, C.J. and P.E. Fielding, Cholesterol and caveolae: structural and 
functional relationships. Biochim Biophys Acta, 2000. 1529(1-3): p. 210-22. 

92. Fu, Y., et al., Expression of caveolin-1 enhances cholesterol efflux in hepatic 
cells. J Biol Chem, 2004. 279(14): p. 14140-6. 

74



93. Fidge, N.H., High density lipoprotein receptors, binding proteins, and ligands.
J Lipid Res, 1999. 40(2): p. 187-201. 

94. Simons, K. and E. Ikonen, How cells handle cholesterol. Science, 2000. 
290(5497): p. 1721-6. 

95. Cases, S., et al., ACAT-2, a second mammalian acyl-CoA:cholesterol 
acyltransferase. Its cloning, expression, and characterization. J Biol Chem, 
1998. 273(41): p. 26755-64. 

96. Chang, C.C., et al., Molecular cloning and functional expression of human 
acyl-coenzyme A:cholesterol acyltransferase cDNA in mutant Chinese 
hamster ovary cells. J Biol Chem, 1993. 268(28): p. 20747-55. 

97. Parini, P., et al., ACAT2 is localized to hepatocytes and is the major 
cholesterol-esterifying enzyme in human liver. Circulation, 2004. 110(14): p. 
2017-23.

98. Chang, C.C., et al., Recombinant acyl-CoA:cholesterol acyltransferase-1 
(ACAT-1) purified to essential homogeneity utilizes cholesterol in mixed 
micelles or in vesicles in a highly cooperative manner. J Biol Chem, 1998. 
273(52): p. 35132-41. 

99. Martin, S. and R.G. Parton, Caveolin, cholesterol, and lipid bodies. Semin 
Cell Dev Biol, 2005. 16(2): p. 163-74. 

100. Prattes, S., et al., Intracellular distribution and mobilization of unesterified 
cholesterol in adipocytes: triglyceride droplets are surrounded by cholesterol-
rich ER-like surface layer structures. J Cell Sci, 2000. 113 (Pt 17): p. 2977-
89.

101. Brown, M.S., Y.K. Ho, and J.L. Goldstein, The cholesteryl ester cycle in 
macrophage foam cells. Continual hydrolysis and re-esterification of 
cytoplasmic cholesteryl esters. J Biol Chem, 1980. 255(19): p. 9344-52. 

102. Xu, X.X. and I. Tabas, Lipoproteins activate acyl-coenzyme A:cholesterol 
acyltransferase in macrophages only after cellular cholesterol pools are 
expanded to a critical threshold level. J Biol Chem, 1991. 266(26): p. 17040-
8.

103. Brown, M.S. and J.L. Goldstein, The SREBP pathway: regulation of 
cholesterol metabolism by proteolysis of a membrane-bound transcription 
factor. Cell, 1997. 89(3): p. 331-40. 

104. Yang, T., et al., Crucial step in cholesterol homeostasis: sterols promote 
binding of SCAP to INSIG-1, a membrane protein that facilitates retention of 
SREBPs in ER. Cell, 2002. 110(4): p. 489-500. 

105. Ntambi, J.M., Regulation of stearoyl-CoA desaturase by polyunsaturated fatty 
acids and cholesterol. J Lipid Res, 1999. 40(9): p. 1549-58. 

106. Adams, C.M., J.L. Goldstein, and M.S. Brown, Cholesterol-induced
conformational change in SCAP enhanced by Insig proteins and mimicked by 
cationic amphiphiles. Proc Natl Acad Sci U S A, 2003. 100(19): p. 10647-52. 

107. Yabe, D., et al., Three mutations in sterol-sensing domain of SCAP block 
interaction with insig and render SREBP cleavage insensitive to sterols. Proc 
Natl Acad Sci U S A, 2002. 99(26): p. 16672-7. 

108. Gil, G., et al., Membrane-bound domain of HMG CoA reductase is required 
for sterol-enhanced degradation of the enzyme. Cell, 1985. 41(1): p. 249-58. 

109. Sever, N., et al., Accelerated degradation of HMG CoA reductase mediated by 
binding of insig-1 to its sterol-sensing domain. Mol Cell, 2003. 11(1): p. 25-
33.

75



110. Seegmiller, A.C., et al., The SREBP pathway in Drosophila: regulation by 
palmitate, not sterols. Dev Cell, 2002. 2(2): p. 229-38. 

111. Holtta-Vuori, M., et al., Modulation of cellular cholesterol transport and 
homeostasis by Rab11. Mol Biol Cell, 2002. 13(9): p. 3107-22. 

112. Mayor, S., J.F. Presley, and F.R. Maxfield, Sorting of membrane components 
from endosomes and subsequent recycling to the cell surface occurs by a bulk 
flow process. J Cell Biol, 1993. 121(6): p. 1257-69. 

113. Heino, S., et al., Dissecting the role of the golgi complex and lipid rafts in 
biosynthetic transport of cholesterol to the cell surface. Proc Natl Acad Sci U 
S A, 2000. 97(15): p. 8375-80. 

114. Soccio, R.E. and J.L. Breslow, Intracellular cholesterol transport. Arterioscler 
Thromb Vasc Biol, 2004. 24(7): p. 1150-60. 

115. Wustner, D., et al., Direct observation of rapid internalization and 
intracellular transport of sterol by macrophage foam cells. Traffic, 2005. 6(5):
p. 396-412. 

116. Holtta-Vuori, M., et al., Mobilization of late-endosomal cholesterol is 
inhibited by Rab guanine nucleotide dissociation inhibitor. Curr Biol, 2000. 
10(2): p. 95-8. 

117. Kobayashi, T., et al., Separation and characterization of late endosomal 
membrane domains. J Biol Chem, 2002. 277(35): p. 32157-64. 

118. Lebrand, C., et al., Late endosome motility depends on lipids via the small 
GTPase Rab7. Embo J, 2002. 21(6): p. 1289-300. 

119. Strauss, J.F., 3rd, et al., START domain proteins and the intracellular 
trafficking of cholesterol in steroidogenic cells. Mol Cell Endocrinol, 2003. 
202(1-2): p. 59-65. 

120. Cooper, A.D., Hepatic uptake of chylomicron remnants. J Lipid Res, 1997. 
38(11): p. 2173-92. 

121. Havel, R.J. and R.L. Hamilton, Hepatocytic lipoprotein receptors and 
intracellular lipoprotein catabolism. Hepatology, 1988. 8(6): p. 1689-704. 

122. Silver, D.L. and A.R. Tall, The cellular biology of scavenger receptor class B 
type I. Curr Opin Lipidol, 2001. 12(5): p. 497-504. 

123. Lewis, G.F. and D.J. Rader, New insights into the regulation of HDL 
metabolism and reverse cholesterol transport. Circ Res, 2005. 96(12): p. 
1221-32.

124. Russell, D.W., The enzymes, regulation, and genetics of bile acid synthesis.
Annu Rev Biochem, 2003. 72: p. 137-74. 

125. Gibbons, G.F., et al., Synthesis and function of hepatic very-low-density 
lipoprotein. Biochem Soc Trans, 2004. 32(Pt 1): p. 59-64. 

126. Gibbons, G.F., Regulation of fatty acid and cholesterol synthesis: co-
operation or competition? Prog Lipid Res, 2003. 42(6): p. 479-97. 

127. Gibbons, G.F. and C.R. Pullinger, Cholesterol biosynthesis in hepatocytes.
Biochem Soc Trans, 1978. 6(5): p. 875-8. 

128. Ory, D.S., Niemann-Pick type C: a disorder of cellular cholesterol trafficking.
Biochim Biophys Acta, 2000. 1529(1-3): p. 331-9. 

129. Patterson, M.C. and P.G. Pentchev, Niemann-Pick; type C. Neurology, 1996. 
46(6): p. 1785-6. 

130. Liscum, L. and J.R. Faust, Low density lipoprotein (LDL)-mediated 
suppression of cholesterol synthesis and LDL uptake is defective in Niemann-
Pick type C fibroblasts. J Biol Chem, 1987. 262(35): p. 17002-8. 

76



131. Pentchev, P.G., et al., A defect in cholesterol esterification in Niemann-Pick 
disease (type C) patients. Proc Natl Acad Sci U S A, 1985. 82(23): p. 8247-51. 

132. Liscum, L., Niemann-Pick type C mutations cause lipid traffic jam. Traffic, 
2000. 1(3): p. 218-25. 

133. Gondre-Lewis, M.C., R. McGlynn, and S.U. Walkley, Cholesterol 
accumulation in NPC1-deficient neurons is ganglioside dependent. Curr Biol, 
2003. 13(15): p. 1324-9. 

134. Zervas, M., et al., Critical role for glycosphingolipids in Niemann-Pick 
disease type C. Curr Biol, 2001. 11(16): p. 1283-7. 

135. Malathi, K., et al., Mutagenesis of the putative sterol-sensing domain of yeast 
Niemann Pick C-related protein reveals a primordial role in subcellular 
sphingolipid distribution. J Cell Biol, 2004. 164(4): p. 547-56. 

136. Davies, J.P., F.W. Chen, and Y.A. Ioannou, Transmembrane molecular pump 
activity of Niemann-Pick C1 protein. Science, 2000. 290(5500): p. 2295-8. 

137. Blanchette-Mackie, E.J., et al., Type-C Niemann-Pick disease: low density 
lipoprotein uptake is associated with premature cholesterol accumulation in 
the Golgi complex and excessive cholesterol storage in lysosomes. Proc Natl 
Acad Sci U S A, 1988. 85(21): p. 8022-6. 

138. Choudhury, A., et al., Elevated endosomal cholesterol levels in Niemann-Pick 
cells inhibit rab4 and perturb membrane recycling. Mol Biol Cell, 2004. 
15(10): p. 4500-11. 

139. Dahl, N.K., et al., Isolation and characterization of Chinese hamster ovary 
cells defective in the intracellular metabolism of low density lipoprotein-
derived cholesterol. J Biol Chem, 1992. 267(7): p. 4889-96. 

140. Lange, Y., et al., Cholesterol movement in Niemann-Pick type C cells and in 
cells treated with amphiphiles. J Biol Chem, 2000. 275(23): p. 17468-75. 

141. Carstea, E.D., et al., Niemann-Pick C1 disease gene: homology to mediators of 
cholesterol homeostasis. Science, 1997. 277(5323): p. 228-31. 

142. Higgins, M.E., et al., Niemann-Pick C1 is a late endosome-resident protein 
that transiently associates with lysosomes and the trans-Golgi network. Mol 
Genet Metab, 1999. 68(1): p. 1-13. 

143. Ko, D.C., et al., Dynamic movements of organelles containing Niemann-Pick 
C1 protein: NPC1 involvement in late endocytic events. Mol Biol Cell, 2001. 
12(3): p. 601-14. 

144. Zhang, M., et al., Cessation of rapid late endosomal tubulovesicular 
trafficking in Niemann-Pick type C1 disease. Proc Natl Acad Sci U S A, 2001. 
98(8): p. 4466-71. 

145. Ohgami, N., et al., Binding between the Niemann-Pick C1 protein and a 
photoactivatable cholesterol analog requires a functional sterol-sensing 
domain. Proc Natl Acad Sci U S A, 2004. 101(34): p. 12473-8. 

146. Kirchhoff, C., C. Osterhoff, and L. Young, Molecular cloning and 
characterization of HE1, a major secretory protein of the human epididymis.
Biol Reprod, 1996. 54(4): p. 847-56. 

147. Naureckiene, S., et al., Identification of HE1 as the second gene of Niemann-
Pick C disease. Science, 2000. 290(5500): p. 2298-301. 

148. Okamura, N., et al., A porcine homolog of the major secretory protein of 
human epididymis, HE1, specifically binds cholesterol. Biochim Biophys 
Acta, 1999. 1438(3): p. 377-87. 

77



149. Ko, D.C., et al., The integrity of a cholesterol-binding pocket in Niemann-Pick 
C2 protein is necessary to control lysosome cholesterol levels. Proc Natl Acad 
Sci U S A, 2003. 100(5): p. 2518-25. 

150. Higaki, K., D. Almanzar-Paramio, and S.L. Sturley, Metazoan and microbial 
models of Niemann-Pick Type C disease. Biochim Biophys Acta, 2004. 
1685(1-3): p. 38-47. 

151. Loftus, S.K., et al., Murine model of Niemann-Pick C disease: mutation in a 
cholesterol homeostasis gene. Science, 1997. 277(5323): p. 232-5. 

152. Berge, K.E., et al., Accumulation of dietary cholesterol in sitosterolemia 
caused by mutations in adjacent ABC transporters. Science, 2000. 290(5497):
p. 1771-5. 

153. Graf, G.A., et al., ABCG5 and ABCG8 are obligate heterodimers for protein 
trafficking and biliary cholesterol excretion. J Biol Chem, 2003. 278(48): p. 
48275-82.

154. Yu, L., et al., Disruption of Abcg5 and Abcg8 in mice reveals their crucial 
role in biliary cholesterol secretion. Proc Natl Acad Sci U S A, 2002. 99(25):
p. 16237-42. 

155. Rujanavech, C., P.A. Henderson, and D.F. Silbert, Influence of sterol structure 
on phospholipid phase behavior as detected by parinaric acid fluorescence 
spectroscopy. J Biol Chem, 1986. 261(16): p. 7204-14. 

156. Chesterton, C.J., Distribution of cholesterol precursors and other lipids 
among rat liver intracellular structures. J Biol Chem, 1968. 243(6): p. 1147-
51.

157. Lin, D.S., et al., Unique lipids of primate spermatozoa: desmosterol and 
docosahexaenoic acid. J Lipid Res, 1993. 34(3): p. 491-9. 

158. Lusa, S., S. Heino, and E. Ikonen, Differential mobilization of newly 
synthesized cholesterol and biosynthetic sterol precursors from cells. J Biol 
Chem, 2003. 278(22): p. 19844-51. 

159. Phillips, J.E., W.V. Rodrigueza, and W.J. Johnson, Basis for rapid efflux of 
biosynthetic desmosterol from cells. J Lipid Res, 1998. 39(12): p. 2459-70. 

160. Mutka, A.L., et al., Secretion of sterols and the NPC2 protein from primary 
astrocytes. J Biol Chem, 2004. 279(47): p. 48654-62. 

161. FitzPatrick, D.R., et al., Clinical phenotype of desmosterolosis. Am J Med 
Genet, 1998. 75(2): p. 145-52. 

162. Waterham, H.R., et al., Mutations in the 3beta-hydroxysterol Delta24-
reductase gene cause desmosterolosis, an autosomal recessive disorder of 
cholesterol biosynthesis. Am J Hum Genet, 2001. 69(4): p. 685-94. 

163. Klausner, R.D., et al., Lipid domains in membranes. Evidence derived from 
structural perturbations induced by free fatty acids and lifetime heterogeneity 
analysis. J Biol Chem, 1980. 255(4): p. 1286-95. 

164. Thompson, T.E. and T.W. Tillack, Organization of glycosphingolipids in 
bilayers and plasma membranes of mammalian cells. Annu Rev Biophys 
Biophys Chem, 1985. 14: p. 361-86. 

165. Brown, D.A. and E. London, Functions of lipid rafts in biological membranes.
Annu Rev Cell Dev Biol, 1998. 14: p. 111-36. 

166. Ladbrooke, B.D. and D. Chapman, Thermal analysis of lipids, proteins and 
biological membranes. A review and summary of some recent studies. Chem 
Phys Lipids, 1969. 3(4): p. 304-56. 

167. Lee, A.G., Lipid phase transitions and phase diagrams. II. Mictures involving 
lipids. Biochim Biophys Acta, 1977. 472(3-4): p. 285-344. 

78



168. Koynova, R. and M. Caffrey, Phases and phase transitions of the 
sphingolipids. Biochim Biophys Acta, 1995. 1255(3): p. 213-36. 

169. Yu, J., D.A. Fischman, and T.L. Steck, Selective solubilization of proteins and 
phospholipids from red blood cell membranes by nonionic detergents. J 
Supramol Struct, 1973. 1(3): p. 233-48. 

170. van Meer, G. and K. Simons, Lipid polarity and sorting in epithelial cells. J 
Cell Biochem, 1988. 36(1): p. 51-8. 

171. van Meer, G., et al., Sorting of sphingolipids in epithelial (Madin-Darby 
canine kidney) cells. J Cell Biol, 1987. 105(4): p. 1623-35. 

172. London, E. and D.A. Brown, Insolubility of lipids in triton X-100: physical 
origin and relationship to sphingolipid/cholesterol membrane domains (rafts).
Biochim Biophys Acta, 2000. 1508(1-2): p. 182-95. 

173. Almeida, P.F., W.L. Vaz, and T.E. Thompson, Lateral diffusion in the liquid 
phases of dimyristoylphosphatidylcholine/cholesterol lipid bilayers: a free 
volume analysis. Biochemistry, 1992. 31(29): p. 6739-47. 

174. Filippov, A., G. Oradd, and G. Lindblom, The effect of cholesterol on the 
lateral diffusion of phospholipids in oriented bilayers. Biophys J, 2003. 84(5):
p. 3079-86. 

175. Ladbrooke, B.D., R.M. Williams, and D. Chapman, Studies on lecithin-
cholesterol-water interactions by differential scanning calorimetry and X-ray 
diffraction. Biochim Biophys Acta, 1968. 150(3): p. 333-40. 

176. Lentz, B.R., D.A. Barrow, and M. Hoechli, Cholesterol-phosphatidylcholine
interactions in multilamellar vesicles. Biochemistry, 1980. 19(9): p. 1943-54. 

177. Mabrey, S., P.L. Mateo, and J.M. Sturtevant, High-sensitivity scanning 
calorimetric study of mixtures of cholesterol with dimyristoyl- and 
dipalmitoylphosphatidylcholines. Biochemistry, 1978. 17(12): p. 2464-8. 

178. Ipsen, J.H., et al., Phase equilibria in the phosphatidylcholine-cholesterol
system. Biochim Biophys Acta, 1987. 905(1): p. 162-72. 

179. Filippov, A., G. Oradd, and G. Lindblom, Lipid lateral diffusion in ordered 
and disordered phases in raft mixtures. Biophys J, 2004. 86(2): p. 891-6. 

180. Kahya, N., et al., Probing lipid mobility of raft-exhibiting model membranes 
by fluorescence correlation spectroscopy. J Biol Chem, 2003. 278(30): p. 
28109-15.

181. Scherfeld, D., N. Kahya, and P. Schwille, Lipid dynamics and domain 
formation in model membranes composed of ternary mixtures of unsaturated 
and saturated phosphatidylcholines and cholesterol. Biophys J, 2003. 85(6): 
p. 3758-68. 

182. Huang, T.H., et al., A 13C and 2H nuclear magnetic resonance study of 
phosphatidylcholine/cholesterol interactions: characterization of liquid-gel 
phases. Biochemistry, 1993. 32(48): p. 13277-87. 

183. McMullen, T.P. and R.N. McElhaney, New aspects of the interaction of 
cholesterol with dipalmitoylphosphatidylcholine bilayers as revealed by high-
sensitivity differential scanning calorimetry. Biochim Biophys Acta, 1995. 
1234(1): p. 90-8. 

184. Rubenstein, J.L., B.A. Smith, and H.M. McConnell, Lateral diffusion in 
binary mixtures of cholesterol and phosphatidylcholines. Proc Natl Acad Sci 
U S A, 1979. 76(1): p. 15-8. 

185. Brown, D.A. and J.K. Rose, Sorting of GPI-anchored proteins to glycolipid-
enriched membrane subdomains during transport to the apical cell surface.
Cell, 1992. 68(3): p. 533-44. 

79



186. Dietrich, C., et al., Lipid rafts reconstituted in model membranes. Biophys J, 
2001. 80(3): p. 1417-28. 

187. Loura, L.M., A. Fedorov, and M. Prieto, Fluid-fluid membrane 
microheterogeneity: a fluorescence resonance energy transfer study. Biophys 
J, 2001. 80(2): p. 776-88. 

188. Samsonov, A.V., I. Mihalyov, and F.S. Cohen, Characterization of 
cholesterol-sphingomyelin domains and their dynamics in bilayer membranes.
Biophys J, 2001. 81(3): p. 1486-500. 

189. Veatch, S.L. and S.L. Keller, Separation of liquid phases in giant vesicles of 
ternary mixtures of phospholipids and cholesterol. Biophys J, 2003. 85(5): p. 
3074-83.

190. Veatch, S.L., et al., Liquid domains in vesicles investigated by NMR and 
fluorescence microscopy. Biophys J, 2004. 86(5): p. 2910-22. 

191. Ahmed, S.N., D.A. Brown, and E. London, On the origin of 
sphingolipid/cholesterol-rich detergent-insoluble cell membranes: 
physiological concentrations of cholesterol and sphingolipid induce formation 
of a detergent-insoluble, liquid-ordered lipid phase in model membranes.
Biochemistry, 1997. 36(36): p. 10944-53. 

192. Shimshick, E.J. and H.M. McConnell, Lateral phase separations in binary 
mixtures of cholesterol and phospholipids. Biochem Biophys Res Commun, 
1973. 53(2): p. 446-51. 

193. Hooper, N.M. and A.J. Turner, Ectoenzymes of the kidney microvillar 
membrane. Differential solubilization by detergents can predict a glycosyl-
phosphatidylinositol membrane anchor. Biochem J, 1988. 250(3): p. 865-9. 

194. Schroeder, R., E. London, and D. Brown, Interactions between saturated acyl 
chains confer detergent resistance on lipids and glycosylphosphatidylinositol
(GPI)-anchored proteins: GPI-anchored proteins in liposomes and cells show 
similar behavior. Proc Natl Acad Sci U S A, 1994. 91(25): p. 12130-4. 

195. Robson, R.J. and E.A. Dennis, Mixed micelles of sphingomyelin and 
phosphatidylcholine with nonionic surfactants. Effect of temperature and 
surfactant polydispersity. Biochim Biophys Acta, 1979. 573(3): p. 489-500. 

196. Schroeder, R.J., et al., Cholesterol and sphingolipid enhance the Triton X-100 
insolubility of glycosylphosphatidylinositol-anchored proteins by promoting 
the formation of detergent-insoluble ordered membrane domains. J Biol 
Chem, 1998. 273(2): p. 1150-7. 

197. Ge, M., et al., Electron spin resonance characterization of liquid ordered 
phase of detergent-resistant membranes from RBL-2H3 cells. Biophys J, 1999. 
77(2): p. 925-33. 

198. Ostermeyer, A.G., et al., Glycosphingolipids are not essential for formation of 
detergent-resistant membrane rafts in melanoma cells. methyl-beta-
cyclodextrin does not affect cell surface transport of a GPI-anchored protein.
J Biol Chem, 1999. 274(48): p. 34459-66. 

199. Hansen, G.H., et al., Lipid rafts exist as stable cholesterol-independent 
microdomains in the brush border membrane of enterocytes. J Biol Chem, 
2001. 276(34): p. 32338-44. 

200. Milhiet, P.E., M.C. Giocondi, and C. Le Grimellec, Cholesterol is not crucial 
for the existence of microdomains in kidney brush-border membrane models. J 
Biol Chem, 2002. 277(2): p. 875-8. 

201. Edidin, M., The state of lipid rafts: from model membranes to cells. Annu Rev 
Biophys Biomol Struct, 2003. 32: p. 257-83. 

80



202. Munro, S., Lipid rafts: elusive or illusive? Cell, 2003. 115(4): p. 377-88. 
203. Simons, K. and W.L. Vaz, Model systems, lipid rafts, and cell membranes.

Annu Rev Biophys Biomol Struct, 2004. 33: p. 269-95. 
204. Moffett, S., D.A. Brown, and M.E. Linder, Lipid-dependent targeting of G 

proteins into rafts. J Biol Chem, 2000. 275(3): p. 2191-8. 
205. Saslowsky, D.E., et al., Placental alkaline phosphatase is efficiently targeted 

to rafts in supported lipid bilayers. J Biol Chem, 2002. 277(30): p. 26966-70. 
206. Gaus, K., et al., Domain-specific lipid distribution in macrophage plasma 

membranes. J Lipid Res, 2005. 46(7): p. 1526-38. 
207. Schuck, S., et al., Resistance of cell membranes to different detergents. Proc 

Natl Acad Sci U S A, 2003. 100(10): p. 5795-800. 
208. Luria, A., et al., Detergent-free domain isolated from Xenopus egg plasma 

membrane with properties similar to those of detergent-resistant membranes.
Biochemistry, 2002. 41(44): p. 13189-97. 

209. Harder, T., et al., Lipid domain structure of the plasma membrane revealed by 
patching of membrane components. J Cell Biol, 1998. 141(4): p. 929-42. 

210. Simons, M., et al., Exogenous administration of gangliosides displaces GPI-
anchored proteins from lipid microdomains in living cells. Mol Biol Cell, 
1999. 10(10): p. 3187-96. 

211. Montesano, R., et al., Distribution of filipin-cholesterol complexes at sites of 
exocytosis - a freeze-fracture study of degranulating mast cells. Cell Biol Int 
Rep, 1980. 4(11): p. 975-84. 

212. Simionescu, N., F. Lupu, and M. Simionescu, Rings of membrane sterols 
surround the openings of vesicles and fenestrae, in capillary endothelium. J 
Cell Biol, 1983. 97(5 Pt 1): p. 1592-600. 

213. Rothberg, K.G., et al., Caveolin, a protein component of caveolae membrane 
coats. Cell, 1992. 68(4): p. 673-82. 

214. Murata, M., et al., VIP21/caveolin is a cholesterol-binding protein. Proc Natl 
Acad Sci U S A, 1995. 92(22): p. 10339-43. 

215. Thiele, C., et al., Cholesterol binds to synaptophysin and is required for 
biogenesis of synaptic vesicles. Nat Cell Biol, 2000. 2(1): p. 42-9. 

216. Glenney, J.R., Jr., The sequence of human caveolin reveals identity with 
VIP21, a component of transport vesicles. FEBS Lett, 1992. 314(1): p. 45-8. 

217. Kurzchalia, T.V., et al., VIP21, a 21-kD membrane protein is an integral 
component of trans-Golgi-network-derived transport vesicles. J Cell Biol, 
1992. 118(5): p. 1003-14. 

218. Sargiacomo, M., et al., Signal transducing molecules and glycosyl-
phosphatidylinositol-linked proteins form a caveolin-rich insoluble complex in 
MDCK cells. J Cell Biol, 1993. 122(4): p. 789-807. 

219. Liu, P. and R.G. Anderson, Compartmentalized production of ceramide at the 
cell surface. J Biol Chem, 1995. 270(45): p. 27179-85. 

220. Kurzchalia, T.V., E. Hartmann, and P. Dupree, Guilty by insolubility--does a 
protein's detergent insolubility reflect a caveolar location? Trends Cell Biol, 
1995. 5(5): p. 187-9. 

221. Fujimoto, T., GPI-anchored proteins, glycosphingolipids, and sphingomyelin 
are sequestered to caveolae only after crosslinking. J Histochem Cytochem, 
1996. 44(8): p. 929-41. 

222. Kurzchalia, T.V. and R.G. Parton, Membrane microdomains and caveolae.
Curr Opin Cell Biol, 1999. 11(4): p. 424-31. 

81



223. Parton, R.G., et al., Characterization of a distinct plasma membrane 
macrodomain in differentiated adipocytes. J Biol Chem, 2002. 277(48): p. 
46769-78.

224. Fra, A.M., et al., De novo formation of caveolae in lymphocytes by expression 
of VIP21-caveolin. Proc Natl Acad Sci U S A, 1995. 92(19): p. 8655-9. 

225. Galbiati, F., et al., Caveolin-3 null mice show a loss of caveolae, changes in 
the microdomain distribution of the dystrophin-glycoprotein complex, and t-
tubule abnormalities. J Biol Chem, 2001. 276(24): p. 21425-33. 

226. Song, K.S., et al., Expression of caveolin-3 in skeletal, cardiac, and smooth 
muscle cells. Caveolin-3 is a component of the sarcolemma and co-
fractionates with dystrophin and dystrophin-associated glycoproteins. J Biol 
Chem, 1996. 271(25): p. 15160-5. 

227. Tang, Z., et al., Molecular cloning of caveolin-3, a novel member of the 
caveolin gene family expressed predominantly in muscle. J Biol Chem, 1996. 
271(4): p. 2255-61. 

228. Parton, R.G., Caveolae and caveolins. Curr Opin Cell Biol, 1996. 8(4): p. 542-
8.

229. Pelkmans, L., J. Kartenbeck, and A. Helenius, Caveolar endocytosis of simian 
virus 40 reveals a new two-step vesicular-transport pathway to the ER. Nat 
Cell Biol, 2001. 3(5): p. 473-83. 

230. Smart, E.J., et al., Caveolins, liquid-ordered domains, and signal transduction.
Mol Cell Biol, 1999. 19(11): p. 7289-304. 

231. Ishikawa, Y., K. Otsu, and J. Oshikawa, Caveolin; different roles for insulin 
signal? Cell Signal, 2005. 17(10): p. 1175-82. 

232. Bagnat, M., et al., Lipid rafts function in biosynthetic delivery of proteins to 
the cell surface in yeast. Proc Natl Acad Sci U S A, 2000. 97(7): p. 3254-9. 

233. Eisenkolb, M., et al., A specific structural requirement for ergosterol in long-
chain fatty acid synthesis mutants important for maintaining raft domains in 
yeast. Mol Biol Cell, 2002. 13(12): p. 4414-28. 

234. Xu, X. and E. London, The effect of sterol structure on membrane lipid 
domains reveals how cholesterol can induce lipid domain formation.
Biochemistry, 2000. 39(5): p. 843-9. 

235. Demel, R.A., K.R. Bruckdorfer, and L.L. van Deenen, The effect of sterol 
structure on the permeability of lipomes to glucose, glycerol and Rb +.
Biochim Biophys Acta, 1972. 255(1): p. 321-30. 

236. Demel, R.A., K.R. Bruckdorfer, and L.L. van Deenen, Structural requirements 
of sterols for the interaction with lecithin at the air water interface. Biochim 
Biophys Acta, 1972. 255(1): p. 311-20. 

237. Wang, J., Megha, and E. London, Relationship between sterol/steroid 
structure and participation in ordered lipid domains (lipid rafts): implications 
for lipid raft structure and function. Biochemistry, 2004. 43(4): p. 1010-8. 

238. Xu, X., et al., Effect of the structure of natural sterols and sphingolipids on the 
formation of ordered sphingolipid/sterol domains (rafts). Comparison of 
cholesterol to plant, fungal, and disease-associated sterols and comparison of 
sphingomyelin, cerebrosides, and ceramide. J Biol Chem, 2001. 276(36): p. 
33540-6.

239. Huster, D., et al., Desmosterol may replace cholesterol in lipid membranes.
Biophys J, 2005. 88(3): p. 1838-44. 

82



240. Scheidt, H.A., D. Huster, and K. Gawrisch, Diffusion of Cholesterol and Its 
Precursors in Lipid Membranes Studied by 1H Pulsed Field Gradient Magic 
Angle Spinning NMR. Biophys J, 2005. 89(4): p. 2504-12. 

241. Mayor, S., S. Sabharanjak, and F.R. Maxfield, Cholesterol-dependent 
retention of GPI-anchored proteins in endosomes. Embo J, 1998. 17(16): p. 
4626-38.

242. Varma, R. and S. Mayor, GPI-anchored proteins are organized in submicron 
domains at the cell surface. Nature, 1998. 394(6695): p. 798-801. 

243. Zacharias, D.A., et al., Partitioning of lipid-modified monomeric GFPs into 
membrane microdomains of live cells. Science, 2002. 296(5569): p. 913-6. 

244. Friedrichson, T. and T.V. Kurzchalia, Microdomains of GPI-anchored 
proteins in living cells revealed by crosslinking. Nature, 1998. 394(6695): p. 
802-5.

245. Sharma, P., et al., Nanoscale organization of multiple GPI-anchored proteins 
in living cell membranes. Cell, 2004. 116(4): p. 577-89. 

246. Plowman, S.J., et al., H-ras, K-ras, and inner plasma membrane raft proteins 
operate in nanoclusters with differential dependence on the actin cytoskeleton.
Proc Natl Acad Sci U S A, 2005. 

247. Prior, I.A., et al., Direct visualization of Ras proteins in spatially distinct cell 
surface microdomains. J Cell Biol, 2003. 160(2): p. 165-70. 

248. Kenworthy, A.K. and M. Edidin, Distribution of a 
glycosylphosphatidylinositol-anchored protein at the apical surface of MDCK 
cells examined at a resolution of <100 A using imaging fluorescence 
resonance energy transfer. J Cell Biol, 1998. 142(1): p. 69-84. 

249. Glebov, O.O. and B.J. Nichols, Lipid raft proteins have a random distribution 
during localized activation of the T-cell receptor. Nat Cell Biol, 2004. 6(3): p. 
238-43.

250. Kenworthy, A.K., N. Petranova, and M. Edidin, High-resolution FRET 
microscopy of cholera toxin B-subunit and GPI-anchored proteins in cell 
plasma membranes. Mol Biol Cell, 2000. 11(5): p. 1645-55. 

251. Janes, P.W., S.C. Ley, and A.I. Magee, Aggregation of lipid rafts accompanies 
signaling via the T cell antigen receptor. J Cell Biol, 1999. 147(2): p. 447-61. 

252. Hammond, A.T., et al., Crosslinking a lipid raft component triggers liquid 
ordered-liquid disordered phase separation in model plasma membranes. Proc 
Natl Acad Sci U S A, 2005. 102(18): p. 6320-5. 

253. Pralle, A., et al., Sphingolipid-cholesterol rafts diffuse as small entities in the 
plasma membrane of mammalian cells. J Cell Biol, 2000. 148(5): p. 997-1008. 

254. Kenworthy, A.K., et al., Dynamics of putative raft-associated proteins at the 
cell surface. J Cell Biol, 2004. 165(5): p. 735-46. 

255. Vrljic, M., et al., Translational diffusion of individual class II MHC membrane 
proteins in cells. Biophys J, 2002. 83(5): p. 2681-92. 

256. Kusumi, A., I. Koyama-Honda, and K. Suzuki, Molecular dynamics and 
interactions for creation of stimulation-induced stabilized rafts from small 
unstable steady-state rafts. Traffic, 2004. 5(4): p. 213-30. 

257. Fujiwara, T., et al., Phospholipids undergo hop diffusion in 
compartmentalized cell membrane. J Cell Biol, 2002. 157(6): p. 1071-81. 

258. Suzuki, K., et al., Rapid hop diffusion of a G-protein-coupled receptor in the 
plasma membrane as revealed by single-molecule techniques. Biophys J, 
2005. 88(5): p. 3659-80. 

83



259. Mayor, S. and M. Rao, Rafts: scale-dependent, active lipid organization at the 
cell surface. Traffic, 2004. 5(4): p. 231-40. 

260. Veatch, S.L. and S.L. Keller, Seeing spots: Complex phase behavior in simple 
membranes. Biochim Biophys Acta, 2005. 

261. McConnell, H.M. and M. Vrljic, Liquid-liquid immiscibility in membranes.
Annu Rev Biophys Biomol Struct, 2003. 32: p. 469-92. 

262. Nielsen, L.K., T. Bjornholm, and O.G. Mouritsen, Fluctuations caught in the 
act. Nature, 2000. 404(6776): p. 352. 

263. Yuan, C., et al., The size of lipid rafts: an atomic force microscopy study of 
ganglioside GM1 domains in sphingomyelin/DOPC/cholesterol membranes.
Biophys J, 2002. 82(5): p. 2526-35. 

264. Heerklotz, H., Triton promotes domain formation in lipid raft mixtures.
Biophys J, 2002. 83(5): p. 2693-701. 

265. Mayor, S. and F.R. Maxfield, Insolubility and redistribution of GPI-anchored 
proteins at the cell surface after detergent treatment. Mol Biol Cell, 1995. 
6(7): p. 929-44. 

266. London, E., How principles of domain formation in model membranes may 
explain ambiguities concerning lipid raft formation in cells. Biochim Biophys 
Acta, 2005. 

267. Kinnunen, P.K., On the principles of functional ordering in biological 
membranes. Chem Phys Lipids, 1991. 57(2-3): p. 375-99. 

268. Hao, M., S. Mukherjee, and F.R. Maxfield, Cholesterol depletion induces 
large scale domain segregation in living cell membranes. Proc Natl Acad Sci 
U S A, 2001. 98(23): p. 13072-7. 

269. Kwik, J., et al., Membrane cholesterol, lateral mobility, and the 
phosphatidylinositol 4,5-bisphosphate-dependent organization of cell actin.
Proc Natl Acad Sci U S A, 2003. 100(24): p. 13964-9. 

270. Cinek, T. and V. Horejsi, The nature of large noncovalent complexes 
containing glycosyl-phosphatidylinositol-anchored membrane glycoproteins 
and protein tyrosine kinases. J Immunol, 1992. 149(7): p. 2262-70. 

271. Stefanova, I. and V. Horejsi, Association of the CD59 and CD55 cell surface 
glycoproteins with other membrane molecules. J Immunol, 1991. 147(5): p. 
1587-92.

272. Stefanova, I., et al., GPI-anchored cell-surface molecules complexed to 
protein tyrosine kinases. Science, 1991. 254(5034): p. 1016-9. 

273. Holowka, D., et al., Lipid segregation and IgE receptor signaling: A decade of 
progress. Biochim Biophys Acta, 2005. 

274. Horejsi, V., Membrane rafts in immunoreceptor signaling: new doubts, new 
proofs? Trends Immunol, 2002. 23(12): p. 562-4. 

275. Paratcha, G. and C.F. Ibanez, Lipid rafts and the control of neurotrophic 
factor signaling in the nervous system: variations on a theme. Curr Opin 
Neurobiol, 2002. 12(5): p. 542-9. 

276. Zajchowski, L.D. and S.M. Robbins, Lipid rafts and little caves. 
Compartmentalized signalling in membrane microdomains. Eur J Biochem, 
2002. 269(3): p. 737-52. 

277. Balamuth, F., et al., Distinct patterns of membrane microdomain partitioning 
in Th1 and th2 cells. Immunity, 2001. 15(5): p. 729-38. 

278. Leitenberg, D., F. Balamuth, and K. Bottomly, Changes in the T cell receptor 
macromolecular signaling complex and membrane microdomains during T 
cell development and activation. Semin Immunol, 2001. 13(2): p. 129-38. 

84



279. Sproul, T.W., et al., Cutting edge: B cell antigen receptor signaling occurs 
outside lipid rafts in immature B cells. J Immunol, 2000. 165(11): p. 6020-3. 

280. Glebov, O.O. and B.J. Nichols, Distribution of lipid raft markers in live cells.
Biochem Soc Trans, 2004. 32(Pt 5): p. 673-5. 

281. Douglass, A.D. and R.D. Vale, Single-molecule microscopy reveals plasma 
membrane microdomains created by protein-protein networks that exclude or 
trap signaling molecules in T cells. Cell, 2005. 121(6): p. 937-50. 

282. Couet, J., M. Sargiacomo, and M.P. Lisanti, Interaction of a receptor tyrosine 
kinase, EGF-R, with caveolins. Caveolin binding negatively regulates tyrosine 
and serine/threonine kinase activities. J Biol Chem, 1997. 272(48): p. 30429-
38.

283. Waugh, M.G., D. Lawson, and J.J. Hsuan, Epidermal growth factor receptor 
activation is localized within low-buoyant density, non-caveolar membrane 
domains. Biochem J, 1999. 337 (Pt 3): p. 591-7. 

284. Furuchi, T. and R.G. Anderson, Cholesterol depletion of caveolae causes 
hyperactivation of extracellular signal-related kinase (ERK). J Biol Chem, 
1998. 273(33): p. 21099-104. 

285. Hill, D.E., Effect of insulin on fetal growth. Semin Perinatol, 1978. 2(4): p. 
319-28.

286. Kahn, C.R., et al., Quantitative aspects of the insulin-receptor interaction in 
liver plasma membranes. J Biol Chem, 1974. 249(7): p. 2249-57. 

287. Fielding, B.A. and K.N. Frayn, Lipoprotein lipase and the disposition of 
dietary fatty acids. Br J Nutr, 1998. 80(6): p. 495-502. 

288. Gerich, J.E., Role of liver and muscle in type II diabetes. Horm Metab Res 
Suppl, 1992. 26: p. 18-21. 

289. Mueckler, M., Facilitative glucose transporters. Eur J Biochem, 1994. 219(3):
p. 713-25. 

290. Pessin, J.E., et al., Molecular basis of insulin-stimulated GLUT4 vesicle 
trafficking. Location! Location! Location! J Biol Chem, 1999. 274(5): p. 
2593-6.

291. Baly, D.L. and R. Horuk, The biology and biochemistry of the glucose 
transporter. Biochim Biophys Acta, 1988. 947(3): p. 571-90. 

292. Ebina, Y., et al., The human insulin receptor cDNA: the structural basis for 
hormone-activated transmembrane signalling. Cell, 1985. 40(4): p. 747-58. 

293. Kasuga, M., et al., Tyrosine-specific protein kinase activity is associated with 
the purified insulin receptor. Proc Natl Acad Sci U S A, 1983. 80(8): p. 2137-
41.

294. Ullrich, A., et al., Human insulin receptor and its relationship to the tyrosine 
kinase family of oncogenes. Nature, 1985. 313(6005): p. 756-61. 

295. Hubbard, S.R., Crystal structure of the activated insulin receptor tyrosine 
kinase in complex with peptide substrate and ATP analog. Embo J, 1997. 
16(18): p. 5572-81. 

296. Luo, R.Z., et al., Quaternary structure of the insulin-insulin receptor complex.
Science, 1999. 285(5430): p. 1077-80. 

297. Hubbard, S.R., et al., Crystal structure of the tyrosine kinase domain of the 
human insulin receptor. Nature, 1994. 372(6508): p. 746-54. 

298. Kahn, C.R., et al., Direct demonstration that receptor crosslinking or 
aggregation is important in insulin action. Proc Natl Acad Sci U S A, 1978. 
75(9): p. 4209-13. 

85



299. Magee, A.I. and K. Siddle, Insulin and IGF-1 receptors contain covalently 
bound palmitic acid. J Cell Biochem, 1988. 37(4): p. 347-57. 

300. Hedo, J.A., E. Collier, and A. Watkinson, Myristyl and palmityl acylation of 
the insulin receptor. J Biol Chem, 1987. 262(3): p. 954-7. 

301. Jarett, L., J.B. Schweitzer, and R.M. Smith, Insulin receptors: differences in 
structural organization on adipocyte and liver plasma membranes. Science, 
1980. 210(4474): p. 1127-8. 

302. Carpentier, J.L. and D. McClain, Insulin receptor kinase activation releases a 
constraint maintaining the receptor on microvilli. J Biol Chem, 1995. 270(10):
p. 5001-6. 

303. Carpentier, J.L., et al., Two steps of insulin receptor internalization depend on 
different domains of the beta-subunit. J Cell Biol, 1993. 122(6): p. 1243-52. 

304. Carpentier, J.L., et al., Insulin-induced surface redistribution regulates 
internalization of the insulin receptor and requires its autophosphorylation.
Proc Natl Acad Sci U S A, 1992. 89(1): p. 162-6. 

305. Backer, J.M., et al., Receptor-mediated internalization of insulin requires a 
12-amino acid sequence in the juxtamembrane region of the insulin receptor 
beta-subunit. J Biol Chem, 1990. 265(27): p. 16450-4. 

306. Chen, W.J., J.L. Goldstein, and M.S. Brown, NPXY, a sequence often found in 
cytoplasmic tails, is required for coated pit-mediated internalization of the low 
density lipoprotein receptor. J Biol Chem, 1990. 265(6): p. 3116-23. 

307. Paccaud, J.P., et al., Clathrin-coated pit-mediated receptor internalization. 
Role of internalization signals and receptor mobility. J Biol Chem, 1993. 
268(31): p. 23191-6. 

308. Bergeron, J.J., et al., Uptake of insulin and other ligands into receptor-rich 
endocytic components of target cells: the endosomal apparatus. Annu Rev 
Physiol, 1985. 47: p. 383-403. 

309. Schlessinger, J., et al., Direct visualization of binding, aggregation, and 
internalization of insulin and epidermal growth factor on living fibroblastic 
cells. Proc Natl Acad Sci U S A, 1978. 75(6): p. 2659-63. 

310. Carpentier, J.L., et al., Insulin-induced surface redistribution regulates 
internalization of the insulin receptor and requires its autophosphorylation.
Proc Natl Acad Sci U S A, 1992. 89(1): p. 162-6. 

311. Smith, R.M., et al., Insulin-induced protein tyrosine phosphorylation cascade 
and signalling molecules are localized in a caveolin-enriched cell membrane 
domain. Cell Signal, 1998. 10(5): p. 355-62. 

312. Backer, J.M., C.R. Kahn, and M.F. White, The dissociation and degradation 
of internalized insulin occur in the endosomes of rat hepatoma cells. J Biol 
Chem, 1990. 265(25): p. 14828-35. 

313. Dube, N. and M.L. Tremblay, Involvement of the small protein tyrosine 
phosphatases TC-PTP and PTP1B in signal transduction and diseases: From 
diabetes, obesity to cell cycle, and cancer. Biochim Biophys Acta, 2005. 

314. Virkamaki, A., K. Ueki, and C.R. Kahn, Protein-protein interaction in insulin 
signaling and the molecular mechanisms of insulin resistance. J Clin Invest, 
1999. 103(7): p. 931-43. 

315. White, M.F. and L. Yenush, The IRS-signaling system: a network of docking 
proteins that mediate insulin and cytokine action. Curr Top Microbiol 
Immunol, 1998. 228: p. 179-208. 

316. Waters, S.B. and J.E. Pessin, Insulin receptor substrate 1 and 2 (IRS1 and 
IRS2): what a tangled web we weave. Trends Cell Biol, 1996. 6(1): p. 1-4. 

86



317. Uhlik, M.T., et al., Structural and evolutionary division of phosphotyrosine 
binding (PTB) domains. J Mol Biol, 2005. 345(1): p. 1-20. 

318. Taniguchi, C.M., K. Ueki, and R. Kahn, Complementary roles of IRS-1 and 
IRS-2 in the hepatic regulation of metabolism. J Clin Invest, 2005. 115(3): p. 
718-27.

319. Di Guglielmo, G.M., et al., Insulin receptor internalization and signalling.
Mol Cell Biochem, 1998. 182(1-2): p. 59-63. 

320. Alessi, D.R. and C.P. Downes, The role of PI 3-kinase in insulin action.
Biochim Biophys Acta, 1998. 1436(1-2): p. 151-64. 

321. Otsu, M., et al., Characterization of two 85 kd proteins that associate with 
receptor tyrosine kinases, middle-T/pp60c-src complexes, and PI3-kinase.
Cell, 1991. 65(1): p. 91-104. 

322. Cohen, P., D.R. Alessi, and D.A. Cross, PDK1, one of the missing links in 
insulin signal transduction? FEBS Lett, 1997. 410(1): p. 3-10. 

323. Kohn, A.D., et al., Expression of a constitutively active Akt Ser/Thr kinase in 
3T3-L1 adipocytes stimulates glucose uptake and glucose transporter 4 
translocation. J Biol Chem, 1996. 271(49): p. 31372-8. 

324. Standaert, M.L., et al., Effects of knockout of the protein kinase C beta gene on 
glucose transport and glucose homeostasis. Endocrinology, 1999. 140(10): p. 
4470-7.

325. Standaert, M.L., et al., Insulin activates protein kinases C-zeta and C-lambda 
by an autophosphorylation-dependent mechanism and stimulates their 
translocation to GLUT4 vesicles and other membrane fractions in rat 
adipocytes. J Biol Chem, 1999. 274(36): p. 25308-16. 

326. Beitner-Johnson, D., et al., The proto-oncogene product c-Crk associates with 
insulin receptor substrate-1 and 4PS. Modulation by insulin growth factor-I 
(IGF) and enhanced IGF-I signaling. J Biol Chem, 1996. 271(16): p. 9287-90. 

327. Skolnik, E.Y., et al., The function of GRB2 in linking the insulin receptor to 
Ras signaling pathways. Science, 1993. 260(5116): p. 1953-5. 

328. White, M.F. and C.R. Kahn, The insulin signaling system. J Biol Chem, 1994. 
269(1): p. 1-4. 

329. Mastick, C.C., M.J. Brady, and A.R. Saltiel, Insulin stimulates the tyrosine 
phosphorylation of caveolin. J Cell Biol, 1995. 129(6): p. 1523-31. 

330. Mastick, C.C. and A.R. Saltiel, Insulin-stimulated tyrosine phosphorylation of 
caveolin is specific for the differentiated adipocyte phenotype in 3T3-L1 cells.
J Biol Chem, 1997. 272(33): p. 20706-14. 

331. Yamamoto, M., et al., Caveolin is an activator of insulin receptor signaling. J 
Biol Chem, 1998. 273(41): p. 26962-8. 

332. Ribon, V. and A.R. Saltiel, Insulin stimulates tyrosine phosphorylation of the 
proto-oncogene product of c-Cbl in 3T3-L1 adipocytes. Biochem J, 1997. 324
(Pt 3): p. 839-45. 

333. Liu, J., et al., APS facilitates c-Cbl tyrosine phosphorylation and GLUT4 
translocation in response to insulin in 3T3-L1 adipocytes. Mol Cell Biol, 
2002. 22(11): p. 3599-609. 

334. Baumann, C.A., et al., CAP defines a second signalling pathway required for 
insulin-stimulated glucose transport. Nature, 2000. 407(6801): p. 202-7. 

335. Bickel, P.E., et al., Flotillin and epidermal surface antigen define a new family 
of caveolae-associated integral membrane proteins. J Biol Chem, 1997. 
272(21): p. 13793-802. 

87



336. Chiang, S.H., et al., Insulin-stimulated GLUT4 translocation requires the 
CAP-dependent activation of TC10. Nature, 2001. 410(6831): p. 944-8. 

337. Kimura, A., et al., The sorbin homology domain: a motif for the targeting of 
proteins to lipid rafts. Proc Natl Acad Sci U S A, 2001. 98(16): p. 9098-103. 

338. Watson, R.T., et al., Lipid raft microdomain compartmentalization of TC10 is 
required for insulin signaling and GLUT4 translocation. J Cell Biol, 2001. 
154(4): p. 829-40. 

339. Inoue, M., et al., The exocyst complex is required for targeting of Glut4 to the 
plasma membrane by insulin. Nature, 2003. 422(6932): p. 629-33. 

340. Karlsson, M., et al., Insulin induces translocation of glucose transporter 
GLUT4 to plasma membrane caveolae in adipocytes. Faseb J, 2002. 16(2): p. 
249-51.

341. Shigematsu, S., et al., The adipocyte plasma membrane caveolin 
functional/structural organization is necessary for the efficient endocytosis of 
GLUT4. J Biol Chem, 2003. 278(12): p. 10683-90. 

342. Kanzaki, M., et al., Atypical protein kinase C (PKCzeta/lambda) is a 
convergent downstream target of the insulin-stimulated phosphatidylinositol 
3-kinase and TC10 signaling pathways. J Cell Biol, 2004. 164(2): p. 279-90. 

343. Wu, C., et al., Tyrosine kinase receptors concentrated in caveolae-like 
domains from neuronal plasma membrane. J Biol Chem, 1997. 272(6): p. 
3554-9.

344. Kabayama, K., et al., TNFalpha-induced insulin resistance in adipocytes as a 
membrane microdomain disorder: involvement of ganglioside GM3.
Glycobiology, 2005. 15(1): p. 21-9. 

345. Gustavsson, J., et al., Localization of the insulin receptor in caveolae of 
adipocyte plasma membrane. Faseb J, 1999. 13(14): p. 1961-71. 

346. Souto, R.P., et al., Immunopurification and characterization of rat adipocyte 
caveolae suggest their dissociation from insulin signaling. J Biol Chem, 2003. 
278(20): p. 18321-9. 

347. Cohen, A.W., et al., Caveolin-1-deficient mice show insulin resistance and 
defective insulin receptor protein expression in adipose tissue. Am J Physiol 
Cell Physiol, 2003. 285(1): p. C222-35. 

348. Oshikawa, J., et al., Insulin resistance in skeletal muscles of caveolin-3-null 
mice. Proc Natl Acad Sci U S A, 2004. 101(34): p. 12670-5. 

349. Uhles, S., et al., Isoform-specific insulin receptor signaling involves different 
plasma membrane domains. J Cell Biol, 2003. 163(6): p. 1327-37. 

350. Stumvoll, M., B.J. Goldstein, and T.W. van Haeften, Type 2 diabetes: 
principles of pathogenesis and therapy. Lancet, 2005. 365(9467): p. 1333-46. 

351. Carmena, R., Type 2 diabetes, dyslipidemia, and vascular risk: rationale and 
evidence for correcting the lipid imbalance. Am Heart J, 2005. 150(5): p. 859-
70.

352. Kitamura, T., C.R. Kahn, and D. Accili, Insulin receptor knockout mice. Annu 
Rev Physiol, 2003. 65: p. 313-32. 

353. Roach, P., et al., A novel human insulin receptor gene mutation uniquely 
inhibits insulin binding without impairing posttranslational processing.
Diabetes, 1994. 43(9): p. 1096-102. 

354. Goodyear, L.J., et al., Insulin receptor phosphorylation, insulin receptor 
substrate-1 phosphorylation, and phosphatidylinositol 3-kinase activity are 
decreased in intact skeletal muscle strips from obese subjects. J Clin Invest, 
1995. 95(5): p. 2195-204. 

88



355. Thies, R.S., et al., Insulin-receptor autophosphorylation and endogenous 
substrate phosphorylation in human adipocytes from control, obese, and 
NIDDM subjects. Diabetes, 1990. 39(2): p. 250-9. 

356. Le Roith, D. and Y. Zick, Recent advances in our understanding of insulin 
action and insulin resistance. Diabetes Care, 2001. 24(3): p. 588-97. 

357. Taylor, S.I., et al., Mutations in the insulin receptor gene. Endocr Rev, 1992. 
13(3): p. 566-95. 

358. Shulman, G.I., Cellular mechanisms of insulin resistance. J Clin Invest, 2000. 
106(2): p. 171-6. 

359. Carey, A.L. and M.A. Febbraio, Interleukin-6 and insulin sensitivity: friend or 
foe? Diabetologia, 2004. 47(7): p. 1135-42. 

360. Moller, D.E., Potential role of TNF-alpha in the pathogenesis of insulin 
resistance and type 2 diabetes. Trends Endocrinol Metab, 2000. 11(6): p. 212-
7.

361. Hotamisligil, G.S., N.S. Shargill, and B.M. Spiegelman, Adipose expression of 
tumor necrosis factor-alpha: direct role in obesity-linked insulin resistance.
Science, 1993. 259(5091): p. 87-91. 

362. Ofei, F., et al., Effects of an engineered human anti-TNF-alpha antibody 
(CDP571) on insulin sensitivity and glycemic control in patients with NIDDM.
Diabetes, 1996. 45(7): p. 881-5. 

363. Stephens, J.M., J. Lee, and P.F. Pilch, Tumor necrosis factor-alpha-induced 
insulin resistance in 3T3-L1 adipocytes is accompanied by a loss of insulin 
receptor substrate-1 and GLUT4 expression without a loss of insulin receptor-
mediated signal transduction. J Biol Chem, 1997. 272(2): p. 971-6. 

364. Hotamisligil, G.S., et al., IRS-1-mediated inhibition of insulin receptor 
tyrosine kinase activity in TNF-alpha- and obesity-induced insulin resistance.
Science, 1996. 271(5249): p. 665-8. 

365. Cheung, A.T., et al., An in vivo model for elucidation of the mechanism of 
tumor necrosis factor-alpha (TNF-alpha)-induced insulin resistance: evidence 
for differential regulation of insulin signaling by TNF-alpha. Endocrinology, 
1998. 139(12): p. 4928-35. 

366. Souza, S.C., et al., BRL 49653 blocks the lipolytic actions of tumor necrosis 
factor-alpha: a potential new insulin-sensitizing mechanism for 
thiazolidinediones. Diabetes, 1998. 47(4): p. 691-5. 

367. Kanemaki, T., et al., Interleukin 1beta and interleukin 6, but not tumor 
necrosis factor alpha, inhibit insulin-stimulated glycogen synthesis in rat 
hepatocytes. Hepatology, 1998. 27(5): p. 1296-303. 

368. Senn, J.J., et al., Interleukin-6 induces cellular insulin resistance in 
hepatocytes. Diabetes, 2002. 51(12): p. 3391-9. 

369. Stouthard, J.M., et al., Endocrinologic and metabolic effects of interleukin-6 in 
humans. Am J Physiol, 1995. 268(5 Pt 1): p. E813-9. 

370. Zhang, Y., et al., Positional cloning of the mouse obese gene and its human 
homologue. Nature, 1994. 372(6505): p. 425-32. 

371. Ceddia, R.B., et al., Analysis of paradoxical observations on the association 
between leptin and insulin resistance. Faseb J, 2002. 16(10): p. 1163-76. 

372. Flier, J.S., Leptin expression and action: new experimental paradigms. Proc 
Natl Acad Sci U S A, 1997. 94(9): p. 4242-5. 

373. Kusminski, C.M., P.G. McTernan, and S. Kumar, Role of resistin in obesity, 
insulin resistance and Type II diabetes. Clin Sci (Lond), 2005. 109(3): p. 243-
56.

89



374. Arita, Y., et al., Paradoxical decrease of an adipose-specific protein, 
adiponectin, in obesity. Biochem Biophys Res Commun, 1999. 257(1): p. 79-
83.

375. Pajvani, U.B. and P.E. Scherer, Adiponectin: systemic contributor to insulin 
sensitivity. Curr Diab Rep, 2003. 3(3): p. 207-13. 

376. Maeda, N., et al., Diet-induced insulin resistance in mice lacking 
adiponectin/ACRP30. Nat Med, 2002. 8(7): p. 731-7. 

377. Combs, T.P., et al., A transgenic mouse with a deletion in the collagenous 
domain of adiponectin displays elevated circulating adiponectin and improved 
insulin sensitivity. Endocrinology, 2004. 145(1): p. 367-83. 

378. Reitman, M.L., et al., Lipoatrophy revisited. Trends Endocrinol Metab, 2000. 
11(10): p. 410-6. 

379. Gavrilova, O., et al., Surgical implantation of adipose tissue reverses diabetes 
in lipoatrophic mice. J Clin Invest, 2000. 105(3): p. 271-8. 

380. Yamauchi, T., et al., The fat-derived hormone adiponectin reverses insulin 
resistance associated with both lipoatrophy and obesity. Nat Med, 2001. 7(8):
p. 941-6. 

381. Ryysy, L., et al., Hepatic fat content and insulin action on free fatty acids and 
glucose metabolism rather than insulin absorption are associated with insulin 
requirements during insulin therapy in type 2 diabetic patients. Diabetes, 
2000. 49(5): p. 749-58. 

382. Westerbacka, J., et al., Women and men have similar amounts of liver and 
intra-abdominal fat, despite more subcutaneous fat in women: implications for 
sex differences in markers of cardiovascular risk. Diabetologia, 2004. 47(8): 
p. 1360-9. 

383. Yki-Jarvinen, H., Fat in the liver and insulin resistance. Ann Med, 2005. 
37(5): p. 347-56. 

384. Griffin, M.E., et al., Free fatty acid-induced insulin resistance is associated 
with activation of protein kinase C theta and alterations in the insulin 
signaling cascade. Diabetes, 1999. 48(6): p. 1270-4. 

385. Schmitz-Peiffer, C., et al., Alterations in the expression and cellular 
localization of protein kinase C isozymes epsilon and theta are associated with 
insulin resistance in skeletal muscle of the high-fat-fed rat. Diabetes, 1997. 
46(2): p. 169-78. 

386. Coba, M.P., et al., Increased in vivo phosphorylation of insulin receptor at 
serine 994 in the liver of obese insulin-resistant Zucker rats. J Endocrinol, 
2004. 182(3): p. 433-44. 

387. Paz, K., et al., A molecular basis for insulin resistance. Elevated 
serine/threonine phosphorylation of IRS-1 and IRS-2 inhibits their binding to 
the juxtamembrane region of the insulin receptor and impairs their ability to 
undergo insulin-induced tyrosine phosphorylation. J Biol Chem, 1997. 
272(47): p. 29911-8. 

388. Tanti, J.F., et al., Serine/threonine phosphorylation of insulin receptor 
substrate 1 modulates insulin receptor signaling. J Biol Chem, 1994. 269(8):
p. 6051-7. 

389. Luly, P. and M. Shinitzky, Gross structural changes in isolated liver cell 
plasma membranes upon binding of insulin. Biochemistry, 1979. 18(3): p. 
445-50.

90



390. Stuschke, M. and H. Bojar, Insulin effect on translational diffusion of lipids 
and proteins in the plasma membrane of isolated rat hepatocytes. Biochim 
Biophys Acta, 1985. 845(3): p. 436-44. 

391. Pilch, P.F., P.A. Thompson, and M.P. Czech, Coordinate modulation of D-
glucose transport activity and bilayer fluidity in plasma membranes derived 
from control and insulin-treated adipocytes. Proc Natl Acad Sci U S A, 1980. 
77(2): p. 915-8. 

392. Kamada, T. and S. Otsuji, Lower levels of erythrocyte membrane fluidity in 
diabetic patients. A spin label study. Diabetes, 1983. 32(7): p. 585-91. 

393. Hianik, T. and J. Kavecansky, Study of physical mechanisms of insulin 
reception. Czech Med, 1989. 12(2): p. 101-16. 

394. Hianik, T., et al., Insulin-induced changes in mechanical characteristics of 
lipid bilayers modified by liver plasma membrane fragments. Gen Physiol 
Biophys, 1988. 7(2): p. 191-203. 

395. Leray, V., et al., Reconstitution studies of lipid effects on insulin-receptor 
kinase activation. Eur J Biochem, 1993. 213(1): p. 277-84. 

396. Bruneau, C., et al., Modifications of cellular lipids induce insulin resistance in 
cultured hepatoma cells. Biochim Biophys Acta, 1987. 928(3): p. 297-304. 

397. Bruneau, C., et al., Influence of lipid environment on insulin binding in 
cultured hepatoma cells. Biochim Biophys Acta, 1987. 928(3): p. 287-96. 

398. Meuillet, E.J., et al., Incorporation of exogenous lipids modulates insulin 
signaling in the hepatoma cell line, HepG2. Biochim Biophys Acta, 1999. 
1454(1): p. 38-48. 

399. Baldini, P., et al., Membrane lipid alterations and Na+-pumping activity in 
erythrocytes from IDDM and NIDDM subjects. Diabetes, 1989. 38(7): p. 825-
31.

400. Faloia, E., et al., Physicochemical and functional modifications induced by 
obesity on human erythrocyte membranes. Eur J Clin Invest, 1999. 29(5): p. 
432-7.

401. Garnier, M., et al., Erythrocyte deformability in diabetes and erythrocyte 
membrane lipid composition. Metabolism, 1990. 39(8): p. 794-8. 

402. Masella, R., et al., Insulin Receptor Processing and Lipid Composition of 
Erythrocyte Membrane in Patients with Hyperlipidemia. J Biomed Sci, 1995. 
2(3): p. 242-248. 

403. Muzulu, S.I., et al., Human red cell membrane fluidity and calcium pump 
activity in normolipidaemic type II diabetic subjects. Diabet Med, 1994. 11(8):
p. 763-7. 

404. Nehal, M., P. Venugopal, and N.Z. Baquer, Changes in the lipid composition 
of red blood cells in hyperglycemic rats. Biochem Int, 1990. 22(2): p. 243-8. 

405. Santini, M.T., et al., Changes in erythrocyte membrane lipid composition 
affect the transient decrease in membrane order which accompanies insulin 
receptor down-regulation. Experientia, 1992. 48(1): p. 36-9. 

406. Nadiv, O., et al., Elevated protein tyrosine phosphatase activity and increased 
membrane viscosity are associated with impaired activation of the insulin 
receptor kinase in old rats. Biochem J, 1994. 298 (Pt 2): p. 443-50. 

407. Yegutkin, G.G., et al., Evaluation of age-related changes of physicochemical 
properties and functional activity of rat adipose plasma membranes and their 
possible relationship. Mech Ageing Dev, 1991. 59(1-2): p. 1-16. 

91



408. Wiernsperger, N.F., Membrane physiology as a basis for the cellular effects of 
metformin in insulin resistance and diabetes. Diabetes Metab, 1999. 25(2): p. 
110-27.

409. Molee, W., et al., Changes in lipid composition of hepatocyte plasma 
membrane induced by overfeeding in duck. Comp Biochem Physiol B 
Biochem Mol Biol, 2005. 141(4): p. 437-44. 

410. Ronis, M.J., et al., Dietary saturated fat reduces alcoholic hepatotoxicity in 
rats by altering fatty acid metabolism and membrane composition. J Nutr, 
2004. 134(4): p. 904-12. 

411. Pol, A., et al., Dynamic and regulated association of caveolin with lipid 
bodies: modulation of lipid body motility and function by a dominant negative 
mutant. Mol Biol Cell, 2004. 15(1): p. 99-110. 

412. Calvo, M., et al., Morphologic and functional characterization of caveolae in 
rat liver hepatocytes. Hepatology, 2001. 33(5): p. 1259-69. 

413. Malerod, L., et al., The expression of scavenger receptor class B, type I (SR-
BI) and caveolin-1 in parenchymal and nonparenchymal liver cells. Cell 
Tissue Res, 2002. 307(2): p. 173-80. 

414. Malaba, L., et al., Retinol-binding protein and asialo-orosomucoid are taken 
up by different pathways in liver cells. J Biol Chem, 1995. 270(26): p. 15686-
92.

415. Parpal, S., et al., Cholesterol Depletion Disrupts Caveolae and Insulin 
Receptor Signaling for Metabolic Control via Insulin Receptor Substrate-1, 
but Not for Mitogen-activated Protein Kinase Control. J Biol Chem, 2001. 
276(13): p. 9670-8. 

416. Cherukuri, A., et al., B cell signaling is regulated by induced palmitoylation of 
CD81. J Biol Chem, 2004. 279(30): p. 31973-82. 

417. Smets, F.N., et al., Loss of cell anchorage triggers apoptosis (anoikis) in 
primary mouse hepatocytes. Mol Genet Metab, 2002. 75(4): p. 344-52. 

418. Arterburn, L.M., et al., A morphological study of differentiated hepatocytes in 
vitro. Hepatology, 1995. 22(1): p. 175-87. 

419. Henderson, L.P., et al., Embryonic striatal neurons from niemann-pick type C 
mice exhibit defects in cholesterol metabolism and neurotrophin 
responsiveness. J Biol Chem, 2000. 275(26): p. 20179-87. 

420. Xie, C., et al., Cholesterol balance and metabolism in mice with loss of 
function of Niemann-Pick C protein. Am J Physiol, 1999. 276(2 Pt 1): p. 
E336-44.

421. Blom, T.S., et al., Mass spectrometric analysis reveals an increase in plasma 
membrane polyunsaturated phospholipid species upon cellular cholesterol 
loading. Biochemistry, 2001. 40(48): p. 14635-44. 

422. Koike, T., et al., Decreased membrane fluidity and unsaturated fatty acids in 
Niemann-Pick disease type C fibroblasts. Biochim Biophys Acta, 1998. 
1406(3): p. 327-35. 

423. Lange, Y., et al., Dynamics of lysosomal cholesterol in Niemann-Pick type C 
and normal human fibroblasts. J Lipid Res, 2002. 43(2): p. 198-204. 

424. Ahn, K.W. and N.S. Sampson, Cholesterol oxidase senses subtle changes in 
lipid bilayer structure. Biochemistry, 2004. 43(3): p. 827-36. 

425. Reid, P.C., S. Sugii, and T.Y. Chang, Trafficking defects in endogenously 
synthesized cholesterol in fibroblasts, macrophages, hepatocytes, and glial 
cells from Niemann-Pick type C1 mice. J Lipid Res, 2003. 44(5): p. 1010-9. 

92



426. Wustner, D., et al., Different transport routes for high density lipoprotein and 
its associated free sterol in polarized hepatic cells. J Lipid Res, 2004. 45(3): p. 
427-37.

427. Wustner, D., Mathematical analysis of hepatic high density lipoprotein 
transport based on quantitative imaging data. J Biol Chem, 2005. 280(8): p. 
6766-79.

428. Kawato, S., K. Kinosita, Jr., and A. Ikegami, Dynamic structure of lipid 
bilayers studied by nanosecond fluorescence techniques. Biochemistry, 1977. 
16(11): p. 2319-24. 

429. Gidwani, A., D. Holowka, and B. Baird, Fluorescence anisotropy 
measurements of lipid order in plasma membranes and lipid rafts from RBL-
2H3 mast cells. Biochemistry, 2001. 40(41): p. 12422-9. 

430. Wechsler, A., et al., Generation of viable cholesterol-free mice. Science, 2003. 
302(5653): p. 2087. 

431. Wenz, J.J. and F.J. Barrantes, Steroid structural requirements for stabilizing 
or disrupting lipid domains. Biochemistry, 2003. 42(48): p. 14267-76. 

432. Johnson, W.J., et al., Efflux of newly synthesized cholesterol and biosynthetic 
sterol intermediates from cells. Dependence on acceptor type and on 
enrichment of cells with cholesterol. J Biol Chem, 1995. 270(42): p. 25037-46. 

433. Rog, T. and M. Pasenkiewicz-Gierula, Cholesterol effects on the 
phosphatidylcholine bilayer nonpolar region: a molecular simulation study.
Biophys J, 2001. 81(4): p. 2190-202. 

434. Rog, T. and M. Pasenkiewicz-Gierula, Non-polar interactions between 
cholesterol and phospholipids: a molecular dynamics simulation study.
Biophysical Chemistry, 2004. 107(2): p. 151-164. 

435. Brown, A.J., et al., Cholesterol addition to ER membranes alters conformation 
of SCAP, the SREBP escort protein that regulates cholesterol metabolism.
Mol Cell, 2002. 10(2): p. 237-45. 

436. Tavani, D.M., W.R. Nes, and J.T. Billheimer, The sterol substrate specificity 
of acyl CoA:cholesterol acyltransferase from rat liver. J Lipid Res, 1982. 
23(5): p. 774-81. 

437. Volpe, J.J. and S.W. Hennessy, Cholesterol biosynthesis and 3-hydroxy-3-
methyl-glutaryl coenzyme A reductase in cultured glial and neuronal cells. 
Regulation by lipoprotein and by certain free sterols. Biochim Biophys Acta, 
1977. 486(3): p. 408-20. 

438. Saucier, S.E., et al., Oxygenation of desmosterol and cholesterol in cell 
cultures. J Lipid Res, 1990. 31(12): p. 2179-85. 

439. Nordby, G. and K.R. Norum, Substrate specificity of lecithin:cholesterol 
acyltransferase. Esterification of desmosterol, b-sitosterol, and cholecalciferol 
in human plasma. Scand J Clin Lab Invest, 1975. 35(7): p. 677-82. 

440. Cooper, M.K., et al., A defective response to Hedgehog signaling in disorders 
of cholesterol biosynthesis. Nat Genet, 2003. 33(4): p. 508-13. 

441. Lagerholm, B.C., et al., Detecting microdomains in intact cell membranes.
Annu Rev Phys Chem, 2005. 56: p. 309-36. 

93


	CONTENTS
	ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	ABSTRACT
	REVIEW OF THE LITERATURE
	AIMS OF THE STUDY
	METHODS
	RESULTS AND DISCUSSION
	PROSPECTIVES
	ACKNOWLEDGEMENTS
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




