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Abstract
Sphingolipids constitute a diverse array of lipids in which fatty acids are linked through amide bonds to a long-chain base, and, structurally, they form the building blocks of eukaryotic membranes. Ceramide is the simplest and serves as a precursor for the synthesis of the three main types of complex sphingolipids; sphingomyelins, glycosphingolipids and gangliosides. Sphingolipids are no longer considered mere structural spectators, but bioactive molecules with functions beyond providing a mechanically stable and chemically resistant barrier to a diverse array of cellular processes. Although sphingolipids form a somewhat minor component of the total cellular lipid pool, their accumulation in certain cells forms the basis of many diseases. Human diseases caused by alterations in the metabolism of sphingolipids are conventionally inborn errors of degradation, the most common being Gaucher disease, in which the catabolism of glucosylceramide is defective and accumulates. Insulin resistance has been reported in patients with Gaucher disease and this article presents evidence that this is due to perturbations in the metabolism of sphingolipids. Ceramide and the more complex sphingolipids, the gangliosides, are constituents of specialised membrane microdomains termed lipid rafts. Lipid rafts play a role in facilitating and regulating lipid and protein interactions in cells, and their unique lipid composition enables them to carry out this role. The lipid composition of rafts is altered in cell models of Gaucher disease which may be responsible for impaired lipid and protein sorting observed in this disorder, and consequently pathology. Lipid rafts are also necessary for correct insulin signalling, and a perturbed lipid raft composition may impair insulin signalling. Unravelling common nodes of interaction between insulin resistance and Gaucher disease may lead to a better understanding of the biochemical mechanisms behind pathology.
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Introduction
Sphingolipids have become the subject of a number of biochemical processes and as such have earned the topical label of "bioactivity" [1]. Sphingolipids are also implemented in a number of disease states not only when their metabolism is affected, but when seemingly unrelated cellular homeostatic mechanisms are imbalanced. Sphingolipids are amphipathic molecules with varying degrees of hydrophobic and hydrophilic properties. The hydrophobic region comprises a long-chain base, sometimes referred to as a sphingoid base, which is linked through an amide bond to a fatty acid (Figure 1). The sphingoid base is usually 18 carbons in length, with the C20 being somewhat less common (reviewed in [2]). The hydrophilic region in the simplest sphingolipids can consist of just hydroxyl groups, whereas the more complex sphingolipids have phosphates and sugar residues attached. Given there are at least five different sphingoid bases present in mammalian cells with more than 20 arrangements of fatty acids differing in length of the alkyl chain and level of both saturation and hydroxylation, coupled with more than 500 carbohydrate structures reported in the glycosphingolipids, the number of possible structures is considerable [1, 3]. Although a paradigm of combinatorial biosynthesis has been described to address the high degree of complexity [4], how cells deal with such lipid complexity is a central biochemical question. This can be taken to an extra dimension when considering the aberrations that can occur in a cell's management of lipids and how this is linked to disease.[image: A12944_2010_Article_362_Fig1_HTML.jpg]
Figure 1General chemical structure of sphingolipids. The long chain sphingosine base, generally of 18 carbons, is linked through an amide bond to a fatty acid. R = H is ceramide, the simplest sphingolipid; R = phosphocholine is sphingomyelin and R = sugars produces the glycosphingolipids including gangliosides.




Human diseases caused by alterations in the metabolism of sphingolipids are generally disorders of their degradation [5]. Traditionally the hallmark is the sphingolipidoses, named after the lipids that accumulate. They are a group of relatively rare inborn errors of metabolism caused by gene defects encoding proteins in the lysosomal degradation of sphingolipids [6]. Consequently the sphingolipid substrate for the defective protein accumulates in affected cells. Considered the prototype, Gaucher disease results from a deficiency of acid β-glucosidase, the enzyme responsible for the lysosomal hydrolysis of the sphingolipid, glucosylceramide, to glucose and ceramide [7]. Aside from the accumulation of glucosylceramide, a number of other secondarily stored sphingolipids reside in Gaucher disease [8, 9]. A growing body of evidence now supports a role for aberrant accumulation of sphingolipids in conditions of insulin resistance [10], and this review explores the connection between sphingolipid alterations in Gaucher disease and how this is similar in insulin resistance.

Structure of Sphingolipids
The simplest of all the sphingolipids is ceramide, which consists of a long-chain (sphingoid) base, commonly 18 carbons in length, linked to a fatty acid via an amide bond. The fatty acids in ceramide vary between 2 and 28 carbon atoms in the acyl chain and saturation. Ceramide provides the platform for both the synthesis and catabolism of the complex sphingolipids and is therefore often referred to as the 'hub' of sphingolipid metabolism [11]. There are three main types of sphingolipids which differ in their hydrophilic attachments onto ceramide. The first of these are the sphingomyelins which have a phosphorycholine or phosphoroethanolamine molecule with an ether linkage to the 1-hydroxy group of a ceramide; the glycosphingolipids which are ceramides with one or more sugar residues joined through a β-glycosidic linkage; and lastly the gangliosides which have at least three sugars, one of which must be sialic acid (Figure 1).

Sphingolipid Metabolism
Sphingolipid metabolism is a complex interconnected network that is regulated by the synthesis and degradation of the sphingolipids themselves. Alterations in the production of individual sphingolipids effects the levels of sphingolipids that serve as substrates as well as the sphingolipid products that ensue [12]. For example, an enzyme that requires ceramide as a substrate to synthesise sphingomyelin, potentially also functions to regulate ceramide levels, as well as the many metabolites of ceramide, including sphingomyelin.
Synthesis
De novo synthesis of ceramide begins with the formation of dihydrosphingosine via the linkage of serine with palmitic acid derived from palmitoyl-CoA. This condensation reaction is catalysed by serine palmitoyltransferase and takes place at the cytosolic leaflet of the ER [13]. The rate of de novo ceramide synthesis is regulated by the availability of the precursors, palmitoyl-CoA and serine [14]. Extracellular cytokines increase ceramide synthesis by up-regulating the expression of serine palmitoyltransferase [15]. Dihydrosphingosine can then undergo N-acylation with various fatty acids ranging in length from 14 to 28 carbons, with differing degrees of saturation to produce dihydroceramide, the reaction catalysed by dihydroceramide synthase. Dihydroceramide desaturase can subsequently reduce dihydroceramide to ceramide [16, 17].
Once formed, ceramide becomes the precursor for the synthesis of further sphingolipid types (Figure 2). Firstly, it may undergo a simple cleavage reaction catalysed by ceramidase to produce sphingosine, which in turn serves as a substrate for sphingosine kinase to result in the formation of sphingosine 1-phosphate, a highly bioactive lipid [18]. Another recently identified bioactive lipid can be formed by phosphorylation of ceramide at the 1-position by ceramide kinase to generate ceramide 1-phosphate [19].[image: A12944_2010_Article_362_Fig2_HTML.jpg]
Figure 2The fate of ceramide. Phosphorylation of ceramide by ceramide kinase generates ceramide 1-phosphate. Ceramide can be cleaved by ceramidase to produce sphingosine from which sphingosine kinase may act upon forming sphingosine 1-phosphate. Sphingomyelin is produced by the addition of phosphorycholine to the 1-hydroxyl on ceramide. Ceramide also undergoes glucosylation, producing glucosylceramide, en route to the synthesis of the glycosphingolipids including the gangliosides.




Aside from the formation of sphingosine, sphingosine 1-phosphate and ceramide 1-phosphate, ceramide leads to the synthesis of sphingomyelin and the glycosphingolipids, including the gangliosides. Sphingomyelin is produced by the transfer of phosphorycholine from the phospholipid, phosphatidylcholine, to the 1-hydroxyl group of ceramide [20]. The first step in glycosphingolipid synthesis is the glucosylation of ceramide forming glucosylceramide (Figure 2) by the action of glucosylceramide synthase, which transfers glucose from UDP-glucose to ceramide [21]. Glucosylceramide is then converted to lactosylceramide by β- (1,4) transfer of galactose from UDP-galactose by galactosyltransferase I [22]. Lactosylceramide can then serve as the substrate for the synthesis of more complex sphingolipids, known as the gangliosides (Figure 3). The only known exception is GM4, a major component of myelin where three highly specific sialyltransferases (I, II and III) are responsible for the stepwise conversion of lactosylceramide to the mono-, di- and trisialo-gangliosides (GM3, GD3 and GT3, respectively) [23]. Together with lactosylceramide, these three gangliosides are precursors for the synthesis of the o-, a-, b- and c-series with none, one, two or three sialic residues attached to the 3-position of the galactose residue (Figure 3). The gangliosides of both the o- and c-series are only present in trace amounts in human tissue [24].[image: A12944_2010_Article_362_Fig3_HTML.jpg]
Figure 3Schematic of ganglioside synthesis. Structures and synthetic pathways for the gangliosides. Synthesis is depicted starting with lactosylceramide (LacCer). GalNAc-T, GA2/GM2/GD2/GT2 synthase; GalT-II, GA1/GM1/GD1b/GT1c synthase; ST-IV, GM1b/GD1a/GT1b/GQ1c synthase; ST-V, GD1c/GT1a/GQ1b/GT3 synthase; ST-VII, GD1a/GT1aα/GQ1bα/GP1cα synthase.





Catabolism
Lysosomes in eukaryotic cells are the primary place for the constitutive degradation of the complex sphingolipids [25]. The stepwise breakdown of complex sphingolipids terminates with ceramide which then leaves the lysosome. Throughout different subcellular localisations, ceramide is subsequently degraded to sphingosine and a fatty acid by the action of a family of ceramidases [11].
For lysosomal degradation, complex sphingolipids must reach the endosomal/lysosomal network. A number of cellular processes assist this including endocytosis, phagocytosis, autophagy and direct transport, with the choice dependent on the source of sphingolipid [26]. Once in the lysosome, monosaccharides are sequentially cleaved by water soluble exohydrolases acting at the non-reducing end sugar in the glycosphingolipid. Glycosphingolipids are embedded in the intralysosomal membrane making the presence of sphingolipid activator proteins (SAPs) required for their degradation. SAPs function to either mediate the interaction between the membrane bound glycosphingolipid substrate and the water soluble exohydrolase or activate the enzyme directly [27]. The SAPs are five small non-enzymatic glycoproteins that are encoded by two genes. One gene encodes for the precursor of the GM2 activator protein and the second gene codes for prosaposin, subsequently proteolytically processed to the four SAPs A-D [28, 29].
Ganglioside degradation begins with the action of the lysosomal sialidase on the multi-sialogangliosides to produce the corresponding mono-sialogangliosides, GM1 and GM2. GM1 is hydrolysed to GM2 by the removal of galactose by a β-galactosidase in the presence of SAP-B. β -N-acetyl-hexosaminidase removes N-acetyl-galactosamine from GM2 to produce GM3. With the aid of SAP-B, a sialidase then breaks down GM3 into lactosylceramide and sialic acid [30]. Subsequently, by either galactosylceramide-β-galactosidase or GM1-β-galactosidase a galactose is removed to produce glucosylceramide, which is then reduced to ceramide and glucose with β-glucosidase. Ceramide is also the product of sphingomyelin hydrolysis via the action of acid sphingomyelinase. Activator proteins SAP-B or -C are again required for these reactions [31, 32]. Further, a phosphorycholine moiety, also a product of sphingomyelin hydrolysis, leaves the lysosome and is re-utilised. Lysosomal degradation of ceramide by acid ceramidase in the presence of SAP-D [33] is the final step and produces sphingosine and a fatty acid, which, along with other cleavage products leave the lysosome. In the cytosol, sphingosine can be phosphorylated to sphingosine 1-phosphate or can be re-acetylated back to ceramide. The non-glycosylated sphingolipids, ceramide and sphingomyelin, can also be degraded outside the lysosome in other sub-cellular locations without the need for SAPs [34]. For example, at the plasma membrane and in the Golgi, sphingomyelin can be degraded by two different sphingomyelinases to ceramide, which is subsequently cleaved by ceramidases to sphingosine which is able to be converted by sphingosine kinase to sphingosine 1-phosphate. The biological functions of ceramide and sphingomyelin, as well as their signaling metabolites, are believed to be dictated by their sub-cellular location, and that enzymes of sphingolipid metabolism regulate their cellular levels [35, 36].


Functions of Sphingolipids
Sphingolipids play a prominent role in cell signaling, acting as both first and second messengers in a variety of signaling and regulatory pathways [37]. Of all the sphingolipids, ceramide and sphingosine, together with their phosphorylated counterparts, have received the most attention with regard to bioactivity. Ceramide has been the benchmark, known for over 15 years to be involved in apoptosis [38] and cell senescence [39], and is now known to mediate many cell-stress responses, making it difficult to find a cellular process that does not involve ceramide, at least to some extent [11, 36]. By modulation of signaling pathways, including pleiotropic effects on protein kinases, sphingosine has a role in inducing cell cycle arrest and apoptosis, regulating the actin cytoskeleton and endocytosis [40].
Sphingosine 1-phosphate is often referred to as the ceramide antagonist, as it is known for its cell proliferating ability by regulating cell growth, survival and proliferation, as well as cell migration and inflammation [41]. Ceramide 1-phosphate has a role in inflammation and vesicular trafficking [42], glucosylceramide in drug resistance [43] and more recently a role for dihydroceramide in cell regulation has been reported [44]. It is inevitable that as the field of lipid metabolism continues to mature, further sphingolipids and functions will be identified with 'bioactive' status. Although some mechanisms of sphingolipid action are known, (for example the pro-apoptotic function of ceramide involves binding to protein kinase Cζ [45]), efforts to determine how bioactive sphingolipids transmit their respective signals will intensify.

Sphingolipids in Membranes
Sphingolipids are also important constituents of membranes, and together with cholesterol and the glycerophospholipids, they form the platform of eukaryotic membranes. On the surface of mammalian cells sphingolipids form patterns that are characteristic of the cell type, and alter in response to cell growth, differentiation, oncogenesis and external stimuli [46]. The lipid composition also gives rise to the different phases in the membrane, and thus begins the notion of the lipid raft hypothesis. Sphingomyelin associates with cholesterol in sphingolipid-/cholesterol-enriched domains, forming microdomains termed lipid rafts [47, 48]. The fatty acid side chains of the phospholipids present in lipid rafts tend to be more highly saturated than those in the surrounding membrane. This facilitates tight packing with the saturated acyl chains of the sphingolipids and, due to the presence of cholesterol, a liquid ordered microdomain is formed that exhibits less fluidity than the surrounding membrane. Lipid rafts can be isolated by their resistance to solubilisation in non-ionic detergents and buoyancy in sucrose, and we have used this approach to characterise the lipid composition of rafts from cultured cells [49]. Figure 4 shows an example of the distribution of sphingolipids in cultured skin fibroblasts demonstrating that they predominate in the lipid raft domains rather than the soluble membrane domains. Cholesterol is believed to act as a spacer between the hydrocarbon chains of the sphingolipids holding the rafts together and, because it has a higher affinity to raft sphingolipids than to unsaturated phospholipids, it partitions between the raft and the rest of the membrane [50]. Although as much as half of the plasma membrane may be composed of rafts, it must be noted that many aspects of raft structure remain controversial, primarily because of the technical difficulties involved in their isolation and characterisation [51].[image: A12944_2010_Article_362_Fig4_HTML.jpg]
Figure 4Sphingolipid composition of lipid rafts and soluble domains in cultured skin fibroblasts. Lipid rafts were isolated from cultured skin fibroblasts (6 mg of total cell protein) and the lipids present in each of the 12 fractions were extracted and analysed by mass spectrometry as described previously [50]. Individual species of ceramide (Cer, closed squares), glucosylceramide (GC, open diamonds), lactosylceramide (LC, closed triangles) and trihexosylceramide (THC, crosses) were summed and shown. Results are expressed as pmol lipid per mg of total protein. Lipid rafts are localised to fractions 3 and 4.




The importance of sphingolipids in cellular events has been underscored by the role of lipid rafts in intracellular signaling and vesicular trafficking [52]. Lipid rafts facilitate interactions among the lipid and protein components of signaling pathways, thereby regulating these processes. Rafts have been implicated in promoting clustering of receptors, which has been suggested to assist in the organisation of signaling molecules. It is the unique lipid composition of rafts that is believed to allow them to carry out their signaling role. What happens to signaling when the lipid composition of lipid rafts is altered is one of the most intriguing questions in lipid membrane biochemistry [53].
A seminal finding of lipid raft signaling was the observation that lipid rafts are crucial for the phosphoinositide-3 kinase (PI(3)K)/Akt signaling pathway [54], which is essential for cell physiology. Upon growth factor stimulation, PI(3)K catalyses the conversion of phosphatidylinositol (4,5)-bisphosphate to the second messenger phosphatidylinositol (3,4.5)-triphosphate, that recruits Akt from the cytosol to the plasma membrane. Here, Akt goes through two phosphorylation events, one at a threonine residue at the T-loop of Akt [55] and another at a serine residue located at the C-terminal region of the molecule [56], catalsyed by phosphoinositide-dependent kinase 1 and 2, respectively, to activate Akt. Both the phosphoinositide-dependent kinases and Akt are located in lipid rafts and disturbing raft lipid composition alters cell survival and metabolism via the PI(3)K/Akt signaling pathway [57, 58].

Inborn Errors of Sphingolipid Metabolism
The importance of efficient sphingolipid degradation is illustrated by the existence of inherited lysosomal glycosidase and activator protein deficiencies that lead to a group of lysosomal storage disorders known as the sphingolipidoses [5]. The sphingolipidoses consist of at least nine disorders, each resulting in the accumulation of sphingolipids within the lysosomes of affected cells (Table 1). The primary substrate that accumulates in the lysosome, the substrate for the enzyme deficiency, leads to a range of pathology that can involve the liver, spleen, kidney, bone and central nervous system. Although the primary enzymatic defects and the resulting clinical pathologies have been well characterised for these disorders, there is little known about the biochemical processes leading to clinical pathology.Table 1The sphingolipidoses


	disease
	clinical phenotype
	OMIM number
	enzyme deficiency
	primary stored sphingolipids

	GM1-gangliosidosis types I/II/III
	 	230500
	β-galactosidase
	GM1 and GA1 ganglioside

	GM2-gangliosidosis type A/B
	 	272750
	GM2-activator deficiency
	GM2 ganglioside

	GM2-gangliosidosis type I (B variant)
	Tay-Sachs disease
	272800
	β-hexosaminidase A
	GM2 ganglioside

	GM2-gangliosidosis type II (O variant)
	Sandhoff disease
	268800
	β-hexosaminidase A and B
	GM2 and GA2 ganglioside, and globoside

	Gaucher disease
	 	230800 176801
	acid β-glucosidase or SAPC or LIMP-2
	glucosylceramide

	Fabry disease
	 	301500
	α-galactosidase A
	ceramide trihexoside

	metachromatic leukodystrophy
	 	250100 249900
	arylsulphatase A or SAPB
	sulphated galactosylceramide

	globoid cell leukodystrophy
	Krabbe disease
	245200
	β-galactocerebrosidase
	galactosylceramide

	Niemann-Pick type A/B
	Niemann-Pick disease
	257200
	acid sphingomyelinase
	sphingomyelin

	Farber lipogranulomatosis
	Farber disaese
	301500
	acid ceramidase
	ceramide


OMIM, Online Mendelian Inheritance in Man



A fundamental question is how the lysosome accumulates sphingolipids that can differ in as little as two hexose attachments, can display such a disparate phenotype. For example, in Fabry disease, where the lysosomal accumulation of ceramide trihexoside manifests as acroparesthesias, angiokeratoma and occlusive vascular disease of the kidney, heart or brain, compared with Gaucher disease where accumulation of a monohexosylceramide leads to massive hepatomegaly and splenomegaly. Such diverse and extensive array of clinical manifestations suggests that many secondary biochemical pathways involving, but not limited to, sphingolipids must also be affected [59]. Beside the accumulation of the primary sphingolipid substrate in the sphingolipidoses, secondary sphingolipid alterations have also been reported [8, 60, 61]. Perhaps this is not surprising given the homeostatic response that would come into play in attempt to restore the sphingolipid balance when the degradation of one is impaired. It has been hypothesised that an accumulation of lipids in lipid rafts in late endosomes/lysosomes has a role in the pathogenesis of the sphingolipidoses [62]. This is evidenced in Niemann-Pick C disease where cholesterol/sphingolipid accumulation causes an overcrowding of rafts in the endocytic network to form multilamellar bodies [63]. Additionally, alterations in lipid raft composition occur in Gaucher disease [49].
Gaucher Disease
Gaucher disease is often considered the prototype for the sphingolipidoses; not only is it the most prevalent lysosomal storage disorder [64] it was also the first to be described [65]. As such it has served as a model for the treatment of other lysosomal storage disorders and inborn errors of metabolism [66, 67]. Gaucher disease is inherited in an autosomal recessive manner and results from the deficiency of acid β-glucosidase, the enzyme responsible for the lysosomal hydrolysis of the sphingolipid, glucosylceramide, to glucose and ceramide. Insufficient acid β-glucosidase activity from more than 300 mutations in its gene has been shown to affect its catalytic function, intracellular stability and/or trafficking [68, 69]. This enzyme dysfunction leads to the lysosomal accumulation of glucosylceramide, which is also a metabolic intermediate derived from the cellular turnover of membrane gangliosides and globosides. The major site of glucosylceramide storage is the cells of the mononuclear phagocyte system, especially those in the liver, spleen, lung and bone marrow. The accumulation of excess glucosylceramide in macrophages is the main manifestation in visceral organs, leading to hepatosplenomegaly, anaemia and thrombocytopaenia and bone involvement. Less common is lung involvement, as well as many other rather inconsistent manifestations [7]. Although the pathology of Gaucher disease primarily results from the storage of sphingolipids in tissues throughout the mononuclear phagocyte system with subsequent macrophage activation and tissue inflammation, the mechanisms behind disease remain ill-defined [70].
The disease has been broadly categorised into three clinical subtypes based on the presence and the rate of rapidly advancing central nervous system pathology: type 1 is the non-neuronopathic form exhibiting only the visceral manifestations, and types 2 and 3 are the acute and sub-acute neuronopathic variants, respectively. Type 2 is generally seen in infancy with a rapid neurodegenerative course and death usually within the second year of life. Type 3 generally progresses with a more chronic course, a later onset and a slower neurodegenerative path than type 2. Type 1 is more common, with an estimated incidence of about 1 in 855 live-births in the Ashkenazi Jewish population [7] and age of onset highly variable. As with all of the sphingolipidoses, a broad spectrum of phenotypes exists as do some general genotype/phenotype correlations [71]. The advent of enzyme replacement therapy has revolutionised the outlook for individuals with type 1 Gaucher disease [67]. This therapy is very effective in reducing organ size and correcting haematological abnormalities, however its effect on skeletal and other complications of disease is not so straightforward [72].

Sphingolipid Related Cellular Pathobiology
Although the characteristic sphingolipid laden macrophages are the hallmark of Gaucher disease, resulting in macrophage activation and tissue inflammation, it is clear that other homeostatic alterations underlie disease symptomatology. With respect to sphingolipids, the primary storage of glucoslyceramide leads to secondary alterations of sphingolipids that have been reported to affect gangliosides in various tissues [73] and sphingomyelin in cell models of Gaucher disease [74]. We have also shown secondary increases in ceramide, di- and trihexosylceramides in a macrophage model of the disorder [8] and in fibroblasts from Gaucher patients [9]. Moreover, this secondary sphingolipid accumulation, as well as glucosylceramide, was shown to extend beyond the lysosome implying interference with biochemical pathways at extralysosomal sites. It has also been proposed that the secondary accumulation of other sphingolipids such as ceramide, sphingosine and sphingosine 1-phosphate act as signaling intermediaries to produce an activation of macrophages, with the subsequent release of pro-inflammatory cytokines [75].
The skeletal complications of Gaucher disease likely relate to humoral factors produced by lipid laden macrophages that ultimately alter bone remodelling [76]. The observation of the critical role of circulating sphingosine 1-phosphate in bone homeostasis suggests involvement of this sphingolipid in Gaucher disease [77]. In fact reduced sphingosine 1-phosphate levels have been observed in mesenchymal stromal cells with chemically induced inhibition of β-glucosidase to mimic the Gaucher disease phenotype [78]. Additionally in this model, and in mesenchymal stromal cells from a type 1 Gaucher patient a number of inflammatory mediators were found to be upregulated. As sphingolipids are involved in inflammation and apoptosis, they may have a direct activating or enhancing effect on macrophage function, which has been earlier postulated to be mediated through calcium channel dysfunction [79]. Glucosylceramide and its catabolism to ceramide is, at least in part, believed to have an immunomodulatory effect by enhancing dendritic cells as well as natural killer and regulatory T cells [80]. Although many of these processes underlie these secondary disturbances, much still remains to be learned to delineate the metabolic pathways involved and the "triggers" for these biochemical processes.
Recently the catabolic processes that occur in the lysosome were demonstrated to be directly involved in lipid metabolism [81]. The key finding was that the process of autophagy regulates lipid metabolism, by mobilising intracellular lipid stores as an additional source of energy. This indicates that lysosomes do not fuse directly with cholesterol and triglyceride contained in stored lipid droplets but rather fuse with lipid droplet containing phagosomes. Although the exact mechanisms of degradation of lipid droplets through autophagy remain to be elucidated, it provides evidence for a role for autophagy and lysosomal degradation in lipid metabolism. [82]


The effect of Sphingolipids on Insulin Sensitivity
Insulin resistance is defined as the reduced ability of a cell to respond to physiological concentrations of insulin. In normal physiological conditions following insulin stimulation, insulin binds to the insulin receptor and induces autophosphorylation via the receptor's intrinsic tyrosine kinase. The activated receptor phosphorylates a family of insulin receptor substrate proteins which initiates at least two signaling cascades. Firstly, Akt together with protein kinase C, promotes translocation of the glucose transporter (GLUT-4) to the plasma membrane enabling the uptake of glucose, and secondly, the mitogen activated protein kinase cascade is initiated. Interestingly, this latter cascade is not involved in either insulin stimulated glucose transport or glycogen metabolism [83]. The PI(3)K/Akt signaling pathway however, is central to proper insulin signaling [84].
As discussed above, lipid rafts are required for effective PI(3)K/Akt signaling. Evidence suggests that as there is a requirement for the spatiotemporal organization of signaling components in plasma membrane domains for effective insulin signaling [85]. Coupled with the finding of the insulin receptor in lipid rafts [86], the nature of the sphingolipids in these domains may be one of the determining factors in the functioning of these signaling components and thereby insulin signaling. A number of studies would support this and imply that one of the many causes of insulin resistance is related to altered sphingolipid metabolism. Firstly, ceramide is known to inhibit insulin signaling via the Akt signaling pathway, effectively blocking Akt activation. The mechanism prevents the translocation of Akt to the plasma membrane and activation of the phosphoinositide-dependent kinase 2, which impairs Akt activation by removing the activating phosphates [87]. Increased concentrations of ceramide have been reported in skeletal muscle biopsies from obese humans with insulin resistance [88], but further studies have yielded conflicting results. Skovbro et al. [89] reported that ceramide failed to increase in both insulin resistant and type 2 diabetic patients compared to individuals with a normal insulin response. Additionally, work reported by Holland et al. [90] suggest that the types of oils (lard oil high in saturated fatty acids, versus soy bean oil, primarily unsaturated fatty acids) used in these experiments may explain some of the disparity, as unsaturated fat has been shown to cause insulin resistance independently of ceramide. Ceramide debate is likely to continue until a consensus on its contribution to insulin resistance can be achieved [91].
GM3 is another sphingolipid believed to interfere with insulin signaling. Experiments in vivo using GM3 synthase knockout mice showed enhanced tyrosine phosphorylation of the skeletal muscle insulin receptor when compared with wild-type mice [92]. The addition of GM3 to cultured 3T3-adipocytes was shown to suppress insulin stimulated tyrosine phosphorylation of the insulin receptor and its downstream substrate, resulting in impaired glucose uptake [93]. A proposed mechanism for this is that GM3 displaces the insulin receptor in lipid rafts, impairing insulin receptor interaction and effectively decreasing insulin receptor dependent signaling [94]. In the lipid rafts the amount of GM3 doubled whereas it remained unchanged in untreated 3T3-adipocytes. Nonetheless the integrity of the insulin receptor in rafts may be maintained via interaction with lipid raft proteins such as caveolin. The potential role of other sphingolipids in insulin resistance is somewhat restricted. Sphingosine has received some attention, as has glucosylceramide, although mechanisms of action are purely speculative at this stage [95]. Further research to link these mechanisms to impaired lipid raft function due to interactions between sphingolipids present in the rafts and the insulin receptor, as well as Akt and other potential signalling pathways is needed.

Insulin Resistance and Gaucher Disease
The connection of sphingolipids to insulin resistance has emanated from experimental findings outlined above, demonstrating that sphingolipid metabolism influences insulin sensitivity. It follows that Gaucher disease, a genetic disorder of sphingolipid metabolism, is a useful human model to investigate the potential role of sphingolipids in insulin resistance. To this end, impaired insulin mediated glucose uptake has been demonstrated in patients with Gaucher disease compared with unaffected controls [96]. Although the number of Gaucher patients investigated was only six making it difficult to determine how widespread insulin resistance might be in the Gaucher population. A subsequent study that included larger numbers of Gaucher patients, some of whom were receiving enzyme replacement, showed that there was no increase in the prevalence of type II diabetes in Gaucher patients [97]. Interestingly, this study found that the number of these Gaucher patients that were overweight was less than in the general population, and further findings of Ucar et al. [98] reported that insulin resistance in Gaucher disease was not related to overweight.
Energy balance is altered in mice models of lysosomal storage disorders. Both a deficiency in adipose storage and lower leptin levels were demonstrated in five different lysosomal storage disorders, highlighting the involvement of lipid metabolism [99]. This is in support of earlier findings reporting increased energy expenditure in Gaucher patients [100, 101]. Clearly metabolic abnormalities are apparent in Gaucher disease but the administration of replacement enzyme to reduce glucosylceramide levels in patients seems to bring about its own metabolic consequences such as peripheral insulin resistance [97]. It is not clear whether this is due to reductions in glucosylceramide levels per se or secondary sphingolipid alterations, such as transient increases in ceramide as the excess glucosylceramide passes through the catabolic pathways. Recently it has been suggested that individuals with Gaucher disease have a selective advantage against some systemic disorders due to the immunomodulatory effects of glucosylceramide promoting dendritic cells, natural killer and regulatory T cells [81]. This must be related at least in part to restricted catabolism of glucosylceramide to ceramide.
Aside from the primary storage material, glucosylceramide, a number of other lipids are also altered in Gaucher disease. For example, we have observed elevations in GM3 in Gaucher disease [102], and elevations in GM3 have been posited as playing a role in the insulin resistance apparent in Gaucher disease [103]. Insulin resistance has been referred to as a lipid raft disorder, primarily on the basis of accumulation of GM3 which results in a loss of the insulin receptor from lipid rafts [104, 105]. Lipid rafts have also been shown to be affected in Gaucher disease [50]. The altered lipid raft composition is likely to affect Akt signaling, (as discussed above), and preliminary data we have generated using a Gaucher cell model suggest a role for the PI(3)/Akt signaling pathway in Gaucher disease (unpublished). Figure 5 shows that Akt phosphorylation is impaired in a Gaucher cell model generated by chemical inhibition of enzyme activity [50]. Thus, there is a clear link implicating altered lipid raft composition and impaired Akt signaling in both Gaucher disease and insulin resistance.[image: A12944_2010_Article_362_Fig5_HTML.jpg]
Figure 5Western blot analysis of Akt phosphorylation in a Gaucher cell model. A Gaucher cell phenotype was induced in THP-1 macrophages with conduritol B epoxide as described previously [8]. Cells were stimulated for 5 minutes with 1 μg/ml heparinase (Sigma), extracts prepared and probed for the phosphorylated form of Akt (Ser473) (top panel) and total Akt (bottom panel). Antibodies were purchased from Cell Signaling Technology.




Probably the most direct pathogenic feature connecting Gaucher disease with insulin resistance is macrophage activation leading to inflammation [71, 106]. In mice, insulin resistance caused by diet-induced obesity produced a switch in macrophage polarisation from M2 to M1 [107]. Alternatively activated macrophages with anti-inflammatory properties are considered M2, whereas M1 refer to classically activated macrophages which secrete pro-inflammatory cytokines such as IL-6 and TNFα, both of which are elevated in Gaucher disease and insulin resistance. This begs the question whether M1 macrophages share similarities in Gaucher disease and insulin resistance. The emerging scene depicts macrophages subjected to an excessive lipid load, which, in turn determines their function, and has a substantial impact on cell, organ and tissue homeostasis. The picture in Gaucher disease is one of enlarged liver and spleen and insulin resistance reveals macrophage infiltration of adipose tissue and muscle. The term lipotoxicity has been used to describe the continued accumulation of lipids, and lipotoxicity in macrophages may be at the cross-roads of Gaucher disease and insulin resistance.
Reducing sphingolipid synthesis by inhibiting glucosylceramide synthase has been a therapeutic strategy for Gaucher disease, but also corrects insulin resistance in cultured adipocytes from obese individuals and in obese rodents [108, 109]. In doing so inflammation was also shown to be mitigated as evidenced by reduced macrophage numbers and macrophage chemo attractants. Inflammation is also a key pathogenic feature in Gaucher disease highlighting common elements between the two conditions. Continuing to explore the interconnections between Gaucher disease and insulin resistance in the future is likely to identify shared pathogenic aspects which may present some novel opportunities for treatment.

Concluding Remarks
In closing, the link between lysosomal storage disorders and insulin resistance as membrane related disorders has been known for more than 20 years, but the mechanisms are yet to be clarified. Evidence exists that these mechanisms at least in some part, involve sphingolipids through both their bioactive and structural (membrane) properties, and thus converge on the lipid raft hypothesis. On reflection, much has been learnt about the role that sphingolipids play in the biochemistry of disease, but we are a long way from knowing the exact permutations and combinations of sphingolipids involved. The manipulation of sphingolipid metabolism using drugs and siRNA to specifically alter the cell's sphingolipid composition will be an important experimental avenue to pursue. To this end Gaucher disease will be a useful human model to study the relationship between sphingolipid metabolism and insulin resistance. One of the questions that remain unanswered is whether blocking the catabolism of ceramide or other sphingolipids has any impact on insulin sensitivity? Technology is advancing rapidly and tools such as mass spectrometry now enable a detailed analysis of sphingolipids in complex biological samples [110]. Unfortunately we are still faced with the limitation of only being able to take a snapshot of a cell at one particular point in time which makes it difficult to put the pieces of the jigsaw together to unravel what is going on biochemically in "real time". Thus, we are left with the paradoxical aim of integrating both the biology and function of sphingolipids in a dynamic system, yet at a stage where only static measurements can be made. No doubt animal models will be used to simulate the framework of interconnected events in the immediate term, until this shortcoming can be overcome.

Author Details
Lysosomal Diseases Research Unit, Genetics and Molecular Pathology, SA Pathology [at Women's and Children's Hospital], 72 King William Road, North Adelaide, South Australia, 5006, Australia

Acknowledgements
A special thank you to Sophie Lazenkas and Leanne Hein for assistance in editing, preparation of the figures, and helpful discussions. Thanks also to Professors Antonio Vidal-Puig and John Hopwood, and Dr Mirjam Langeveld for critical review of this manuscript.

References
1.
Futerman AH, Hannun YA: The complex life of simple sphingolipids. EMBO reports. 2004, 5: 777-782. 10.1038/sj.embor.7400208PubMedCentralPubMed

2.
Dickson RC: Sphingolipid functions in Saccharomyces cerevisiae: Comparison to mammals. Ann Rev Biochem. 1998, 67: 27-48. 10.1146/annurev.biochem.67.1.27PubMed

3.
Yu RK, Yanagisawa M, Ariga T: Glycosphingolipid structures. Comprehensive Glycoscience. Edited by: Kamerling JP. 2007, 73-122. full_text. Elseiver: Oxford,

4.
Kolter T, Proia RL, Sandhoff K: Combinatorial ganglioside biosynthesis. J Biol Chem. 2002, 277: 25859-25862. 10.1074/jbc.R200001200PubMed

5.
Kolter T, Sandhoff K: Sphingolipid metabolism diseases. Biochim Biophys Acta. 2006, 1758: 2057-2079. 10.1016/j.bbamem.2006.05.027PubMed

6.
Raas-Rothschild A, Pankova-Kholmyansky I, Kacher Y, Futerman AH: Glycosphingolipidoses: beyond the enzymatic defect. Glycoconj J. 2004, 21: 295-304. 10.1023/B:GLYC.0000046272.38480.efPubMed

7.
Beutler E, Grabowski GA: Gaucher disease. In The Metabolic and MolecularBasis of Inherited Disease. Edited by: Scriver CR, Beaudet AL, Sly WS.McGraw-Hill: New York; 2001:3635-3668.

8.
Hein LK, Meikle PJ, Hopwood JJ, Fuller M: Secondary sphingolipid accumulation in a macrophage model of Gaucher disease. Mol Genet Metab. 2007, 92: 336-345. 10.1016/j.ymgme.2007.08.001PubMed

9.
Fuller M, Rozaklis T, Lovejoy M, Zarrinakalam K, Hopwood JJ, Meikle PJ: Glucosylceramide is not confined to the lysosome in fibroblasts from patients with Gaucher disease. Mol Genet Metab. 2008, 93: 437-443. 10.1016/j.ymgme.2007.11.011PubMed

10.
Langeveld M, Aerts JMFG: Glycosphingolipids and insulin resistance. Prog Lipid Res. 2009, 48: 196-205. 10.1016/j.plipres.2009.03.002PubMed

11.
Hannun YA, Obeid LM: The ceramide-centric universe of lipid-mediated cell regulation: stress encounters of the lipid kind. J Biol Chem. 2002, 277: 25847-25850. 10.1074/jbc.R200008200PubMed

12.
Alvarez-Vasquez F, Sims KJ, Cowart Y, Okamoto Y, Voit EO, Hannun YA: Simulation and evaluation of sphingolipid metabolism in S. cerevisae. Nature. 2005, 433: 425-429. 10.1038/nature03232PubMed

13.
Merrill A: Characterisation of serine palmitoyltransferase activity in Chinese hamster ovary cells. Biochim Biophys Acta. 1983, 754: 284-291.PubMed

14.
Merrill AH, Wang E, Mullins RE: Kinetics of long-chain (sphingoid) base biosynthesis in intact LM cells: effects of varying the extracellular concentrations of serine and fatty acid precursors of this pathway. Biochemistry. 1988, 12: 340-345. 10.1021/bi00401a051.

15.
Pettus BJ, Chalfant CE, Hannun YA: Sphingolipids in inflammation: roles and implications. Curr Mol Med. 2004, 4: 405-418. 10.2174/1566524043360573PubMed

16.
Pewzner-Jung Y, Ben-Dor S, Futerman AH: When do Lasses (longevity assurance genes) become CerS (ceramide synthases)?: insights into the regulation of ceramide synthesis. J Biol Chem. 2006, 281: 25001-25005. 10.1074/jbc.R600010200PubMed

17.
Michel C, van Echten-Deckert G, Rother J, Sandhoff K, Wang E, Merrill AH: Characterisation of ceramide synthesis. A dihydroceramide desaturase introduces the 4, 5-trans-double bond of sphingosine at the level of dihydroceramide. J Biol Chem. 1997, 272: 22432-22437. 10.1074/jbc.272.36.22432PubMed

18.
Hait NC, Oskeritzian CA, Paugh SW, Milstien S, Spiegel S: Sphingosine kinases, sphingosine 1-phosphate, apotosis and diseases. Biochim Biophys Acta. 2006, 1758: 2016-2026. 10.1016/j.bbamem.2006.08.007PubMed

19.
Sugiura M, Kono K, Liu H, Shimizugawa T, Minekura H, Spiegel S, Kohama T: Ceramide kinase, a novel lipid kinase. Molecular cloning and functional characterisation. J Biol Chem. 2002, 277: 23294-23300. 10.1074/jbc.M201535200PubMed

20.
Mira Obradors JM, Sillence D, Howitt S, Allan D: The subcellular sites of sphingomyelin synthesis in BHK cells. Biochim Biophys Acta. 1997, 1359: 1-12. 10.1016/S0167-4889(97)00088-8

21.
Ichikawa S, Hirabayashi Y: Glucosylceramide synthase and glycosphingolipid synthesis. Trends Cell Biol. 1998, 8: 198-202. 10.1016/S0962-8924(98)01249-5PubMed

22.
Nomura T, Takizawa M, Aoki J, Arai H, Inoue K, Wakisaka E, Yoshizuka N, Imokawa G, Dohmae N, Takio K, Hattori M, Matsuo N: Purification, cDNA cloning and expression of UDP-Gal: glucosylceramide beta-1, 4-galactosyltransferase from rat brain. J Biol Chem. 1998, 273: 13570-13577. 10.1074/jbc.273.22.13570PubMed

23.
Ledeen RW, Yu RK, Eng LF: Gangliosides of human myelin: sialosylgalactosylceramide (G7) as a major component. J Neurochem. 1973, 21: 829-839. 10.1111/j.1471-4159.1973.tb07527.xPubMed

24.
Sandhoff K, Kolter T: Biosynthesis and degradation of mammalian glycosphingolipids. Phil Trans R Soc Lond B. 2003, 358: 847-861. 10.1098/rstb.2003.1265.

25.
Neufeld EF: Lysosomal storage diseases. Ann Rev Biochem. 1991, 60: 257-280. 10.1146/annurev.bi.60.070191.001353PubMed

26.
Mayor S, Pagano RE: Pathways of clathrin-independent endocytosis. Nat Rev Mol Cell Biol. 2007, 8: 603-612. 10.1038/nrm2216PubMed

27.
Wilkening G, Linke T, Uhlhorn-Dierks G, Sandhoff K: Degradation of membrane-bound ganglioside GM1. Stimulation by bis(monoacylglycero)phosphate and the activator proteins SAP-B and GM2-AP. J Biol Chem. 2000, 275: 35814-35819. 10.1074/jbc.M006568200PubMed

28.
Klima H, Klein A, van Echten G, Schwarzmann G, Suzuki K, Sandhoff K: Over-expression of a functionally active human GM2-activator protein in Escherichia Coli. Biochem J. 1993, 292 (Pt 2): 571-576.PubMedCentralPubMed

29.
Vielhaber G, Hurwitz R, Sandhoff K: Biosynthesis, processing, and targeting of sphingolipid activator protein (SAP) precursor in cultured human fibroblasts. Mannose 6-phosphate receptor-independent endocytosis of SAP precursor. J Biol Chem. 1996, 271: 32438-32446. 10.1074/jbc.271.50.32438PubMed

30.
Fingerhut R, Van der Horst GT, Verheijen FW, Conzelmann E: Degradation of gangliosides by the lysosomal sialidase requires an activator protein. Eur J Biochem. 1992, 208: 623-629. 10.1111/j.1432-1033.1992.tb17227.xPubMed

31.
Zschoche A, Fürst W, Schwarzmann G, Sandhoff K: Hydrolysis of lactosylceramide by human galactosylceramidase and GM1-β-galactosidase in a detergent free system and its stimulation by sphingolipid activator proteins, sap-B and sap-C. Eur J Biochem. 1994, 222: 83-90. 10.1111/j.1432-1033.1994.tb18844.xPubMed

32.
Ferlinz K, Linke T, Bartelsen O, Weiler M, Sandhoff K: Stimulation of lysosomal sphingomyelin degradation by sphingolipid activator proteins. Chem Phys Lipids. 1999, 102: 35-43. 10.1016/S0009-3084(99)00073-0PubMed

33.
Linke T, Wilkening G, Sadeghlar F, Moczall H, Bernardo K, Schuchman E, Sandhoff K: Interfacial regulation of acid ceramidase activity. J Biol Chem. 2001, 276: 5760-5768. 10.1074/jbc.M006846200PubMed

34.
Jenkins RW, Canals D, Hannun YA: Roles and regulation of secretory and lysosomal acid sphingomyelinase. Cell Signal. 2009, 21: 836-846. 10.1016/j.cellsig.2009.01.026PubMedCentralPubMed

35.
Worgall TS: Regulation of lipid metabolism by sphingolipids. Subcell Biochem. 2008, 49: 371-385. full_textPubMed

36.
Bartke N, Hannun YA: Bioactive sphingolipids: metabolism and function. J Lipid Res. 2009, 50: S91-96. 10.1194/jlr.R800080-JLR200PubMedCentralPubMed

37.
Hannun YA, Obeid LM: Principles of bioactive lipid signaling: lessons from sphingolipids. Nat Rev Mol Cell Biol. 2008, 9: 139-150. 10.1038/nrm2329PubMed

38.
Obeid LM, Linardic CM, Karolak LA, Hannun YA: Programmed cell death induced by ceramide. Science. 1993, 259: 1769-1771. 10.1126/science.8456305PubMed

39.
Venable ME, Lee JY, Smyth MJ, Bielawska A, Obeid LM: Role of ceramide in cellular senescence. J Biol Chem. 1995, 270: 30701-30708. 10.1074/jbc.270.51.30701PubMed

40.
Smith ER, Merrill AH, Obeid LM, Hannun YA: Effects of sphingosine and other sphingolipids on protein kinase C. Methods Enzymol. 2000, 312: 61-373.

41.
Hia T: Physiological and pathological actions of sphingosine 1-phosphate. Semin Cell Dev Biol. 2004, 15: 513-520. 10.1016/j.semcdb.2004.05.002

42.
Chalfant CE, Spiegel S: Sphingosine 1-phosphate and ceramide 1-phosphate: expanding roles in cell signalling. J Cell Sci. 2005, 118: 4605-4612. 10.1242/jcs.02637PubMed

43.
Gouaze-Anderson V, Cabot MC: Glycosphingolipids and drug resistance. Biochim Biophys Acta. 2006, 1758: 2096-2103. 10.1016/j.bbamem.2006.08.012

44.
Zitomer NC, Mitchell T, Voss KA, Bondy GS, Pruett ST, Garnier-Amblard EC, Liebeskind LS, Park Wang E, Sullards MC, Merrill AH, Riley RT: Ceramide synthase inhibition by fumonisin B1 causes accumulation of 1-deoxysphinganine: a novel category of bioactive 1-deoxysphingoid bases and 1-deoxydihydroceramides biosynthesised by mammalian cell lines and animals. J Biol Chem. 2009, 284: 4786-4795. 10.1074/jbc.M808798200PubMedCentralPubMed

45.
Wang G, Silva J, Krishnamurthy K, Tran E, Condie BG, Bieberich E: Direct binding to ceramide activates protein kinase Czeta before the formation of a pro-apoptotic complex with PAR-4 in differentiating stem cells. J Biol Chem. 2005, 280: 26415-26424. 10.1074/jbc.M501492200PubMed

46.
Hakomori S: Glycosphingolipids in cellular interaction, differentiation, oncogenesis. Ann Rev Biochem. 1981, 50: 733-764. 10.1146/annurev.bi.50.070181.003505PubMed

47.
Simons K, Ikonen E: Functional rafts in cell membranes. Nature. 1997, 387: 569-592. 10.1038/42408PubMed

48.
Pike LJ: Rafts defined: a report on the Keystone symposium on lipid rafts and cell function. J Lipid Res. 2006, 47: 1597-1598. 10.1194/jlr.E600002-JLR200PubMed

49.
Hein LK, Duplock S, Hopwood JJ, Fuller M: Lipid composition of microdomains is altered in a cell model of Gaucher disease. J Lipid Res. 2008, 49: 1725-1734. 10.1194/jlr.M800092-JLR200PubMedCentralPubMed

50.
Simons K, Toomre D: Lipid rafts and signal transduction. Nat Rev Mol Cell Biol. 2000, 1: 31-41. 10.1038/35036052PubMed

51.
Munro S: Lipid rafts: elusive or illusive?. Cell. 2003, 115: 377-388. 10.1016/S0092-8674(03)00882-1PubMed

52.
Golub T, Wacha S, Caroni P: Spatial and temporal control of signaling through lipid rafts. Curr Opin Neurobiol. 2004, 14: 542-550. 10.1016/j.conb.2004.08.003PubMed

53.
Michel V, Bakovic M: Lipid rafts in health and disease. Biol Cell. 2007, 99: 129-140. 10.1042/BC20060051PubMed

54.
Lasserre R, Guo X-J, Conchonaud F, Hamon Y, Hawchar O, Bernard A-M, Soudja SM, Lenne P-F, Rigneault H, Olive D, Bismuth G, Nunès JA, Payraste B, Marguet D, He H-T: Raft domains contribute to Akt/PKB plasma membrane recruitment and activation. Nat Chem Biol. 2008, 4: 538-547. 10.1038/nchembio.103PubMed

55.
Alessi DR, James SR, Downes CP, Holmes AB, Gaffney PR, Reese CB, Cohen P: Characterisation of a 3-phosphoinositide-dependent protein kinase which phosphorylates and activates protein kinase Balpha. Curr Biol. 1997, 7: 261-269. 10.1016/S0960-9822(06)00122-9PubMed

56.
Sarbassov DD, Guertin DA, Ali SM, Sabatini DM: Phosphorylation and regulation of Akt/PKB by the rector-mTOR complex. Science. 2005, 307: 1098-1101. 10.1126/science.1106148PubMed

57.
Nicholson KM, Anderson NG: The protein kinase B/Akt signaling pathway in human malignancy. Cell Signal. 2002, 14: 381-395. 10.1016/S0898-6568(01)00271-6PubMed

58.
Gao X, Zhang J: Spatiotemporal analysis of differential Akt regulation in plasma membrane microdomains. Mol Biol Cell. 2008, 19: 4366-4373. 10.1091/mbc.E08-05-0449PubMedCentralPubMed

59.
Futerman AH, van Meer G: The cell biology of lysosomal storage disorders. Nat Rev Mol Cell Biol. 2004, 5: 554-565. 10.1038/nrm1423PubMed

60.
Chen CS, Patterson MC, Wheatley CL, O'Brien JF, Pagano RE: Broad screening test for sphingolipid-storage diseases. Lancet. 1999, 354: 901-905. 10.1016/S0140-6736(98)10034-XPubMed

61.
Meikle PJ, Duplock S, Blacklock D, Whitfield PD, MacIntosh G, Hopwood JJ, Fuller M: Effect of lysosomal storage on bis(monoacylglycero)phosphate. Biochem J. 2008, 411: 71-78. 10.1042/BJ20071043PubMed

62.
Simons K, Gruenberg J: Jamming the endosomal system: lipid rafts and lysosomal storage diseases. Trends Cell Biol. 2000, 10: 459-462. 10.1016/S0962-8924(00)01847-XPubMed

63.
Lusa S, Blom TS, Eskelinen EL, E. Kuismanen E, Mansson JE, Simons K, Ikonen E: Depletion of rafts in late endocytic membranes is controlled by NPC-dependent recycling of cholesterol to the plasma membrane. J Cell Sc. 2001, 114: 1893-1900.

64.
Meikle PJ, Hopwood JJ, Clague AE, Carey WF: Prevalence of lysosomal storage disorders. JAMA. 1999, 281: 249-254. 10.1001/jama.281.3.249PubMed

65.
Gaucher PCE: De l'épithélioma primitive de la rate, hypertrophie idiopathique de la rate sans leucémie. Paris, MD Thesis. 1882,

66.
Barton NW, Brady RO, Dambrosia JM, Di Bisceglie AM, Doppelt SH, Hill SC, Mankin HJ, Murray GJ, Parker RI, Argoff CE: Replacement therapy for inherited enzyme deficiency-macrophage-targeted glucocerebrosidase for Gaucher's disease. N Engl J Med. 1991, 324: 1464-1470. 10.1056/NEJM199105233242104PubMed

67.
Weinreb NJ, Charrow J, Andersson HC, Kaplan P, Kolodny EH, Mistry P, Pastores G, Rosenbloom BE, Scott CR, Wappner RS, Zimran A: Effectiveness of enzyme replacement therapy in 1028 patients with type 1 Gaucher disease after 2 to 5 years of treatment: a report from the Gaucher Registry. Am J Med. 2002, 113: 112-119. 10.1016/S0002-9343(02)01150-6PubMed

68.
Grabowski GA, Kazimierczuk A, Liou B: Cell biology and biochemistry of acid β-glucosidase: the Gaucher disease enzyme. Gaucher disease. Edited by: Futerman AH, Zimran A. 2006, 49-66. Boca Raton: CRC Press, 

69.
Liou B, Kazimierczuk A, Zhang M, Scott CR, Hedge RS, Grabowski GA: Analysis of variant acid β-glucosidases: effects of Gaucher disease mutations. J Biol Chem. 2006, 281: 4242-4253. 10.1074/jbc.M511110200PubMed

70.
Jmoudiak M, Futerman AH: Gaucher disease: pathological mechanisms and modern management. Br J Haematol. 2005, 129: 178-188. 10.1111/j.1365-2141.2004.05351.xPubMed

71.
Grabowski GA: Lysosomal storage disease 1. Lancet. 2008, 372: 1263-1271. 10.1016/S0140-6736(08)61522-6PubMed

72.
Mehta A: Gaucher disease: unmet treatment needs. Acta Paediatr Suppl. 2008, 97: 83-87. 10.1111/j.1651-2227.2008.00653.xPubMed

73.
Gornati R, Berra B, Montorfano G, Martini C, Ciana G, Ferrari P, Romano M, Bembi B: Glycolipid analysis of different tissues and cerebrospinal fluid in type II Gaucher disease. J Inherit Metab Dis. 2002, 25: 47-55. 10.1023/A:1015137917508PubMed

74.
Bodennec J, Pelled D, Riebeling C, Trajkovic S, Futerman AH: Phosphatidylcholine synthesis is elevated in neuronal models of Gaucher disease due to direct activation of CTP: phosphocholine cytidylyltransferase by glucosylceramide. FASEB J. 2002, 16: 1814-1816.PubMed

75.
Barak V, Acker M, Nisman B, Kalickman I, Abrahamov A, Zimran A, Yatziv S: Cytokines in Gaucher's disease. Eur Cytok Net. 1999, 10: 205-210.

76.
Pastores GM, Meere PA: Musculoskeletal complications associated with lysosomal storage disorders: Gaucher disease and Hurler-Scheie syndrome (mucopolysaccharidosis type 1). Curr Opin Rheumatol. 2004, 17: 70-78. 10.1097/01.bor.0000147283.40529.13.

77.
Ishii M, Egan JG, Klauschen F, Meier-Schellersheim M, Saeki Y, Vacher J, Proia RL, Germain RN: Sphingosine 1-phosphate mobilises osteoclast precursors and regulates bone homeostasis. Nature. 2009, 458: 524-529. 10.1038/nature07713PubMedCentralPubMed

78.
Campeau PM, Rafei M, Boivin M, Sun Y, Grabowski GA, Galipeau J: Characterisation of Gaucher disease bone marrow mesenchymal stromal cells reveals an altered inflammatory secretome. Blood. 2009, 114: 3181-3190. 10.1182/blood-2009-02-205708PubMedCentralPubMed

79.
Ginzburg L, Kacher Y, Futerman AH: The pathogenesis of glycosphingolipid storage disorders. Semin Cell Dev Biol. 2004, 15: 417-431. 10.1016/j.semcdb.2004.03.003PubMed

80.
Ilan Y, Elstein D, Zimran A: Glucocerebroside: an evolutionary advantage for patients with Gaucher disease and a new immunomodulatory agent. Immunol Cell Biol. 2009, 87: 514-524. 10.1038/icb.2009.42PubMed

81.
Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, Komatsu M, Tanaka K, Cuervo AM, Czaja MJ: Autophagy regulates lipid metabolism. Nature. 2009, 458: 1131-1137. 10.1038/nature07976PubMedCentralPubMed

82.
Rodriguez-Navarro JA, Cuervo AM: Autophagy and lipids: tightening the knot. Semin Immunopathol. 2010,

83.
Schinner S, Scherbaum WA, Bornstein RS, Barthel A: Molecular mechanisms of insulin resistance. Diabetic Med. 2005, 22: 674-682. 10.1111/j.1464-5491.2005.01566.xPubMed

84.
Vander Haar E, Lee S, Bandhakavi S, Griffin TJ, Kim D-H: Insulin signaling to mTOR mediated by the Akt/PKB substrate PRAS40. Nat Cell Biol. 2007, 9: 316-323. 10.1038/ncb1547PubMed

85.
Baumann CA, Saltiel AR: Spatial compartmentalisation of signal transduction in insulin action. Bioessays. 2001, 23: 215-222. 10.1002/1521-1878(200103)23:3<215::AID-BIES1031>3.0.CO;2-SPubMed

86.
Vainio S, Heino S, Mansson J, Fredman P, Kuismanen K, Vaarala O, Ikonen E: Dynamic association of human insulin receptor with lipid rafts in cells lacking caveolae. EMBO Rep. 2002, 3: 95-100. 10.1093/embo-reports/kvf010PubMedCentralPubMed

87.
Stratford S, Hoehn KL, Liu F, Summers SA: Regulation of insulin action by ceramide: dual mechanisms linking ceramide accumulation to the inhibition of Akt/protein kinase B. J Biol Chem. 2004, 279: 36608-36615. 10.1074/jbc.M406499200PubMed

88.
Adams JM, Pratipanawatr T, Berria R, Wang E, DeFronzo RA, Sullards MC, Mandarino LJ: Ceramide content is increased in skeletal muscle from obese insulin-resistant humans. Diabetes. 2004, 53: 25-31. 10.2337/diabetes.53.1.25PubMed

89.
Skovbro M, Baranowski M, Skov-Jensen C, Flint A, Dela F, Gorski J, Helge JW: Human skeletal muscle ceramide content is not a major factor in muscle insulin sensitivity. Diabetologia. 2008, 51: 1253-1260. 10.1007/s00125-008-1014-zPubMed

90.
Holland WL, Broznick JT, Wang LP, Hawkins ED, Sargent KM, Liu Y, Narra K, Hoehn KL, Knotts TA, Siesky A, Nelson DH, Karathanasis SK, Fontenot GK, Birnbaum MJ, Summers SA: Inhibition of ceramide synthesis ameliorates glucocorticoid-, saturated-fat-, and obesity-induced insulin resistance. Cell Metab. 2007, 5: 167-179. 10.1016/j.cmet.2007.01.002PubMed

91.
Boden G: Ceramide: a contributor to insulin resistance or an innocent bystander?. Diabetologia. 2008, 51: 1095-1096. 10.1007/s00125-008-1015-yPubMed

92.
Yamashita T, Hashiramoto A, Haluzik M, Mizukami H, Beck S, Norton A, Kono M, Tsuji S, Daniotti JL, Werth N, Sandhoff R, Sandhoff K, Proia RL: Enhanced insulin sensitivity in mice lacking ganglioside GM3. PNAS. 2003, 100: 3445-3449. 10.1073/pnas.0635898100PubMedCentralPubMed

93.
Tagami S, Inokuchi JJ, Kabayama K, Yoshimura H, Kitamura F, Uemura S, Ogawa C, Ishii A, Saito M, Ohtsuka Y, Sakaue S, Igarashi Y: Ganglioside GM3 participates in the pathological conditions of insulin resistance. J Biol Chem. 2002, 277: 3085-3092. 10.1074/jbc.M103705200PubMed

94.
Kabayama K, Sato T, Saito K, Loberto N, Prinetti A, Sonnino S, Kinjo M, Igarashi Y, Inokuchi J: Dissociation of the insulin receptor and caveolin-1 complex by ganglioside GM3 in the state of insulin resistance. PNAS. 2007, 104: 13678-13683. 10.1073/pnas.0703650104PubMedCentralPubMed

95.
Samad F, Hester KD, Yang G, Hannun YA, Bielawski J: Altered adipose and plasma sphingolipid metabolism in obesity: a potential mechanism for cardiovascular and metabolic risk. Diabetes. 2006, 55: 2579-2587. 10.2337/db06-0330PubMed

96.
Langeveld M, Ghauharali KJM, Sauerwein HP, Ackermans MT, Groener JEM, Hollak CEM, Aerts JM, Serlie MJ: Type 1 Gaucher disease, a glycosphingolipid storage disorder, is associated with insulin resistance. J Clin Endocrinol Metab. 2008, 93: 845-851. 10.1210/jc.2007-1702PubMed

97.
Langeveld M, de Fost M, Aerts JMFG, Sauerwein HP, Hollak CEM: Overweight, insulin resistance and type II diabetes in type I Gaucher disease patients in relation to enzyme replacement therapy. Blood Cells Mol Dis. 2008, 40: 428-432. 10.1016/j.bcmd.2007.09.002PubMed

98.
Ucar SK, Coker M, Argin M, Akman S, Kara S, Simsek DG, Darcan S: A cross-sectional, mono-centric pilot study of insulin resistance in enzyme replacement therapy patients with Gaucher type 1 without overweight. Mol Genet Metab. 2009, 96: 50-51. 10.1016/j.ymgme.2008.10.001PubMed

99.
Woloszynek JC, Coleman T, Semenkovich CF, Sands MS: Lysosomal dysfunction results in altered energy balance. J Biol Chem. 2007, 282: 35765-35771. 10.1074/jbc.M705124200PubMed

100.
Barton DJ, Ludman MD, Benkov K, Grabowski GA, LeLeiko NS: Resting energy expenditure in Gaucher's disease type 1: effect of Gaucher's cell burden on energy requirements. Metabolism. 1989, 38: 1238-1243. 10.1016/0026-0495(89)90165-0PubMed

101.
Corssmit EP, Hollak CE, Endert E, van Oers MH, Sauerwein HP, Romijin JA: Increased basal glucose production in type 1 Gaucher's disease. J Clin Endocrinol Metab. 1995, 80: 2653-2657. 10.1210/jc.80.9.2653PubMed

102.
Meikle PJ, Whitfield PD, Rozaklis T, Blacklock D, Duplock S, Elstein D, Zimran A, Mengel E, Cannell P, Hopwood JJ, Fuller M: Plasma lipids are elevated in Gaucher disease: Biochemical markers to evaluate therapeutic intervention. Blood Cells Mol Dis. 2008, 40: 420-427. 10.1016/j.bcmd.2007.10.004PubMed

103.
Ghauharali-van der Vlugt K, Langeveld M, Poppema A, Kuiper S, Hollak CEM, Aerts JM, Groener JEM: Prominent increase in plasma ganglioside GM3 is associated with clinical manifestations of Gaucher disease. Clin Chim Acta. 2008, 389: 109-113. 10.1016/j.cca.2007.12.001PubMed

104.
Bickel PE: Lipid rafts and insulin signalling. Am J Physiol Endocrinol Metab. 2002, 282: E1-E10.PubMed

105.
Inokuchi J: Insulin resistance as a membrane microdomain disorder. Yakugaku Zasshi. 2007, 127: 579-586. 10.1248/yakushi.127.579PubMed

106.
Shoelson SE, Lee J, Goldfine AB: Inflammation and insulin resistance. J Clin Invest. 2006, 116: 1793-1801. 10.1172/JCI29069PubMedCentralPubMed

107.
Lumeng CN, Bodzin JL, Saltiel AR: Obesity induces a phenotypic switch in adipose tissue macrophage polarization. J Clin Invest. 2007, 117: 175-184. 10.1172/JCI29881PubMedCentralPubMed

108.
Aerts JM, Ottenhoff R, Powlson AS, Grefhorst van Ejik AM, Dubbelhuis PF, Aten J, Kuipers F, Serlie MJ, Wennekes T, Sethi JK, O'Rahilly S, Overkleeft HS: Pharmacological inhibition of glucosylceramide synthase enhances insulin sensitivity. Diabetes. 2007, 56: 1341-1349. 10.2337/db06-1619PubMedCentralPubMed

109.
van Ejik M, Aten J, Biji N, Ottenhoff R, van Roomen CPAA, Dubbelhuis PF, Seeman I, Ghauharali-van der Vlugt K, Overkleeft HS, Arbeeny C, Groen AK, Aerts JMFG: Reducing glyosphingolipid content in adipose tissue of obese mice restores insulin sensitivity, adipogenesis and reduces inflammation. PloS One. 2009, 4: e4723- 10.1371/journal.pone.0004723

110.
Bielawski J, Pierce JS, Snider J, Rembiesa B, Szulc ZM, Bielawski J: Comprehensive quantitative analysis of bioactive sphingolipids by high-performance liquid chromatography-tandem mass spectrometry. Methods Mol Biol. 2009, 579: 443-467. full_textPubMed



Competing interests
The author declares that they have no competing interests.


OEBPS/A12944_2010_Article_362_Fig5_HTML.jpg
Normal Gaucher

Heparinase - + - +

pAkt — | mcman o

Total Akt — —_ T S





OEBPS/sidebar.gif





OEBPS/A12944_2010_Article_362_Fig2_HTML.jpg
OH

/\/\/\/\/\/\/\/\(CHE_

NH

o

glucosylceramide synthase

o-
OH OH S
OH /\/\/\/\/\/\/\/’\/c ot b
CH,OH (”)
— -
ceramidase NH ceramide NH
shingosine iz 022222224 fnas . AN
o] o
ceramide ceramide 1-phosphate

sphingosine kinase
sphingomyelin synthase

-
OH | i

o} CH
AAAAAAAARS oo T ' =
I CH—0—P — O —(CH,), =N —CH,

o | e

5 s

Sphingosine 1-phosphate N
o

sphingomyelin





OEBPS/A12944_2010_Article_362_Fig3_HTML.jpg
GM3 synthase

Gal-Gle-Cer >

LacCer

GalNAc-T

GalNAc-Gal-Gle-Cer
GA2

GD3 synthase
GalGle-Cer  T———————%  GalGlc-Cer
SlA GM3 s GD3

GaINAG-Gal-Glc-Cer
s

X lcsmz

GalT-ll
1-GalNAC-Gal-Gle-Cer -GalNAC-Gal-Gle-Cer
l GA1 & lem

STy

Sal-GalNAC-Gal-Gle-Cer

sn GD1c
I Gal-GalNAc-Gal-G-Cer
s

s
& GDla

o series

Gal-GalNAc-Gal-Glc-Cer
4 | GD1a

Gal-GalNAc-Gal-Glc-Cer

: D
GT1
I A% GalalNAcH GIaI-GIbCer
. G GT1aa
aseries

s
s‘l

GalNAG-Gal-Glc-Cer
GD2

$
sA

Gal-GalNAC-Gal-Gle-Cer

s | GD1b
s

Gal-GalNAc-Gal-Glc-Cer
' ! GT1b

Gal-GallAc-Gal-Gle-Cer

GT3 synthase
—————  GalGleCer
* KA
E
|
sh

sh s.GQIb Gal-GalNAc-Gal-Gle-Cer
s s sh s sln GQlba
s
b series

GalNAc-Gal-Gic-Cer
Gal-GalNAc-Gal-Glc-Cer

sh | GTc
+ l
B

Gal-GalNAc-Gal-Glc-Cer

GalGalNAc-Gal Gl Cor

sh sA GPIC GatGapAc Gyl Gle-Cor
SA SIA h sh SA GP1ca
s s
e

¢ series





OEBPS/A12944_2010_Article_362_Fig4_HTML.jpg
Cer

700

600

500

400

300

200

100

Fraction no.

100

80

60

40

20

1234567891011120

GC, LC, THC





OEBPS/contact.gif





OEBPS/A12944_2010_Article_362_Fig1_HTML.jpg
OH

CH,O-R
W/WVW

NH





