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PREFACE

developed countries, increasing prosperity in developing countries has broadened the 

to explore all possible therapeutic and preventive methods to attenuate pathological 
processes associated with these disorders.

sphingolipids in these disease processes.
Chapter 1: Sphingolipid Metabolism and Analysis in Metabolic Disease, by Sarah 

sphingolipid measurement.
Chapter 2: Sphingolipids and Cardiovascular Diseases, by Xian-Cheng Jiang, Ira 

metabolism, atherosclerosis, and cardiomyopathy.
Chapter 3: Heart Sphingolipids in Health and Disease, by Marcin Baranowski 

and Jan Górski. This chapter continues the cardiovascular theme by addressing novel 
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Chapter 4: Blood Sphingolipids in Homeostasis and Pathobiology, by Samar M. 

diagnostic purposes.
Chapter 5: Adipose Tissue and Ceramide Biosynthesis in the Pathogenesis of Obesity, 

by Fahumiya Samad, Leylla Badeanlou, Charmi Shah, and Guang Yang. This chapter 

Chapter 6: Sphinoglipids and Hepatic Steatosis,

Chapter 7: Glycosphingolipids and Insulin Resistance, by Johannes M. Aerts and 

Chapter 8: Glycosphingolipids and Kidney Disease, by Andrew R. Mather and 

novel and underexplored area.
Chapter 9: Sphingolipid Synthetic Pathways are Major Regulators of Lipid 

Homeostasis

cross-talk between sphingolipids and lipoprotein metabolism presents rich opportunities 

that promotes atherosclerosis.

processes and cross-talk between organs.

L. Ashley Cowart, PhD
Department of Biochemistry and Molecular Biology, Medical University  

of South Carolina, and Ralph H. Johnson Veteran’s Administration,  
Charleston, South Carolina, USA
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CHAPTER 1

SPHINGOLIPID METABOLISM AND 
ANALYSIS IN METABOLIC DISEASE

Sarah E. Brice*,1 and L. Ashley Cowart1,2

1Department of Biochemistry and Molecular Biology, Medical University of South Carolina, Charleston, USA; 
2Ralph H. Johnson Veteran’s Administration, Charleston, South Carolina, USA 
*Corresponding Author: Sarah E. Brice—Email: brices@musc.edu

Abstract:
cell. As sphingolipids have been implicated in the development and pathogenesis 

their regulation and metabolism. Although these lipids are initially produced 
through a common pathway, there is no “generic” sphingolipid. Indeed, the 

chromatography-mass spectrometry approaches, allows investigators to undertake 

INTRODUCTION

1-3). This intricate 
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Insulin resistance and the metabolic syndrome are two increasingly important 
public health concerns in Western nations. In these pathologies, excessive accumulation 

to ectopic lipid accumulation in nonadipose tissues (steatosis).4-6 Although cells can 

eventually overwhelmed and lipids spill over into nonoxidative pathways.7-9 This can 
10

Fatty acid oversupply and oxidative stress are two points at which metabolic syndrome 
and diabetes may touch sphingolipid metabolism and much attention has been paid in 

11 

aberrant sphingolipid metabolism in several cell systems relevant to diabetes and metabolic 
syndrome.12-14  cells, skeletal muscle 

culture systems.8,15-19 Interestingly, while commonalities occur across model systems, there 

SPHINGOLIPID METABOLISM

3-ketodihydrosphingosine (Fig. 1).20,21 This enzyme, which localizes to the endoplasmic 
22,23 

24 

recently been claimed to associate with the SPT complex and modulate sphingolipid 
homeostasis.25-27

described below. Several compounds inhibit SPT; two that are commonly encountered 
in the literature are myriocin and L-cycloserine.28 Myriocin (ISP-1/thermozymocidin) 

29,30 L-cycloserine, 

31,32

study demonstrated that alanine could be incorporated in some cases.33,34 In the hereditary 
sensory neuropathy Type 1 (HSAN1) mouse model, a mutation in SPTLC1 allows the SPT 

34,35 Similarly, it 

36-40 It has been demonstrated that total SPT in cellular extracts typically has its 
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greatest activity toward palmitoyl-CoA (C16

than the optimal sixteen carbons being utilized more readily than those with shorter chain 
lengths.36,39 Additionally, cis
acids, have been shown to inhibit SPT activity in vitro and in vivo, while activities toward 
trans
length.38

palmitoyl CoA (C16

stearoyl-CoA (C18).27

hand, utilized myristoyl-CoA (C14

27 Thus, although all 

dihydrosphingosine.41

manner (Table 1).42-48

ceramide are C16- and C24

14 to C32.1,42 Ceramides are mostly saturated and 
may contain  and/or -hydroxyl groups.1,42

chain lengths may be an important cellular process.42

49 Ceramide has been implicated in stress responses, 
47,50-53 It acts through a number 

, PP1, 
54

55-60 Notably, ceramide produced through de novo sphingolipid synthesis may 

61-63

which is an eighteen carbon amino alcohol with an unsaturated hydrocarbon tail.64 
65-67 Acid, neutral 

Table 1. 44

CerS1 CerS2 CerS3 CerS4 CerS5 CerS6

Carbon Chain 
Length

18:0, 
20:0

20:0, 22:0, 24:0, 
24:1, 26:0

14:0, 
22:0, 24:0

18:0, 22:0, 
24:0

14:0, 16:0, 
18:0, 18:1

14:0, 
16:0
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and alkaline ceramidases have distinct expression patterns, intracellular topologies and 

67
cell type. For example, C2C12 myotubes rely very heavily on de novo sphingolipid 

68

sphingosine-1-phosphate (S1P).69 S1P is an important signaling molecule imputed with 
both intracellular and extracellular signaling properties.70-72

named S1P1-S1P5 73).The S1P receptors signal through heterotrimeric 

74

75,76 These 

76-79 S1P generally 
80-82 Important signaling activities 

via MAPK and AP-1.54,83

head group via
84,85

synthase (SMS1 and SMS2).86 Sphingomyelin (choline phosphoceramide) comprises 
87

88 

sugar moieties extend into the extracellular space.88

89-92

Table 2. 67,170

Protein Gene
Intracellular 
Localization

Substrate  Highest 
Expression

Acid Ceramidase mAC/ASAH1 Lysosome C6-C16-Cer Kidney, lung, 
heart, brain

Neutral 
 Ceramidase

mNC/ASAH2 Plasma 
 Membrane

C14-Cer and Longer Kidney, liver, 
heart

Akaline 
 Ceramidase 1

ACER1/ASAH3 Endoplasmic 
Reticulum

C24:1-Cer and Lon-
ger, unsaturated

Skin

Alkaline 
 Ceramidase 2

ACER2/
ASAH3L/
maCER1

Golgi C14-Cer and longer Placenta

Alkaline 
 Ceramidase 3

ACER3/PHCA/
aPHC

Endoplasmic 
Reticulum/
Golgi

C20:1-Cer/DHCer 
and shorter (un-
saturated)

Unknown
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Ceramide-1-phosphate (C1P) and ceramide kinase (CERK), which are still being 

biosynthesis.93,94 CERK has high structural and amino acid homology to the sphingosine 
kinase (SPHK) enzymes; it is primarily expressed in heart, kidney, brain and hematopoetic 
cells.95

93,94,96,97 C1P promotes cPLA2 activation 
93,94

98,99 Alternatively, the cell may shunt lipids out 
via S1P lyase, which cleaves the C2-C3 

100 Under stress conditions, 
sphingomyelin may be broken down to release ceramide and phosphocholine.101,102 

61-63 Finally, glycosphingolipids may be degraded 
by exohydrolases such as glucosidase and galactosidase; this degradation results in the 

103,104

include chemotherapeutic agents, oxidized LDL, excess substrate and heat stress.105-110 
Salvage-based sphingolipid metabolism is triggered by phorbol esters, which stimulate 
PKC, oxidative stress and TNF- .63,101,111-116

sphingomyelin can be stimulated by Fas ligand.117

SPHINGOLIPIDS AND LIPOTOXICITY

118-120 Currently, it 
121-123 This 

Table 3. in vivo activity171,172

 
  Protein

 
Gene

Intracellular  
Localization/Secreted

Secretory sphingomyelinase (S-Smase)    SMPD1 Secreted
Lysosomal acid sphingomyelinase  
   (L-SMase)

Lysosome, translocates to the 
plasma membrane under stress

Neutral sphingomyelinase 2 (nSMase2)    SMPD3 Plasma membrane
Neutral sphingomyelinase 3 (nSMase3)    SMPD4 Endoplasmic reticulum, Golgi
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and activating glycogen synthase kinase.124,125 Alternatively, ceramide may act to stabilize 
 with Akt/PKB, preventing release and 
126

127

 
128,129 

Furthermore, heterozygous DES1 knockouts had enhanced insulin sensitivity and they 
developed less insulin resistance in response to treatment with synthetic glucocorticoids.127

characteristic pathologies seen in the heart in metabolic syndrome. For example, mice 
overexpressing GPI-tagged lipoprotein lipase (LpL-GPI) had elevated cardiac ceramide 

130

were corrected with myriocin treatment. Attenuating de novo sphingolipid synthesis 
, which acts 

to inhibit cardiac hypertrophy and glycogen synthesis in the heart.12,130-132 Furthermore, 

rats.133

signaling kinases, including Akt/PKB and PKC
134-136 These actions 

54). This is attributable both to increased substrate supply 
and changes in gene expression. 17,130, 137,138 For example, cardiac ceramide levels were 

139

fa/fa 17 Heart muscle 

130 This response seems to be widespread 

140

However, palmitate supplementation may increase sphingolipids other than 
pro-apoptotic ceramides, potentially acting to protect the cell. For example, it has 
been shown that treatment with palmitate results in an increase in S1P in C2C12 
myotubes.141 Further supporting this perspective, a drastic reduction in SPTLC1 

cells to palmitate-induced cell death.14
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, which 
phosphorylates IRS1 at Ser1,110.

insulin resistance and elevated ceramide levels.11,142-145

patients.143
14-, C16- and C18:0-ceramides 

as well as S1P and total ceramide levels.

146 However, obesity, 
alone or in combination with Type-2 diabetes, was associated with increased expression 

SPHK1, alkaline/neutral ceramidase, acid ceramidase and neutral sphingomyelinase 

than in atrial muscle, suggesting that ceramide turnover is higher in ventricular tissue than 
in the atria. Intriguingly, overweight or obesity was associated with increased CPT1 and 
PDK4 in the human myocardium, while FAT/CD36 and LPL levels remained constant. 

sphingolipid metabolic enzymes may represent a stabilizing mechanism that allows 

It has been hypothesized that elevated triglyceride (TG) stores are an important 

acid oversupply.143

metabolites.137,147,148

5,17,149

metabolism, attenuated palmitate-induced insulin resistance.137 Additionally, elevation 

150 These data 

the cell to store FFA as neutral lipid.

151 In particular, oleate appears to 

palmitate, but not oleate, oversupply.123
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disrupted glucose uptake and Akt/PKB phosphorylation in a manner that could be 

acid, did not.129

152 It has also been shown that treatment with palmitate 
resulted in increased SK1 message levels, which resulted in elevated S1P levels and SK 
enzyme activity, in C2C12 myotubes, an in vitro skeletal muscle model.141 In contrast, 
cosupplementation with oleate attenuated the increase in SK1 mRNA.141

conditions used in any particular study.

APPROACHES TO THE STUDY OF SPHINGOLIPIDS IN LIPOTOXICITY

153

whole.47,154-156

Furthermore, although compounds may be lumped together in broad categories, e.g., 

43,44 Emerging evidence suggests that the cell 
18-ceramide 

was implicated as a key pro-apoptotic molecule in a head and neck squamous cell 
carcinoma model, while C16

157,158

bilayer or by direct interaction with downstream players in signaling pathways. The 
159 For example, 

the sphingoid bases sphingosine and dihydrosphingosine are rapidly exchanged between 

to the partially charged amino group on the head group and the single anchoring acyl 

plasma membrane, as opposed to routing to the endoplasmic reticulum, and additional 

159). Furthermore, ceramide N-acyl chain length has been demonstrated to dictate 

membrane domains.160

changes in chain length distribution within species.
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impact results. Although there have been numerous exciting technological advances 
in sphingolipidomic analysis,161,162 153 and 163) not all labs 

situations, thin-layer chromatography and the DAG kinase assay are two relatively 

kinase assay.164,165

sphingolipid species by TLC have been reviewed in detail elsewhere and will not be 
162,166-169

improperly.164,165

that this reaction can be used to quantitatively measure DAG levels in crude cellular 
extract.164,165 Later, it was discovered that DAG kinase will phosphorylate ceramide to 

Results produced by this method have compared well with those generated by other 

Furthermore, it should be appreciated that mild alkaline hydrolysis, which is included 
in some protocols to eliminate diglycerides and glycerolipids, will also hydrolyze 
1-O-acyl ceramides, which can reduce detected ceramides by ten to twenty percent. 

phosphates and phosphatidic acids but not short chain C1Ps, hydroxylated ceramides 

knockdown in a cancer cell line.47

only produced a minor decrease in very-long chain ceramides, which are the main 

sphingolipid biosynthetic pathway activated compensatory mechanisms, resulting in 
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CONCLUSION

interpreted with care.
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Abstract
Circulating lipoproteins containing the nondegradable lipid, cholesterol, accumulate 
within the arterial wall and perhaps are oxidized to more toxic lipids. Both lipid 
accumulation and vascular reaction to the lipids lead to the gradual thickening 

and cardiomyopathy.

INTRODUCTION

Circulating lipoproteins containing the nondegradable lipid, cholesterol, accumulate within 
the arterial wall and perhaps are oxidized to more toxic lipids. Both lipid accumulation 
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nonalcoholic liver disease, Type 2 diabetes due to reduced insulin secretion1 and skeletal 
muscle insulin resistance2 3 Several mechanisms have 

4 (2) reactive 
4 (3) FA-induced 

apoptosis3

mediated by protein kinase Cs.5 When the balance between oxidation and FA uptake is 

route to utilize the FA surplus is via the sphingolipid biosynthetic pathway.

uptake and accumulation may be a central metabolic derangement in lipotoxicity and 

6

7,8

SM levels and decreases atherosclerosis in a mouse model.9

by lipid accumulation in heart10

saturated FAs11

sphingolipids and lipid metabolism, atherosclerosis and cardiomyopathy.

SPHINGOLIPID BIOSYNTHESIS

synthase, dihydroceramide desaturase and sphingomyelin synthase (Fig. 1).
Located in the endoplasmic reticulum (ER) membrane, SPT is the rate-limiting 

enzyme in the pathway.12 Mammalian SPT contains two subunits, Sptlc1 and Sptlc2, 
encoding 53- and 63-kDa proteins, respectively.13,14 The subunits are homologous (about 
20% identity)13,14

Both Sptlc1 and Sptlc2 have a single, highly hydrophobic N-terminal transmembrane 
domain.13,14 Neither appears to be glycosylated.13 Indirect immunocytochemical analysis 

oriented to the lumen and cytosol, respectively.15 A third possible subunit, Sptlc316 has 
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cellular SPT activity, but not a complete loss.16 The authors speculated that Sptlc3 was 

and Lcb2p, and a third subunit, Tsc3p, which increases enzyme activity markedly 
17 Recently, 2 proteins, ssSPTa 

and ssSPTb, which despite sharing no homology with Tsc3p, substantially enhances 

18 The small subunits 
18 SMS is located 

mainly in the cis-, medial-Golgi19-21 and plasma membranes.22-24

trans-Golgi network25 and the nucleus.26 

SM content.27 Two SMS genes, SMS1 and SMS2, have been cloned and characterized 
28,29 trans-Golgi apparatus, while 

28,30 and also Golgi apparatus.28,30 

31-33

three bioactive lipids: ceramide, diglyceride, and sphingosine-1-phosphate; and two 
structure-related lipids: sphingomyelin and phosphatidylcholine. In this chapter, we 

Figure 1.
synthase.
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ROLE OF SPHINGOMYELIN (SM) IN LIPOPROTEIN METABOLISM

and anti-atherogenic lipoproteins. Chylomicrons, very low density lipoprotein (VLDL) 
and low density lipoprotein (LDL) are atherogenic lipoproteins, while high density 
lipoproteins (HDL) are antiatherogenic ones. Chylomicrons, VLDL and LDL are enriched 
with SM.1

SM and Chylomicron/VLDL Metabolism

34,35 In vitro studies indicate that SM in these lipoproteins 
36

the lowest TG clearance rate in vitro. Saito et al37 and Arimoto et al38

manner. Lobo and Wilton39 and Cantin et al40 showed that cholesterol inclusion in the 

was eliminated by adding SM.

Figure 2.
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SM and Apolipoprotein E-Containing Lipoprotein Metabolism

Apolipoprotein E (ApoE) is a protein which has anti-atherogenic property. Bound to 

41,42

43,44 45 Arimoto 
et al reported that SM in lipoproteins delays remnant clearance by decreasing the binding 

46 Sphingomyelinase causes particle aggregation in 

this aggregation,47

SM in lipoprotein uptake, Morita et al48 prepared lipid emulsions containing triolein, PC 

with apoE in secreted lipoprotein particles.49

50 51

SM and HDL Metabolism

HDLs are well-known anti-atherogenic lipoproteins. HDL particles are involved in the 

and cells. The cholesterol on HDL becomes cholesterol ester (CE) through the activity 

to liver or steroidogenic tissues by the scavenger receptor B1 (SR-B1)52,53

54

by decreasing its binding to HDL55 (Fig. 2). A negative correlation between the SM 

reconstituted HDL.56

Rye, Hime and Barter57

an anti-atherogenic process.58

59
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HDL growth.60

SPHINGOMYELIN AND ATHEROSCLEROSIS

cholesterol-rich lipoproteins with the arterial wall.61 Many processes have been implicated 
in early atherogenesis, including lipoprotein oxidation,62,63 lipoprotein retention and 
aggregation,64-67 endothelial alteration,61 monocyte recruitment, macrophage chemotaxis 

61 and smooth muscle cell migration and alteration.61

68-73 LDL extracted 
74-77 A 

78,79

(ACAT) inhibitor.80

synthesis,81

rabbits.82 ApoE knockout (KO) mice are a well known atherogenic model. Plasma SM 
51 and this may contribute 

to the increased atherosclerosis.83,84

6,85 Moreover, 

atherosclerotic lesions in LDL receptor KO mice.86 All these data suggest that plasma 

in atherosclerotic lesions is hydrolyzed by an arterial wall sphingomyelinase, which 
promotes aggregation by converting SM to ceramide51,76 (Fig. 3).

sphingomyelinase levels. Indeed, it has recently been reported that apoE KO mice 

87

atherogenicity is by reducing SM levels in the atherogenic lipoproteins through 

as the liver and small intestine.
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SM and Cholesterol Metabolism

an important goal. Leventhal et al,88 reported that lysosomal sphingomyelinase is involved 

hydrolyzes SM in late endosomes and lysosomes.89 Because SM avidly binds cholesterol,90,91 
SM hydrolysis by sphingomyelinase enables cholesterol transport through preventing 

(Types A and B Niemann-Pick disease) have low plasma HDL cholesterol levels,92 which 
93

apolipoproteins, while ABCG1 and SR-BI export cholesterol to phospholipid-containing 
acceptors.94

95,96 ABCA1 expression causes a change in overall 

97 ABCG1 exports cholesterol to 

Figure 3.
sphingomyelinase aggregates intimal atherogenic lipoproteins and leads to early atherogenesis. Inhibition 

intimal lipoproteins.
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HDL and other phospholipid-containing acceptors. These include particles generated 

in cholesterol export.98

(LXR) agonist treatment, ABCG1 redistributes to the plasma membranes and increases 
99 100 

KO mice.101

controls.102,103

104,105 A 

is also expressed in the liver,106

107 
108,109

110,111

112,113 
94-97,114

hamster ovary (CHO) cells has been reported.115

Serine Palmitoyltransferase (SPT) and Atherosclerosis

Plasma SM and other sphingolipid intermediates play important roles in the 

are critical?

SPT Inhibitors

preparations with IC50 values in the nanomolar range116-118 (Fig. 4). Structurally they 

is highly dependent on its stereochemistry.119 Myriocin-linked resins bind the Sptlc1/
Sptlc2 complex tightly.120

both cultured cells and in vivo.116-118
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The Effect of SPT Inhibition in Mouse Atherosclerosis

Park et al7 8 have reported that myriocin treatment (oral administration 

in apoE KO mice. Myriocin treatment also can induce lower lipid levels in apoE KO mice.121 
However, both administration methods led to reduced atherosclerosis, whereas only oral 

7 Oral administration may 
reduce cholesterol absorption in small intestine. When wild type and apoE KO animals 

with no observable pathological changes in the small intestine. Myriocin treatment also 
increased insulin sensitivity.11 Thus, myriocin has direct anti-atherosclerosis vascular 

Homozygous Sptlc1 and Sptlc2 KO mice are embryonic lethal, whereas heterozygous 
/  and Sptlc2 / , are healthy. Compared with wild type 

mice, Sptlc1 and Sptlc2 /– mice had: (1) decreased liver Sptlc1 and Sptlc2 mRNA 
by 44% and 57%, respectively and (2) decreased liver SPT activity by 45% and 60%, 
respectively. However, these animals had no change in plasma SM, triglyceride, total 
cholesterol, phospholipids and liver SM levels.123

absorption were measured. NPC1L1 and ABCA1 were decreased, whereas ABCG5 was 

controls.122

Figure 4.
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Regulation of SPT

A. Transcriptional and posttranscriptional regulation: Although the mechanism 

begun to provide insight into transcriptional and posttranscriptional regulation.
 Sptlc1 and Sptlc2 mRNA and SPT enzyme activity levels increase in response to 

and SM.124,125  
124

126

obese fa/fa rats. This is suggested to be a response to an increase in intracellular 
127

mammalian cells, SPT enzyme activity has been detected in many tissues 
and cell preparations.128

to neonatal period and reaches a plateau at the adult stage.129

130,131

reported that the greatest activity was obtained with palmitoyl-CoA supply.132 

133

Sphingomyelin Synthase (SMS) and Atherosclerosis

and ceramide, as well as diacylglycerol (DAG) levels.12 Manipulating SMS activity also 
can regulate plasma and membrane SM levels.

metabolism were characterized.134 On a chow diet, SMS2 KO mice had reduced 
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macrophages, whereas SMS2LTg mouse plasma prevented it.134 These results indicated 

SMS and Apoptosis

It is believed that disordered apoptosis may occur in atherogenesis, leading to 
135 In two previous 

papers, investigators reported controversial results regarding the relationship between 
SMS activity and cell apoptosis. Van der Luit et al33 reported that SMS1 gene 

alkyl-lysophospholipid, thereby reducing cell apoptosis rates. Separovic et al136 reported 
that SMS1 overexpression suppresses cell apoptosis mediated by photo damage; however, 

on previous results,137 it is believed that SMS1 and SMS2 overexpression increases SM 

138 stimulation, 
thereby promoting CHO cell apoptosis. SMS1 and SMS2 knockdown by siRNA reduces 

139 that are presented on the plasma 

137

SMS reduces cellular DAG levels and PKC activity.140 SMS1 or SMS2 overexpression 

137 DAG can regulate 
both conventional and novel PKCs,141

PKC  is generally considered a growth inhibitory or proapoptotic PKC,142,143 while 
PKC 142,144 It is possible that in both CHO cells 

137

137 Separovic et al reported the same 
phenomenon when they overexpressed SMS1 in Jurkat cells.136 This may be due the 

28 The ceramide:SM 
ratio increases in cells that overexpress SMS compared with controls.137 This may 

145,146 

exposed to SMS siRNA.137 This indicates that the ceramide level might not be important 
in SMS-knockdown–induced macrophage apoptosis.



30 SPHINGOLIPIDS AND METABOLIC DISEASE

SMS and NF B and MAP Kinase Activation

147

B,148

149,150

receptor 1 
B activation151 or ligand-induced RhoA 

activation152 139 
Studies also suggest that NF B activation is triggered by SM-derived ceramide.153 On 
the contrary, it has been also shown that ceramide is not necessary or even inhibits 
NF B activation.154 Luberto et al155

TNF -and phorbol ester-mediated NF B activation that was concomitant with decreased 

B activation. Hailemariam et al 
B activation and its target gene expression are attenuated in macrophages 

simulation.156 In line with attenuated NF B activation, it was 

and SMS2 siRNA treatment reduced TNF
receptor-1 in HEK293 cells.156 B activation and 
could play an important role in NF B-mediated atherogenic process (Fig. 5).

Figure 5.
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B 
156

atherosclerosis, we transplanted SMS2 KO mouse bone marrow into LDL receptor 
KO (Ldlr / ) mice (SMS2 /  macrophages Ldlr /

decreased atherosclerotic lesions in the aortic arch, root (57%, P  0.001) and the 
entire aorta (42%, P  0.01), compared with wild type macrophages transplanted into 
Ldlr /

produced less necrotic core area (71%, P  0.001) and more collagen content (35%, 
P 

9 (Fig. 5).

CERAMIDE IN LIPOTOXIC CARDIOMYOPATHY

157

carbohydrates and lactate.158,159

tissue bind to circulating albumin and are delivered to heart. Alternatively, TG-rich 
lipoproteins are internalized by receptor-mediated processes and are hydrolyzed to liberate 
FFA inside the cells.160

obesity,161,162

toxic.3,163 These potentially toxic metabolites include ceramide and DAG. Ceramide is 
3 Cardiac 

164

anchored LpL mice (LpLGPI) also have increased increased cardiac ceramide and apoptosis 
markers including cytosolic cytochrome c, caspase 3 expression and activity.165 Park 

cardiac contraction in LpLGPI.10

to modulate mitochondrial substrate oxidation (Fig. 6). LpLGPI hearts have increased 
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However, glucose uptake is increased in LpLGPI

phosphorylated glycogen synthase 3 .10
GPI hearts, myriocin 

GPI mice with 
myriocin only partially rescued the survival rate. A potential reason is due to involvement 

CONCLUSION

countries.

metabolism and atherosclerosis and ceramide is suggested as a metabolic switch 

Figure 6.
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the reported work is the discovery that inhibiting sphingolipid biosynthesis may have great 

these chronic diseases.
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Abstract: 

to possess potent cardioprotective properties. This chapter provides a review 

myocardial lipotoxicity.

INTRODUCTION

1 who 
,25-dihydroxyvitamin D3 on HL-60 cell 
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ceramide-1-phosphate, sphingosine and sphingosine-1-phosphate (S1P) (Fig. 1). 
Intensive studies conducted over the next two decades revealed that sphingolipids 

apoptosis as well as responses to cytokines and stress.2 Ceramide has also emerged as 

including cardiomyocytes.3

recently attracted much attention.

Figure 1.
SM-sphingomyelin, SMase-sphingomyelinase, CDase-ceramidase, SPHK-sphingosine kinase, 
S1P-sphingosine-1-phosphate.
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CHARACTERIZATION OF MYOCARDIAL SPHINGOLIPID METABOLISM

myocardial and skeletal muscle sphingolipid metabolism. As shown on Table 1, the rat 

sphingoid bases also between human cardiac and skeletal muscle (see Table 1).

metabolism. As compared to rat myocardium, human heart is characterized by similar level 

4

5 

Table 1.
in heart vs skeletal muscle

     Rat Human

Soleus Heart Vastus Lateralis Heart

(pmol/mg)
Sphingosine 1.0 2.2 0.33 1.3
Sphinganine 0.38 0.55 0.06 0.14
Sphingosine-1P 0.25 0.49 0.06 0.14
Ceramide 25 23 16 17
Sphingomyelin 316 645

SPT 0.59 0.94
al-CDase 1.5 6.0
n-CDase 1.2 8.0
a-CDase not detected 2.7
n-SMase 16.5 6.6
a-SMase 23 125

a-CDase-acid ceramidase, n-SMase-neutral sphingomyelinase, a-SMase-acid sphingomyelinase. 
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human but not murine heart.6,7

5 Our data indicate that sphingosine kinase (SPHK) 1 
is the dominant subtype in the human myocardium, whereas the rodent heart expresses 
predominantly SPHK2.8

metabolism in the human heart.5

sphinganine and S1P as compared to the right atrial appendage. On the other hand, expression 

degradation (ceramidases, sphingosine kinases) was markedly higher in the papillary 
muscle which suggests higher ceramide turnover in the ventricular tissue. However, 

PPARs AS REGULATORS OF SPHINGOLIPID METABOLISM 
IN THE HEART

,  and 
9 

Finck et al10

observed in wild type animals which suggests that PPAR  may be involved in regulation 

 agonist) on sphingolipid metabolism 
in the rat heart.11

action on SPT activity is unclear. PPAR  stimulation was shown to upregulate expression 
12

regulation. However, it remains obscure whether PPAR
or via changes in cellular lipid metabolism. The latter hypothesis is supported by the 

palmitate upon PPAR  activation, WY-14643 did not increase either ceramide content 
or SPT activity.11 We also observed a modest increase in ceramide content in the heart 

 agonist (GW0742) (M. Baranowski, unpublished 

pathway was augmented upon PPAR  activation.
 in cardiomyocytes is very low and it is the least investigated 

9 Several studies demonstrated that thiazolidinediones, 
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which are selective PPAR
and increase basal and insulin-stimulated glucose uptake in cultured rat cardiomyocytes 

13-17 18

 activation on 
myocardial sphingolipid metabolism. To our surprise, pioglitazone administration 

thiazolidinediones lower cardiac ceramide level only in chronically obese and diabetic 

 agonist did not produce evident 

 

19 However, our data do not exclude a possibility that 

cells due to its augmented synthesis de novo.3 However, in vitro studies on rat astrocytes 
and pancreatic islets showed that incubation with palmitate also increases activity and 

20,21

 agonist. Collectively, the results 

EXERCISE MODULATES MYOCARDIAL CERAMIDE METABOLISM

4

bouts reduced ceramide level in the murine heart to a similar extent as observed in 
our study.22

revealed that the initial reduction in its content observed in our experiment was likely 
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occurred during prolonged exercise. As already mentioned in the previous section, in 

It should be mentioned that exercise until exhaustion increased not only SPT activity 

23 We showed previously that exercise until exhaustion 
24 We observed a 

4 There are many reports 
showing that sphingosine and to a lesser extent also sphinganine, reduce contractility 

Table 2.
myocardial sphingolipid metabolism

PPAR PPAR PPAR

Standard 
Chow

High-Fat 
Diet

Standard 
Chow

High-Fat 
Diet

Standard 
Chow

High-Fat 
Diet

sphingolipids

Sphingosine
Sphinganine
Sphingosine-1P
Ceramide
Sphingomyelin

Enzyme activity

SPT
al-CDase
n-CDase
a-CDase
n-SMase
a-SMase

ceramidase; n-CDase, neutral ceramidase; a-CDase, acid ceramidase; n-SMase, neutral sphingomy-
elinase; a-SMase, acid sphingomyelinase; , increase; , decrease. Created 
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ryanodine receptor.25,26

27

SPHINGOLIPIDS IN ISCHEMIA/REPERFUSION INJURY OF THE HEART

Krown et al28
2-ceramide induces 

29 

the rabbit myocardium in vivo.30-33 However, the mechanism underlying ischemia/

32

31 In line with the 

not acid) sphingomyelinase in neonatal rat cardiomyocytes.34 Interestingly, pretreatment 

30

33 In our experiment, IPC resulted 

32 who showed that 
IPC prevented elevation in ceramide content in ischemic rabbit myocardium.

and rodent plasma.35 Interestingly, this mediator acts also in an autocrine and/or paracrine 

36

(S1PR1-5). Cardiomyocytes express S1PR1, S1PR2 and S1PR3
37
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Karliner et al38

39,40 The early 
study by Jin et al40

S1P (generated in response to GM-1) required PKC
S1P did not. However, it was recently reported that pertussis toxin (preventing G proteins 

1/3 antagonist 
abolished GM-1 mediated cardioprotection.41 These data indicate that intracellulary 

 seems to mediate GM-1 induced SPHK activation 

42 Consistently, deletion 

43

44 It was also suggested that 

plasma S1P is contained within HDL.45

involves cyclic nucleotide-dependent pathways.46

There is a controversy as to which S1PR subtype mediates the cardioprotective action 
1. They 

1

S1PR1

as exogenous S1P.47 In addition, the S1PR1 antagonist VPC23019 blocked protection 

glycogen synthase kinase-3 . However, reports by other groups indicate that S1PR2 and/or 
S1PR3 rather than S1PR1

48

that S1PR2/3 double knockout mice are characterized by markedly increased myocardial 

2 nor S1PR3 deletion alone augmented ischemia/

Theilmeier et al49 reported that S1P-mediated cardioprotection was completely absent 
in S1PR3

1

37 The 
discrepancy between the results by Karliner’s group and those by other investigators 

1 was 
demonstrated on isolated cardiomyocytes, whereas S1PR2/3-mediated cardioprotection 
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et al50 who demonstrated that selective S1PR1

1 
51

to the plasma membrane in response to IPC52 which to a large extent prevents decrease in 
42 Consistently, 

in the murine heart.43,52 A recent report by Vessey et al53 suggests that the mechanism 

1 and/or S1PR3

postconditioning, similarly to IPC, protected isolated mouse hearts against ischemia/
54

to healthy controls.55

and erythrocytes.35

recent report showing that exogenous S1P is cardioprotective also in human myocardial 
tissue.50

CERAMIDE AS A MEDIATOR OF LIPOTOXICITY IN THE HEART

56

56,57 In recent years a hypothesis suggesting that lipotoxicity may contribute 
58,59 Direct evidence supporting this 

acyl coenzyme A synthetase 1 (MHC-ACS1),60 61 and the cell 
62 All these transgenic animal 

It is still unclear how lipid overload leads to cardiomyopathy, however, there is 

, ACS1 and 
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Table 3. Relationship between myocardial ceramide, cardiomyocyte apoptosis 

cardiomyopathy

Experimental Model

 
Ceramide 

Level
 

Apoptosis

 
Heart  

Function

diet, rats
Baranowski et al. 
J Physiol Pharmacol 
2007

 75% Rennison et al. Am 
J Physiol Heart Circ 
Physiol 2007
Morgan et al. Am J 
Physiol Heart Circ 
Physiol 2005

rats
Okere et al. Am J 
Physiol Heart Circ 
Physiol 2006

diet, rats
– 39%

wild type mice
Finck et al. Proc Natl 
Acad Sci USA 2003

MHC-PPAR  mice
 31%

rats
 65% Torre-Villalvazo 

et al. J Nutr 2009
ob/ob mice  166%
Streptozotocin-diabetes, 
rats

 14% M. Baranowski, 
unpublished 
 observation

Streptozotocin-diabetes, 
rats Sci 2001
Akita Ins2(WT/C96Y) 

Type 1 diabetes)

 69% Basu et al. Am J 
Physiol Heart Circ 
Physiol 2009

 164%
Acad Sci USA 2000

MHC-PPAR  mice  40% Son et al. J Clin 
Invest 2007

MHC-ACS1 mice  230% Chiu et al. J Clin 
Invest 2001

LpL(GPI) mice + 45% Park et al. J Lipid 
Res 2008

; MHC-PPAR
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LpL(GPI).60,63,64 18

Type 1 diabetes).65

respectively) was associated with decreased myocardial ceramide level.18,22,65 However, 

by Park et al64

66,67

 or ACS118,60,63 (see Table 3). In addition, 
interventions leading to a decrease in heart ceramide simultaneously reduced 

18,22 Moreover, in 

68,69

It should be noted, however, that a recent report by Park et al64 indicates that 

ceramide was observed as well, however, it was not accompanied by cardiomyocyte 
apoptosis. Interestingly, pharmacological (with myriocin) or genetic (heterozygous 

also corrected the mismatch between myocardial glucose uptake and oxidation, which 

kinase 4, atrial natriuretic peptide and brain natriuretic peptide gene expression. These 
changes were consistent with those observed in LpL(GPI) mice that show elevated 
myocardial ceramide level. The above data strongly suggest that ceramide is able to 
modulate cardiomyocyte energetic substrate metabolism via transcriptional regulation 
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70

remains unknown whether similar relationship is present also in the human heart. We 

5

enzymes included neutral sphingomyelinase, SPT subunits, ceramidases and SPHK1. 

concomitant diabetes was present, however, their expression was still higher than in 

was regulated in concert. Our results suggest, that in contrast to rodents, obesity and 
Type 2 diabetes do not induce ceramide accumulation in the human heart, or at least in 

Figure 3.

a-CDase-acid ceramidase, n-SMase-neutral sphingomyelinase, a-SMase-acid sphingomyelinase. 

J Lipid Res 2010; 51:74-80.5
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CONCLUSION AND FUTURE PROSPECTS

date, it remains an open question whether a similar relationship is present also in the human 

diabetes and obesity. In contrast to ceramide, S1P plays a critical role in maintaining 
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Abstract: 

lipoprotein particles (HDL, LDL and VLDL), carried by serum albumin and also 

plasma lipoproteins have provided intriguing data concerning the protein and 

been implicated in several diseases such as cancer, obesity, atherosclerosis and 

laboratory test could be a pioneering approach to diagnose disease in the population. 
This approach would probably evolve to be analogous in implication to determining 
“good” and “bad” cholesterol and triglyceride levels in lipoprotein classes.

INTRODUCTION

1-4 
Ceramide (Cer), the central molecule in sphingolipid metabolism, is generated by either 

phospholipases.5

by ceramidases to liberate sphingosine (Sph). The latter can be re-acylated to Cer or 
phosphorylated to sphingosine 1-phosphate (S1P) by sphingosine kinase (SK).1,4,6 Several 

Sphingolipids and Metabolic Disease, edited by L. Ashley Cowart. 
©2011 Landes Bioscience and Springer Science+Business Media.
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sphingolipid metabolites, particularly Cer, Sph, S1P and ceramide 1-phosphate (Cer1P), 
have been recognized as bioactive signaling molecules that regulate cell growth and 
death.1-4,7-12

) or oxidative stress, 
are associated with apoptotic responses.13

14 1 Studies addressing the 

BLOOD SPHINGOLIPIDS IN HOMEOSTASIS

Interest in blood sphingolipids has been broadened by the development and clinical 

in lymphocyte sequestration.15 It has since become increasingly essential to explore the 

to determine the mechanisms by which sphingolipid biosynthesis and turnover regulate 

and head groups, sphingolipids contain long-chain hydrocarbon groups.7 Furthermore, 
sphingolipids are insoluble in water and have both hydrophobic and hydrophilic properties.7 

16 however, studies addressing 

In a recent study using HPLC-MS/MS we have analyzed a comprehensive sphingolipid 

17 We simultaneously analyzed 
the sphingoid bases (C18:1, C18:0) Sph and dihydrosphingosine (dhSph); sphingoid base 

dihydroceramides (dhCer), Cer1P, SM, hexosylceramide (HexCer) and lactosylceramide 
17

sphingolipids, respectively. The abundant circulating SM, LacCer, HexCer and Cer are 
C16-SM, C16-LacCer, C24-HexCer and C24

16-SM and the very long-chain LacCers (C24:1, C26:1) increased, whereas 
16-C20) and C26

18- and C18:1-SM, 
C18

17 

18 Future studies should be able 

disease conditions.
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LDL and HDL) and in blood cells and platelets and also bound to serum albumin.19 

in lipoprotein particles are still obscure. In our recent study, HPLC-MS/MS was also 

and HDL3.17

17 In an analysis 

20 which corresponds to 
C16- and C24:1-SMs containing C18:1 sphingoid backbone, respectively. In VLDL, LDL, 

C16 24:1-SM.17,20 
24-Cer is the most abundant Cer species in all lipoprotein 

17,20

21,22 

vascular remodeling, including endothelial cells, smooth-muscle cells, lymphocytes, 
monocytes and platelets.12,23-27

is associated with LDL, VLDL and HDL particles.19

17 Others have also 
shown that the smallest lipoprotein particles, HDL3, are enriched in S1P but poor in SM 
compared to the larger HDL2 particles.28

anti-atherogenic and anti-thrombotic molecules (e.g., nitric oxide and prostacyclin).23,29,30 
30,31 

and pro-atherogenic32

artery disease.33 In concurrence, we have recently demonstrated that HDL3, which 

in vivo.34

tissues to the liver, the larger diameter HDL2 particles viewed as more atheroprotective 
compared to the smaller sized HDL3 particles.35

36,37 More recently, it has been 

38 It is intriguing then to hypothesize that the 
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BLOOD SPHINGOLIPIDS IN PATHOBIOLOGY

In a recent well-designed clinical study, Sattler et al demonstrated that the S1P content 

artery disease (CAD).40

40 

Red blood cells,41,42 vascular endothelial cells43 and platelets44,45 all contribute to 

S1P; but maintains a highly active Sph kinase,45

platelets are able to store and release S1P upon stimulation.44,45

17

metabolites, Cer, Sph and SM.46

47 This 

48

49 The use 

dynamics, is hampered by the large molecular dimensions and complex thermodynamic 
50 

Kumpula et al used a structural model to optimize the lipid distributions within lipoprotein 
48 This model 

48 Such structural models seem 

51

51 
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lipid metabolism at the individual molecular species level.

microdomains that mediate signal transduction. Complex membrane sphingolipids such as 

7 Accordingly, 

in sphingolipids have been implicated in several diseases.10,11,52-57 For example, elevated 
9 

8

lysophosphatidylcholine58,59 and Cer.60

glucosylceramide.61

in eukaryotes.2,62,63 In accordance with this concept, it has been shown that plasma levels 
24-Cer, increased in coronary artery disease and stroke 

Cer species.64

and SM.10

disease and metachromatic leukodystrophy have led to an interest in the composition, 
11

Gaucher disease is a glycolipid storage disorder characterized by the accumulation 

65 

monohexoside/SM ratio was increased in the Gaucher disease patients compared to controls. 

66 Fabry disease is 

MALDI-TOF-MS, it was revealed that ceramide trihexoside species clearly accumulated 
66

44 Plasma S1P 
may play diverse important roles in blood vessels. We have recently shown that 

permeability.23 Recent work in our laboratory also showed that S1P can be generated in 
response to monocyte/macrophage activation47 and S1P can also stimulate the secretion 

 and PGE2.12 In a study designed 

33
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67

67

Fusarium 
verticillioides
metabolism. Abnet et al studied the relationship between serum sphinganine and Sph 

68

68

69 To determine 

70 
Sphinganine and Sph in those studies were determined by HPLC. Lieser et al developed 

71

an enzymatic method to measure plasma SM, Schlitt et al showed that SM is particularly 

plasma.72 In an epidemiological case-control study Jiang et al showed that the plasma SM 
level is positively and independently correlated with age, body mass index and systolic 
blood pressure.73 They also showed lower mean plasma SM levels in men compared 
with women, in smokers compared with nonsmokers and in Caucasians compared with 
other ethnic groups.73 Nelson et al then investigated whether plasma SM is an early 

carotid intimal-medial wall thickness, ankle-arm blood pressure index and the Agatston 
coronary artery calcium score in asymptomatic adults.74 They concluded that plasma SM 
is associated with subclinical atherosclerotic disease.74 Recently, Park et al75

et al76

in apolipoprotein E-knockout mice. It has been also shown that adenovirus-mediated 
77 

Thus, abnormal sphingolipid metabolism could conceivably be involved with accelerated 
atherosclerosis and alterations in certain sphingolipid levels in the blood could be evaluated 

and lysophosphatidylcholine have a highly predictive power in respect to sepsis-related 
mortality.78 In addition to the absolute concentrations, they analyzed the molar ratios 

78
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CONCLUSION

metabolic pathways involved in lipoprotein metabolism in both health and disease states, 
79-81 Although 

17,20
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Abstract:
resistance, hyperinsulinemia and Type 2 diabetes, as well as with accelerated 
atherosclerosis, the molecular changes in obesity that promote these disorders are 
not completely understood. Several mechanisms have been proposed to explain how 

hemostasis. Another suggests that lipid accumulation in nonadipose tissues not suited 

and metabolism. Recent evidence demonstrates that sphingolipid metabolism is 

and plasma ceramide biosynthesis in obesity and, its potential contribution to the 

INTRODUCTION

adult US population being either overweight or obese.1
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The adipose tissue is now recognized not only as a lipid storing organ, but represents 

insulin sensitivity and cardiovascular risk.2,3

 (TNF- ), monocyte chemoattractant protein-1 (MCP-1), interleukin-6 (IL-6) 

2,4-10,11 Plasminogen activator inhibitor-1 (PAI-1), 

12 is also dramatically elevated in adipose tissues in obesity 
and adipose PAI-1 is considered to be an important contributor to elevated plasma 
PAI-1 associated with obesity.13-17 Evidence suggests that PAI-1 may also contribute 

atherothrombosis.18-20

tissues in obesity, acts in an autocrine, paracrine and endocrine manner to promote insulin 
resistance in peripheral tissues (muscle, liver) and increase cardiovascular risk (Fig. 1).

Figure 1.
metabolic and cardiovascular risk in obesity.
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Another mechanism by which obesity leads to insulin resistance in the liver and 
muscle is via increased intracellular lipid accumulation in these tissues.21-25

cytokines and FFAs activate stress signaling pathways including c-Jun N terminal kinase 

adipose, muscle and liver (Fig. 1).
Studies demonstrate that sphingolipid metabolism is altered in adipose tissues in 

obesity and bioactive sphingolipids such as ceramide and/or its metabolites, sphingosine 
and sphingosine 1 phosphate (S1P) may provide a common pathway that link both elevated 

and cardiovascular risk.

REMODELING OF ADIPOSE AND PLASMA CERAMIDE IN OBESITY

ceramide, sphingosine, S1P and ceramide 1 phosphate (C1P). Ceramide is the central 

NSMase).26-28

ceramide species.29 Ceramide is subsequently deacylated to produce sphingosine through 

phosphorylated to S1P via sphingosine kinase.27,28 Ceramide can be phosphorylated 
by ceramide kinase to produce C1P and converted to the complex sphingolipid 

glucosylceramide synthase.30,31 Accumulating evidence suggest that these bioactive 
sphingolipids (e.g., ceramide, sphingosine, S1P, C1P) serve as signaling molecules 

27,28

It is now well established that sphingolipid metabolism can be activated by a 

be altered in adipose tissues in obesity. Detailed changes in sphingolipid metabolites 

using a lipidomics approach.32

and ceramide were reduced, whereas sphingosine was increased when compared to 
their lean counterparts. In contrast with sphingolipid levels in adipose tissue, total 
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C18 ceramide. The observed changes in adipose ceramide levels in the ob/ob mice 

(SPT, NSMase and ASMase) and ceramide hydrolysis (Ceramidase). The decrease in 
ceramide observed in the adipose tissue and the corresponding increase in plasma may 

that in Sprague-Dawley rats, dexamathasone treatment induced a dramatic increase 
in ceramide within the portal vein, suggesting that elevated circulating ceramide may 

33 
Ceramide secretion was also observed in cultured adipocytes (Samad et al, unpublished 
observations).

Since the ob/ob mice lack the satiety hormone leptin and human obesity is 

which better mimics human obesity. Here, C57BL/6J mice were placed on a high (60% 

synthesis (SPT, acid-SMase and neutral-SMase).34 Lipidomics analysis revealed that 

(Fig. 2A), whereas C24 ceramide was the dominant species in the plasma (Fig. 2C). 
HFD-induced obesity resulted in more than 300% increase in C18 ceramide in both 

Figure 2. Ceramide expression in lean and diet induced obese (DIO) mice. Panels A and C: Ceramide 
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adipose and plasma, whereas C16 ceramide was induced by approximately 75% 
(Fig. 2B,D). Interestingly, C18 ceramide which was maximally stimulated in response 

normal lean mice. The dramatic increase in adipose C18 ceramide correlated with elevated 

35

metabolites, sphingosine and S1P have also been reported in Type 2 diabetic patients 

and degradation in this population.36

37

38 Thus, aberrant adipose tissue 
ceramide accumulation appears to be associated with obesity and may play a role in 

REGULATION OF CERAMIDE METABOLISM IN OBESITY

TNF-  expression is elevated in adipose tissues in obesity39 and this cytokine 

generation in other cell systems.28  into C57BL/6J 

expression.32  to obesity mediated increase in plasma 
ceramide was also directly investigated in ob/ob mice that lack both the p55 and p75 
TNF-  receptors. Compared with wild type ob/ob mice, plasma ceramide levels were 

(Samad, et al, unpublished observations). These results suggest that TNF-  is upstream 

insulin resistance and hyperinsulinemia and, insulin dramatically induced ASMase, 

ob/ob mice.32

insulin-treated ob/ob mice compared with insulin-treated lean mice, suggesting that 

pathway in the obese adipose tissue.
Obesity is additionally characterized by elevated plasma FFA and oxidative stress. 

Increased adiposity and associated insulin resistance, particularly in abdominal adipose 

tissues such as the skeletal muscle, liver and pancreas thus causing metabolic derangements 

in cultured 3T3-L1 adipocytes.40 Whether FFAs directly contributes to the increase in 
adipose ceramide levels in obesity has not been conclusively demonstrated.
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dehydrogenase Type 1 (11beta-HSD1), are increased in adipose tissues in obesity.41 

obesity, insulin resistance and hypertension.42-44

45 Glucocorticoids in turn induce sphingolipid 
46-48 In 

33

in tissues such as the adipose tissue, may at last in part contribute to the dysregulated 
49-52 

53 and 
regulates mitochondrial membrane permeability.54,55

56,57 a pro-apoptotic 
58 While potentially 

important mechanistic links are present between obesity, ceramide and oxidative stress, 
it still remains unclear however, whether aberrant ceramide accumulation is a cause or 

NOVEL LINKS BETWEEN SPHINGOLIPID METABOLISM 
AND PLASMINOGEN ACTIVATOR INHIBITOR 1 (PAI-1)

thrombosis.12 PAI-1 levels are consistently increased in the adipose tissues and plasma 

body mass index, insulin resistance and hyperinsulinemia.18 Increasing evidence suggests 

resistance, Type 2 diabetes and atherothrombosis18 and thus central to increased adiposity 
and its metabolic consequences.

Interestingly, the increase in adipose and plasma ceramide observed in diet induced 
obsess (DIO) wild type C57BL/6J mice was attenuated in mice lacking PAI-1.34

/  mice.34 

 observed in 
these mice. This study suggests that PAI-1 may interact in previously unrecognized ways 
with pathways involved in sphingolipid metabolism in obesity. It also suggests that the 
improvements in the metabolic phenotype (improved insulin signaling, reduced weight) 

/
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cytokines and insulin resistance.

CONTRIBUTION OF CERAMIDE BIOSYNTHESIS TO BODY WEIGHT 
REGULATION AND ENERGY METABOLISM

signaling. Leptin, the hormone secreted primarily by adipocytes regulates central and 

metabolism/energy expenditure.59-61 However, most obese humans are resistant to the 
62-64 DIO in mice is a physiologically relevant 

63,65 

weight gain/obesity.66

to weight gain and leptin resistance. De novo ceramide synthesis was inhibited by treating 
mice with myriocin, which inhibits SPT, the rate limiting enzyme in de novo ceramide 

treated with vehicle or myriocin as previously described67,68 (IP, O.3mg/kg body weight) 

69

weight (Fig. 3A). Inhibiting de novo ceramide synthesis also resulted in increased oxygen 
consumption and CO2

expenditure. Myriocin treatment decreased the respiratory exchange ratio (RER), a ratio 

ceramide via increased in vivo ceramide biosynthesis may potentially contribute to the 

and cardiovascular disorders.

leptin resistance.66,70,71-74

69

adipocytes with the short chain ceramide analogue C6 increased SOCS3 mRNA.69 Thus 
SOCS3, may mechanistically link aberrant ceramide accumulation to peripheral leptin 
resistance in adipocytes.

energy homeostasis including the mitochondrial uncoupling proteins (UCP), whose 
expression is decreased in leptin resistant states.74-78 UCPs are mitochondrial inner 

oxidation and thereby play important roles in whole body energy expenditure.79 Enzymes 
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involved in ceramide biosynthesis are expressed in mitochondria and mitochondria 
54,80-82 Mitochondrial ceramide was shown to be 

induced by TNF- , a cytokine whose expression is elevated in obesity.83 In parallel 

69 Furthermore, UCP-3 mRNA expression was 

C6.69 While the proposition that ceramide accumulation may be involved in the 

SPHINGOLIPIDS AS MEDIATORS OF ADIPOSE INFLAMMATION 
IN OBESITY

cytokines, hormones and other adipokines that is thought to underlie the cardiovascular 
and metabolic risk associated with obesity. These adipokines secreted by adipocytes and 
other cell types such as the macrophages that accumulate in the adipose tissue during 

Figure 3.
A: Body weights. Panel B: whole body oxygen consumption. Panel C: Carbon dioxide release. Panel 
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, IL-6, 
MCP-1 and KC to various extents.32 Ceramide also increased PAI-1 expression in 
cultured endothelial cells84 and astrocytes.85

in DIO mice, reduced adipose tissue PAI-1 and MCP-1 expression, providing evidence 
that ceramide accumulation contributes to adipose tissue PAI-1 and MCP-1 expression 
in vivo.69 Ceramide however can be readily converted to sphingosine, which in turn can 

CONTRIBUTION OF CERAMIDE BIOSYNTHESIS TO OBESITY 
MEDIATED INSULIN RESISTANCE

Insulin maintains glucose hemostasis by promoting glucose uptake by the muscle 

Type 2 diabetes.

and ceramide appears to be a putative intermediate linking both excess nutrients such 

resistance. Ceramide and sphingosine inhibits insulin action and signaling in various 
cell culture systems.25,87-91 In vivo studies by Holland et al demonstrated that inhibition 

insulin resistance.33 Heterozygous dihydroceramide desaturase mice exhibited enhanced 
insulin sensitivity and protection against dexamathasone-induced insulin resistance.33

improvement in both the glucose and insulin tolerance tests (Fig. 4A,B).69 While the 

insulin resistance, the molecular mechanisms by which it does so remain controversial 

that ceramide inhibits insulin-stimulated glucose uptake, GLUT4 translocation and/or 
glycogen synthesis.87-93 Ceramide has been shown to inhibit several distinct intermediates 
in the insulin signaling pathway including insulin receptor substrate (IRS)-1, PI3-kinase 
and Akt/PKB.94,95 However, these results have been controversial. While some studies 
have shown that in cultured cells, ceramide inhibited insulin mediated tyrosine 
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87,89,96-103

87,98-100,103 Ceramide directly 
activates protein phosphatases 2A (PP2A),104 the primary phosphatases responsible 

105 Ceramide also activates PKC , an enzyme that 
inhibits Akt/PKB translocation to the membrane.106,107

both basal and insulin-mediated Akt phosphorylation was induced in the liver and 

to decreased ceramide biosynthesis in obese mice can be attributed to the combined 

) in insulin signaling have been recognized.108,109 JNK 
activity is increased in obesity and obese mice lacking JNK showed improved glucose 
homeostasis.109

108 
 , mechanisms that may additionally contribute 

Figure 4.
Panel A: Insulin tolerance test. Panel B: Glucose tolerance test. Bottom panel: Western blot: Basal and 
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to ceramide mediated insulin resistance.110 Thus, therapeutic strategies that lower in 

resistance and cardiovascular risk.
Although there is compelling evidence in the literature pointing to a direct or indirect 

being recognized.111-113

111 

111 Mutant mice that 

114

113 

rats in response to inhibiting glucosylceramide synthase.113 Thus, glycosphingolipid 

CONTRIBUTION OF CERAMIDE BIOSYNTHESIS TO HEPATIC 
STEATOSIS

pool.115

to insulin resistance reduces glycerol 3 phosphate levels, thereby reducing the reutilization 

37

genes involved in ceramide signaling and metabolism were positively correlated with 
116

117 A 
recent study however demonstrated that diacylglycerols but not ceramides are increased 

118

hepatic triglyceride accumulation, body weight, hyperglycemia and insulin resistance in 
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119 These results implicate that 

is that improved adipose insulin resistance resulting in reduced total plasma FFA may 

was directly addressed in HFD induced obese mice, where de novo ceramide biosynthesis 
was inhibited using myriocin.69 Hematoxylin and eosin staining showed pronounced 

(Fig. 5C). The reduced hepatic steatosis observed in myriocin treated obese mice 

120 Thus the 
mechanism by which ceramide contributes to hepatic steatosis may at least in part be 

ceramide accumulation does contribute to hepatic steatosis, whether hepatic ceramide 

under investigation.

Figure 5.

and myriocin-treated DIO mice respectively. Panel C: Liver triglyceride content. Panel D: SOCS-3 gene 
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CERAMIDE AND CARDIOVASCULAR DISEASE

and an increased prothrombotic state.121-123

obesity and exciting new studies have demonstrated that ceramide and/or other sphingolipids 
67,124-128 The increase 

in cardiovascular risk in obesity is associated with a systemic prothrombotic and pro 

, IL-6, MCP-1 and KC) has been 

84 and 
adipocytes32 , IL-6) and chemokine 

32

Animal and human studies have shown that plasma sphingomyelin and ceramide 
67,68,129,130 For example, 

129 

67,68 Ceramide may also play a role in cardiomyocyte 

ceramide synthesis (e.g., palmitate and stearate) induced apoptosis in these cells.131-133 

134

Ceramide may increase atherosclerosis via several mechanisms. Sphingomyelin 
carried into the arterial wall on atherogenic lipoproteins may be locally hydrolyzed to 
ceramide by sphingomyelinase, promoting lipoprotein aggregation and macrophage 

135

its aggregation.136 Moreover, ceramide may contribute to the instability and rupture 

smooth muscle cells.137,138

139,140 
Platelets store and release S1P141 142-144 

S1P receptors (S1P1-5

stabilization.145

including E-selectin, ICAM-1 and VCAM-1 on endothelial cells, leading to enhanced 
adhesion to monocytic cells, a process expected to enhance arthrosclerosis.146,147 Other 

148 In endothelial cells, S1P stimulates 
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that is arthero-protective.144,148 S1P added to cultured neonatal rat ventricular myocytes 
was protective against hypoxia induced cell death and S1P administered via an aortic 

149-151 Studies show that 

152-155

148,152-154 Two in vivo 
studies show reduced arthrosclerosis in apolipoprotein E /  or LDL receptor /  mice 

1, S1P3, S1P4 and S1P5.155,156

157,158 it lowers peripheral blood lymphocytes 
155,158 S1P can also 

induce cyclooxygenase (COX)-2 expression.159 COX-2 contributes to the pathogenesis 

148,159-161

CONCLUSION

associated pathologies and, increased adiposity contributes to both insulin resistance 

thrombotic adipokines and FFAs which not only antagonize insulin signaling in adipose 
and other tissues such as the skeletal muscle and liver, but also promotes pro-atherogenic 

evidence suggests that sphingolipids, such as ceramide may provide mechanistic links 

associated with obesity. Since myriocin inhibits the initial rate limiting step in de 
novo ceramide synthesis the mechanism(s) by which myriocin exerts its protective 

via its downstream ceramide metabolites such as glycosphingolipids, C1P and S1P. 

selectively regulated.
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Abstract:

associated with excessive hepatic triglyceride accumulation. Examples include 

into the connections between sphingolipids and triglyceride synthesis in an attempt 

INTRODUCTION

abdominal obesity, dyslipidemia, hypertension, insulin resistance and chronic low-grade 
1

2-4 Given the liver’s place in 
5 it is noteworthy that these 
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6 In the early stages the steatosis is largely benign, but as lipids 
continue to accrue the condition worsens, developing into steatohepatitis with damage 

7-8

obese have NAFLD,9

7,10

more cases likely exist undiagnosed.

synthesis pathway substantially reduces hepatic triglyceride levels in rodents. Herein we 
probe into the relationship between these disparate events.

Figure 1.
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SPHINGOLIPID LEVELS IN THE STEATOTIC LIVER

hepatic sphingolipid levels.11-14 Employing an agnostic lipidomic methodology to 
ob/ob mouse, Yetukuri et al15 determined that hepatic levels 

drive sphingolipid metabolism, but not with ceramides themselves.16-17 However, Kolak 
et al18 adipose ceramide content and liver triglyceride in 

which adipose ceramides could contribute to NAFLD.

MODULATION OF SPHINGOLIPID SYNTHESIS IMPACTS 
HEPATIC STEATOSIS

synthesis and degradation (Fig. 2),19 relatively little interest has been devoted to the 

have yielded noteworthy results.

Serine Palmitoyltransferase

sphingolipid synthesis, condensing palmitoyl-CoA and serine to produce 3-ketosphinganine 
(Fig. 2). Memon et al20

, on SPT activity and gene 
expression in hamsters and HepG2 cells. LPS treatment increased hepatic sphingolipid  
levels (i.e., sphingomyelin (up 75%) and ceramide (up 200%) and doubled hepatic SPT 

transcript levels and activity in vivo and both IL-1 and TNF  induced SPT transcript 
levels in HepG2 cells. In these studies, cytokine and LPS treatment increased sphingolipid 

circulation via lipoproteins.

21

ob/ob 

21

Glucosylceramide Synthase

to ceramide. The initial product is glucosylceramide, which is produced by  
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GCS inhibitors: N-(5 -adamantane-1
(AMP-DNM) and Genz-123346 ((1R,2R)-nonanoic acid[2-(2 ,3 -dihydro-benzo [1,4] 
dioxin-6 -yl-2-hydroxy-1-pyrrolidin-1-ylmethyl-ethyl]-amide-1-tartaric acid salt).

Aerts et al14 administered AMP-DNM to 6-week-old C57Bl/6J mice and observed a 
ob/ob mice with AMP-DNM 

hepatic triglyceride levels. The compound improved insulin signal transduction in the 
22 reported that a 

similar treatment in control and ob/ob mice led to a marked reduction in liver weight and 
steatosis.22

genes, including Fatty Acid Synthase (FAS) and Stearoyl-CoA Desaturase-1 (SCD1). The 

23

Genz-123346. Drug treatment reduced hepatic GC content in ob/ob mice by roughly 40% 
compared with control (water) treatment, a change that was associated with improved 

Figure 2.
synthesis impacts steatosis.
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whole-body glucose homeostasis as evident by reduced blood glucose and HbA1c levels. 

whether GCS inhibition could reverse preexisting steatosis, older mice that had been 

Sphingomyelinase

abundantly in plasma membranes and lipoproteins. The sphingolipid can be converted 

optima.24 Deevska et al25

knockout mice resolved diet-induced hepatic steatosis and improved insulin sensitivity. The 
improvement in steatosis and insulin sensitivity was associated with a paradoxical elevation 
in hepatic ceramides and sphingomyelin and a marked increase in de novo synthesis.

Numerous cell stimuli regulate SMase activity and the enzyme is implicated in 

TNF  and IL-1
26-32

established across various human and rodent cell lines.33-36 Among its many activities, 
TNF  induces SMase by binding the p55 TNFR.37

 receptor (also known as 
38

Oxidative stress also regulates SMase activity.24 Alessenko et al39 demonstrated that 
a SMase-mediated elevation in hepatic ceramides positively correlated with peroxide 
products in response to endotoxic stress. Additionally, they observed that administration 

ceramide levels and lipid peroxide oxidation.39 In exploring the mechanisms behind 
bile-salt induced hepatocyte apoptosis, Reinehr et al40 treated primary rat hepatocytes 

stress response. In addition to rapidly inducing oxidative stress, TLCS treatment was 
also shown to stimulate ceramide synthesis via elevated SMase activity. When cells were 
treated with desipramine, a SMase inhibitor, prior to TLCS exposure, ceramide levels 
and downstream oxidative stress were both reduced.40

FACTORS ASSOCIATED WITH NAFLD INDUCE SPHINGOLIPID 
SYNTHESIS

41-43

likely to drive sphingolipid production (Fig. 3).
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Saturated Fatty Acids Induce Hepatic Sphingolipids

15%), which can 
enter the liver by either spillover into plasma FFA or through chylomicron remnants.44-45 

12

12

metabolic disorders.46

47-48 Several groups provide evidence supporting a correlation between 
38,49-57 

In particular, Jarrar et al58 observed both elevated TNF

Similar trends are observed with hepatic TNF

elevated in those with advanced NASH.59-61

Figure 3.
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years and evidence attesting to the liver’s ability to produce sphingolipids in response to 
dyslipidemia is even older.62-64 Since those early discoveries, emerging evidence suggests a 
noteworthy relationship between sphingolipids and cytokines in various tissues.65-68 Further, 

adipose-derived cytokines and ceramides.18 Unsurprisingly, many studies have revealed a 
positive correlation between TNF  and sphingolipids.19,21,69

13-14,51,70

71-72

73

response to pathogens are the pattern recognition receptors (PRR),74-75 among which are 
75-77 In particular, TLR4 plays a key role in 

, IL-1 , IL-6, etc.), which are known to 
77-80

Gram-negative bacteria. The liver’s ability to respond to LPS via TLR4 plays an important 

81-82 Indeed, due to the liver’s place as 

synthesis. In addition to eliciting an immune response, LPS treatment has been shown to 

is mediated by TLR4 is unknown.20,83

Adiponectin

 and other 

and NASH, Jarrar et al58

levels than those with simple steatosis and obese controls without NAFLD. Moreover, in 
18 revealed that adiponectin 

Peng et al84

adiponectin and adipoR2 expression with advancing steatosis.56,85

Interventional studies support the idea that adiponectin may deplete hepatic triglycerides. 
In particular, Yamauchi et al86 discovered that obese mice treated with adiponectin had 

87 demonstrated that adiponectin 
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receptor polymorphisms, which prevent normal adiponectin signal transduction, are 

hepatic sphingolipids have yet to be explored, recent evidence suggesting 
that adiponectin receptors contain intrinsic ceramidase activity88-90 provides exciting insight 
into a possible mechanism.

POSSIBLE MECHANISMS

synthesis.25

hepatic sphingolipids, also depletes hepatic triglycerides.21

depleting ceramides improves peripheral insulin sensitivity, leading to the appropriate 

CONCLUSION

evidence indicates the liver occupies an increasingly prominent role in the etiology 

to uncover better treatments.
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Abstract: Glycosphingolipids are structural membrane components, residing largely in the 

view that somehow glycosphingolipids act as critical regulators, Importantly, since 

such approaches may have a therapeutic potential.
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INTRODUCTION

and medicine. Boerhaave, called communis Europae praeceptor

Near Orient and America. Boerhaave’s views on medicine and science are even today 

evidence-based medicine. In his inaugural address entitled De usu ratiocinii mechanici 
in medicina,

Haarlem 
oil

Haarlem oil his broad 

Morus alba, the 
Morus alba

INSULIN RESISTANCE

Insulin and Glucose Homeostasis

(IR) results in various cell types in increased glucose uptake by the GLUT4 transporter. 
In addition, insulin signaling in hepatocytes results in reduced gluconeogenesis and 

1

beta-subunits.1

(IRS-1 and IRS-2) to the phosphorylated IR results in their phosphorylation, which allows 

kinase produces phosphatidylinositol (3,4,5)-triphosphate (PIP3), serving as a binding site 
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serine/threonine kinases PKB and phosphatidylinositol-3-phosphate dependent kinase 
1 (PDK1) are brought into close proximity with each other by their interactions with 

(mTOR)-RICTOR protein complex phosphorylates the exposed regulatory serine (S473) 

2-4 All these early signaling steps 

is still not known.5 PKB substrates are glycogen synthase kinase 3 or GSK3,6 the 
7,8 the Rheb GAP TSC29 the phosphodiesterase PDE3b10 and 

the RabGAP TBC1D4/AS160.11 Only TBC1D4 is shown to play an important role in 
insulin-stimulated GLUT4 translocation. It has recently been argued by Hoehn and 

5 This statement sharply 
contrasts with the existing dogma. The revolutionary view by Hoehn and colleagues is 

upstream insulin signaling and GLUT4 translocation, most strikingly in palmitate 
5

insulin resistance possibly exacerbating the insulin resistance state once it has become 
established and promoting progression to metabolic disease. The apparent present lack 

complex has been postulated.12 In this pathway, the APS–CAP–Cbl protein complex 
activates the small GTPase TC10, which in turn signals the cytoskeleton to promote 

12

signal-regulated kinases (ERK)1 and ERK2. The MAPK cascade is not involved in 
insulin-stimulated glucose transport or glycogen synthesis but may relate to regulation 

13 Insulin, together with other stimuli, is also involved 
14,15

Insulin Resistance and Obesity: A Remaining Riddle

16 Obesity is not without negative health 
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responsiveness to insulin, so-called insulin resistance. In insulin-resistant individuals, 

1,17

the pancreas is stimulated to release more insulin. This leads to high circulating levels 

to glucose administration in insulin-resistant individuals is designated as glucose 
intolerance. Temporary insulin resistance is most likely not pathological, but rather a 

becomes gradually chronic and more prominent, constituting a pathological trait. In 

Subsequently, chronic hyperglycemia (Type 2 diabetes mellitus) develops which is 
usually accompanied by dyslipidemia.18

It is still an enigma why obese individuals are so prone to develop chronic 
19 

promotes insulin resistance.20-24 It is attractive to speculate that in this manner a vicious 

liver insulin stimulates lipogenesis by activating SREBP-1c, enhancing its transcription 
25 SREBO-1c promotes transcription 

26 Intriguingly, insulin resistance is 

27 This selective insulin resistance explains 

diabetes.18 Partial postreceptor hepatic insulin resistance seems a key element in the 

sheds some new light on the puzzling phenomenon.28 Evidence is presented indicating 

but concomitantly atypical protein kinase C (aPKC) activation by insulin is conserved 

/NF

and NF B activities.28

In hyperinsulinemic individuals, the increased hepatic lipogenesis and the 

29 Triglycerides are normally predominantly stored 

is increased and triglycerides accumulate in nonadipose tissues such as liver and muscle. 
Lipid excess in these tissues is associated with impaired insulin signaling and action.30,31 
A particular strong inverse correlation exists between the intramyocellular lipid content 
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and whole body insulin-stimulated glucose uptake.32 It is generally thought that in obese 

poorly understood. In a very recent, elegant review Summers and colleagues discuss the 
present insight in the molecular mechanisms through which glycerolipids contribute to 
selective insulin resistance and lipotoxicity.33 They conclude that triglyceride (TAG) 

34,35 Phosphatidic acid, an intermediate in the synthesis 
36

as primary lipotoxic agents, as will be discussed in detail in the sections below.

37 observed that chronic 
treatment with an antioxidant agent (MnTBAP) improved insulin sensitivity and glucose 
homeostasis in insulin-resistant ob/ob mice. More recently, Hoehn and colleagues38,39 

GLYCOSPHINGOLIPIDS

Sphingolipids (SLs) and glycosphingolipids (GSLs) are structural components 

40-42 Either 

through a beta-glycosidic bond, thereby giving rise to the simplest glycosphingolipids: 

glucosylceramide results in sphingomyelin, a very abundant membrane lipid. Further 

43,44 Those with a capping N-acetylneuraminic acid 
are known as gangliosides.

D-glucose, which is now known as D-galactose. The third 
component, with an “alkaloidal nature”, presented “many enigmas” to Thudichum and 
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Glycosphingolipid Biosynthesis

45-49

CerS) isoenzymes and (iv) 

to as the salvage pathway.50

51-53 Here it 

luminal inside, sphingomyelin synthase 1 (SMS1) converts ceramide into sphingomyelin 

second enzyme, SMS2, is located at the plasma membrane and converts ceramide 
there into sphingomyelin. In an alternative pathway, ceramide is phosphorylated at the 

54 This lipid 

by a not yet understood CERT-independent mechanism.53,55 Here the membrane-bound 

primary hydroxy group in ceramide using UDP-glucose as a donor glycoside. It has been 

56 Glucosylceramide 
57,58 It possesses an N-terminal 

Golgi membrane together with a hydrophobic loop near the C-terminal region.59

glycosphingolipids takes place exclusively at the luminal inside the Golgi apparatus. 

slowly equilibrates to the luminal side when unassisted (t1/2  5 h at 20°C). However, 
glucosylceramide undergoes rapid transbilayer movement in the Golgi-apparatus membrane 
(t1/2 
this.60 The ATP-dependent multidrug transporter P-glycoprotein located throughout the 

61 
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-
GSL synthesis takes place.62,63 Van Meer and coworkers reported that FAPP2 may also 
transport glucosylceramide to the ER. In addition to this, the closely related GLTP 

the plasma membrane.64,65

or beta-linked glucose, galactose, N-acetylglucosamine and N-acetylgalactosamine. At 

sphingolipids containing capping N-acetylneuraminic acid (sialic acid) units. A bewildering 

by Svennerholm, a pioneer in ganglioside research.66

Figure 1.
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67

Glycosphingolipid Degradation

predominantly takes place in endosomes and lysosomes. Glycosphingolipids reach the 

68 Glycosphingolipid-rich membrane 

bodies) which reach the lysosome.69

68 Carbohydrate 

catabolic glycosidases are bound to the membrane. However, their GSL substrates 

proteins (SAPs), which assist the glycosidases in their interaction with their target 
substrate. Five such proteins are currently known: saposin-A, -B, -C, -D and the 
GM2-activator protein.69

Glucosylceramide is degraded into ceramide and glucose by the enzyme 
glucocerebrosidase (GBA1; glucosylceramide-beta-glucosidase).69 GBA1 is a retaining 

in vivo.69

70 In 2003, Futerman and 
71 Recently, Rossmann 

72 

(S1P) synthesis.73

pathway.74

ones.75

76-78 GBA2, a 105 kDa 
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epoxide. The enzyme has a pH optimum in the neutral region, as opposed to the acidic 

GBA2 knock-out mouse model.78-80

lysosomal catabolic pathways, the sphingolipidoses.68

81 
82,83 

in the GBA1

disease.84,85 The most common mutation in the GBA1 gene, which encodes the amino acid 

with no neuropathology involved. N370S-GBA1 is normally synthesized and delivered 
to lysosomes, but shows catalytic abnormalities.86,87 In sharp contrast, the other common 

86

lysosomal glycosidases, GBA1 does not acquire mannose-6-phosphate moieties, but is 
sorted and transported to lysosomes by interaction with the integral membrane-protein 
LIMP-2.88-90

activity.91

92

one N370S-GBA1 allele and develop a nonneuropathic, so-called Type 1, disease. In 

macrophages. These heavily lipid-laden macrophages, named Gaucher cells, have a 
characteristic appearance. Gaucher cells are viable and secrete characteristic proteins such 
as chitotriosidase and CCL-18.93,94

patients and their measurement is currently used to monitor disease progression as well 
95

in various tissues results in characteristic clinical signs such as hepatosplenomegaly, 

by Gaucher cells and surrounding phagocytes is thought to underlie the pathological 
96

(GLYCO)SPHINGOLIPIDS AND INSULIN RESISTANCE

A Role for Ceramide

97

ceramide as candidate lipotoxic agent in obesity-induced insulin resistance.98 The role 
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99-101

33 Ceramide has been shown in cellular 

PKB phosphorylation,102-104 glucose uptake105 and glycogen synthesis.106

acid ceramidase in these cells reverses FFA-induced ceramide accumulation and improves 
insulin signaling.107

108-111

PKB activation.112

and activates PP2A, which impairs PKB activity by removing activating phosphates.111 

100,113,114 

insulin resistance with an increase in muscle diacylglycerol concentration, but without 
116

117 Recently, studies were conducted in humans on the possible 

skeletal muscle.118,119 A more recent study by Skovbro et al showed no increase in muscle 
ceramide content in insulin-resistant and Type II diabetic individuals compared to insulin 
sensitive individuals.120

to increase muscle ceramide content in one study,121 but not in another investigation.122 

rodents as assessed with hyperinsulinemic–euglycemic clamps.114 Mouse models 
with an impairment in biosynthetic enzymes render a similar picture.33 Mice that are 

123
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ceramide-1-phosphate and glycosphingolipids.

Lipid Microdomains, Glycosphingolipids and the Insulin Receptor

124

in reduced glucose uptake.125

adipocytes to TNF-alpha increases GM3 and inhibits IR and IRS-1 phosphorylation. This 
126 

Mutant mice lacking GM3 have been reported to show an enhanced phosphorylation 

127 Consistent with this is the recent report on 

GM3-degrading sialidase Neu3.128

certain obese, insulin-resistant mouse and rat models.117 Altered sphingolipid metabolism, 

relation to neuronal pathology in diabetic retinopathy.129 More recently, Kabayami et al 

130

Figure 2.
work by Inokuchi and coworkers.130
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Insulin 
and Glucose Homeostasis).

Gaucher Disease and Insulin Resistance

glycosphingolipids and insulin resistance during investigations on Gaucher disease. 

131,132 Next, 

associated with insulin resistance.133 Finally, an euglycemic clamp revealed that 
insulin-mediated whole body glucose uptake in Gaucher patients is reduced compared 

134 The apparent insulin resistance in Gaucher patients may 
135 Probably, 

homeostasis such as reduced insulin responsiveness. This would help to prevent attacks 

Gaucher patients gain considerable body weight and develop diabetes.136,137 Apparently, 

PHARMACOLOGICAL MODULATION OF GLYCOSPHINGOLIPIDS 
AND INSULIN RESISTANCE

Inhibitors of Glucosylceramide Synthesis

Next to the enzyme replacement therapy, based on chronic intravenous administration 

139

N  100 mg/day.140,141 

encountered at higher doses. During the last decade, we developed more hydrophobic 
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142-145

N

AMP-DNM at high concentrations is well tolerated in rodents and dogs. The IC50 value 
143 Such a steady-state plasma concentration 

increase in ceramide levels. The same is observed in drug-treated mice and rodents.

glucosylceramide levels, markedly lowered circulating glucose levels, improved oral 
glucose tolerance, reduced HbA1C and improved insulin sensitivity in muscle and 
liver as measured by euglycemic clamps.143

143 In cultured 3T3-L1 adipocytes, 

glycosphingolipid concentrations and concomitantly reversed abnormalities in insulin 
signal transduction. Thus, AMP-DNM rendered improvements in upstream elements 

(1R,2R)-nonanoic acid[2-(2 ,3 -dihydro-benzo [1,4] dioxin-6 -yl)-2-hydroxy-1-
pyrrolidin-1-ylmethyl-ethyl]-amide.114,146

114

Mode of Action of Inhibitors

glucosylceramide synthase.146 In sharp contrast, AMP-DNM not only inhibits GCS 
(IC50  150 nM), but also GBA2 (IC50  1 nM) and GBA, the lysosomal glucocerebrosidase 
(IC50 220 nM).143

AMP-DNM (see section Glycosphingolipid degradation

reached in conducted animal studies (20-200 nM) can not be excluded. However, even at 
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144 To dissect whether AMP-DNM treatment 

assimilation, we designed a related compound, L-ido-AMP-DNM that inhibits GCS and 

and GBA1.147 L-ido
were equivalent. L-ido-AMP-DNM lowered visceral glycosphingolipids in ob/ob mice 

and insulin signalling in the liver were almost comparable. L-ido-AMP-DNM was less 
potent in lowering blood glucose and reducing HbA1C in these animals.147 Apparently, 

hyperglycemia, whilst L-ido-

as the hereditary lysosomal glycosphingolipidoses.

148

149,150 

AMP-DNM treated ob/ob mice.149

signalling in adipose tissue and in isolated ex vivo insulin-stimulated adipocytes. Drug 

insulin responsive glucose transporter (GLUT)-4 and adipsin increased.149 In addition, 

treatment.149

Figure 3.
sensitivity. L-ido
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particular, the reverse cholesterol transport pathway.151

151

ob mice with AMP-DNM, while restoring insulin signaling in the liver, correcting blood 

150 

152

CONCLUSION

At present it still remains open whether glycosphingolipids directly interact with the 
insulin signaling pathway. On the one hand, Inokuchi and coworkers have demonstrated 

enriched in gangliosides and they presented data suggesting that gangliosides like GM3 

excessive gangliosides.
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iminosugars is required to expedite such applications.
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Abstract:
ceramide, are highly abundant in the kidney. Glycosphingolipids are known to 

a mutation in alpha-galactosidase A ( -GLA or -Gal A), the enzyme responsible 

The inactivation in 

pathologies including end-stage kidney disease. More recently, glycosphingolipids 

glomerulonephritis, diabetic nephropathy and kidney cancer. This chapter reviews 

tolerated in animal models as well as in humans. Thus, an increased understanding 

kidney disease has great therapeutic potential.

INTRODUCTION

N

branching. Glycosphingolipids have numerous roles in regulating cellular processes, 

Sphingolipids and Metabolic Disease, edited by L. Ashley Cowart. 
©2011 Landes Bioscience and Springer Science+Business Media.



122 SPHINGOLIPIDS AND METABOLIC DISEASE

that glycosphingolipids have been implicated in numerous diseases and that mutations 
in several enzymes involved in glycosphingolipid metabolism occur in a wide variety 

potential role in kidney pathologies associated with metabolic disease.

METABOLISM OF SPHINGOLIPIDS

sphingoid base backbone. Sphingolipid metabolism is a complex process involving many 
1 At 

N-acylated (14-26 
carbons) sphingosine (16 or 18 carbons). Ceramide can be generated by multiple pathways 
in cells, namely sphingomyelin hydrolysis, de novo synthesis, the salvage pathway, or 

2,3 2-dependent neutral 
sphingomyelinases have been implicated in stress-induced ceramide generation.2,3

Figure 1.
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De novo ceramide synthesis4,5 occurs in the ER.6 The enzyme serine palmitoyl 

sphinganine. Ceramide synthases catalyze the N

base backbone.
Once generated, ceramide’s N

7 The sphingosine generated by the action 

salvage pathway. Thus, ceramide synthases are thought to occupy a central position in 

distinct pathways: de novo synthesis and the recycling/salvage pathway (see Fig. 1).

8-10

11-23 Once generated, ceramides can 
serve as a metabolic precursor to complex sphingolipids, such as SM and glycosphingolipids. 

the Golgi apparatus. Ceramide can also be phosphorylated by ceramide kinase to generate 
ceramide-1-phosphate (C1P).

Ceramide is broken down when its N
liberate sphingosine (catalyzed by CDase), which in turn is phosphorylated to generate 

24,25 S1P is broken down to yield hexadecenal 

25 The dynamic balance between the 

and their ability to be interconverted.

METABOLISM OF GLYCOSPHINGOLIPIDS

galactosylceramide (GalCer) and glucosylceramide (GluCer), respectively. The GalCer 

added, processes which mainly occur in the kidney.
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to generate lactosylceramide, a reaction catalyzed by lactosylceramide synthases on 

26 Additionally, it has been proposed that 
the protein glycosphingolipid transport protein FAPP2 may also be involved in this 

27

and globotriosylceramides.28

N-acetylgalactosamine and N-acetylneuraminic acid (sialic acid) (see Fig. 2). Gangliosides 

to lactosylceramide. Their names are abbreviations assigned to them according to the 

 Gangliosides are highly abundant in 

described below.

Figure 2.
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glycosphingolipids, which occurs mainly in the lysosome, but is known to occur 
at the plasma membrane and mitochondrion as well.33-41 Indeed, several lysosomal 

glycosphingolipids.32,42-49

GLYCOSPHINGOLIPID SUBCELLULAR LOCALIZATION  
AND TRANSPORT

they are highly enriched in the apical plasma membrane, representing 30-40 mole 
50-53 The myelin is enriched in galactosylceramide derived 

glycosphingolipids and the neuronal plasma membranes have particularly high levels 

endocytic pathways. Mitochondria and mitochondrial associated ER derived membranes 
(MAMs) have been reported to contain particular glycosphingolipids, namely GD1 

which is a sialidase and can act on both gangliosides and glycoproteins.40,41 Enzymes 
that breakdown glycosphingolipids are also localized to lysosomes with inactivating 

4.36,38-41,54-56

and endocytic recycling pathways, which is consistent with their synthesis on the luminal 

33,57-59 It is interesting 

33,57-59 Lipid 

glycosphingolipids.58,60-62 In addition to vesicular transport, there is evidence to suggest 

63,64

FUNCTIONS OF GLYCOSPHINGOLIPIDS
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28,65-74

32 Glycosphingolipids, including 
28,66,75-91 

28,69,92-99

100 Indeed, increased 

radiation and chemotherapy.85,101,102 Alternatively, other glycosphingolipids such as 
GD3 ganglioside have been shown to play a role in apoptosis at least in part through 

100,103-117 It is currently unclear how 
GD3 ganglioside is transported to mitochondria to exert its pro-apoptotic role. However, 

41,106

Glycosphingolipids, especially GM3, are especially important in signal transduction 
pathways through their carbohydrate interactions.118

cells are lipid microdomains thought to be enriched in glycosphingolipids, sphingomyelin 
and cholesterol and have been proposed to play an important role in cell signaling and 
cell recognition.65

thought to be important in organizing membrane receptors, helping to transmit various 
65 119-127 At the 

120-127

cytokines.32,128

play an important role.128 Glycosphingolipid accumulation in lysosomal storage diseases 
129 

storage diseases reduces disease progression, suggesting that glycospingolipids act in 
32 TNF-  

encode various cytokines and chemokines.130 Indeed, TNF-  has also been implicated in 
128,130 

131

mediate disease.132

32

renal tubules.33
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FABRY’S DISEASE

133 

the gene that encodes the lysosomal enzyme alpha-galactosidase A ( -GLA or -Gal A). 
-GLA have been documented 

134 The disease is estimated to occur in 1 

135

129,136,137

-galactosyl- -glucosylceramide; Gb3) as well 
as other glycolipids and glycoproteins (see Fig. 2). The glycosphingolipid Gb3 is one 

disease patients, resulting in the characteristic lamellar lysosomal membrane structures in 

kidney as well as endothelial cells throughout the vasculature.129 -GLA expression has 
138 in normal kidneys. 

In Fabry’s disease Gb3 buildup occurs in several areas within the kidney, including 

concentrated urine.134 Normally, Fabry’s disease patients present with proteinuria, along 

and distal tubule acidosis.136 Advanced Fabry’s disease normally leads to ESRF, but 
-GLA activity present. 

dialysis and renal transplantation in patients with ESRF.134

enzyme replacement with -GLA has shown an increase in -GLA activity, but the 
129 Thus, early diagnosis 

inside the kidney that eventually lead to ischaemic nephropathy.136 Other hypotheses 

32,129,139

POLYCYSTIC KIDNEY DISEASE

every year.99
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polycystin-1 and -2 and has been mapped to human chromosome 6.99

140 Patients 

141 Glycosphingolipids 
such as glucosylceramide (GluCer), lactosylceramide (LacCer) and GM3 have shown 
to regulate these processes.

models than in the corresponding control mice, suggesting that these glycosphingolipids 
might play a role in PKD. Renal glycosphingolipids are elevated in both the recessive 

141

inhibitor Genz-123346 inhibits the glucosylceramide synthase and depletes GluCer 
without inducing accumulations in ceramide.141 Studies have shown that administration 

141 

141

The improvement in PKD with Genz-123346 is thought to be due to decreased cell 

141

99 
Importantly, in vitro lactosylceramide addition to human kidney proximal tubule cells 

99

glucosylceramide synthase that are well tolerated in mice as well as in humans shows 

KIDNEY CANCER

cancer, glycosphingolipids reported to be elevated include GM1, GM2, GD2, GD3 and 
NeuGc-GM3.142-145

kidney cancers. For example, the glycosphingolipid disialylgalactosylgloboside and 

downregulated in renal cancer cell lines and cancer tissues.146 Indeed, human renal cell 

metabolism in RCC.87,147,148
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gangliosides and is markedly upregulated in many renal carcinomas.87 In addition, the 
glycosphingolipid GalNAc disialosyl lactotetraosylceramide is abundant in metastatic 
renal cell carcinomas in humans.149 Thus, altered glycosphingolipid metabolism may be 

above and this may be one mechanism by which they play a role in renal cancers. In 

the immune response mounted by the body against tumor cells. Gangliosides such as 

they are taken up by activated T cells, inducing their apoptosis and causing immune 
142,144,150 Understanding how glycosphingolipid metabolism is altered in renal 

cell carcinoma.

GLOMERULONEPHRITIS

Glomerulonephritis encompasses several disorders grouped according to varying 

culminating in end-stage renal disease.151,152 Although no single mechanism has been 

153-155

151 

151 Sialic acid residues are cleaved by sialidases 
(neuraminidases) that are present in the plasma membrane, cytosol, mitochondria and 
lysosomes.155

156-159

proteinuria that is partially rescued with dietary supplementation,160,161

Sialidases do indeed desialylate the gangliosides GM3, GM2 and GM1.155 The plasma 
membrane sialidase NEU3, acts exclusively on gangliosides and in renal cancers has been 
shown to be upregulated.162

death.162

163 Around day 30, the gangliosides were 

subsiding.163

minimal change nephropathy.163
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(FSGS) and membranous glomerulopathy. Lupus nephritis is an autoimmune systemic 

164 which has been proposed to be at least in part caused by 

151 Our own unpublished data 

are concomitant accumulations in the neutral glycosphingolipid products lactosylceramide 
and glucosylceramide. It is possible that the immune cells within the kidney are the source 

peripheral CD4 165 As lupus nephritis is an autoimmune disorder, 
it is not surprising we detect altered glycosphingolipid metabolism as gangliosides have 

166-172 In glomerular 

on glycoproteins in the glomerular basement membrane with little success. The decrease 

173,174 In addition, studies examining changes in the 

153,175-177 Even though the 

the glycoprotein dystroglycan.153 Thus, it is possible that the negatively charged sialic acid 

DIABETIC NEPHROPATHY AND METABOLIC SYNDROME

178 However, kidney 

178 Importantly, 

178 Glycosphingolipid metabolic 
enzymes have been shown to be regulated in vivo by elevated glucose utilization.179 When 

179 Alternatively, glycosphingolipids may regulate 
180,181 GM3 is 

increased insulin sensitivity.182

180 
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synthase inhibitors improved glucose tolerance and insulin sensitivity in diet-induced as 
180,181 Reduced glycosphingolipid levels in cells induces 

vesicles.183

in vivo studies utilizing glucosylceramide synthase inhibitors to improve glycemic control 
183

lead to diabetic nephropathy. Indeed, complex glycosphingolipids have been implicated 
in diabetic nephropathy where changes in glomerular sialic acids and/or sialidase activity 

184-186

187

glycosphingolipids were reported in these studies, but given that ceramides are required 

play a role.187 A link between glucose metabolism, insulin resistance and glycosphingolipid 
180,181,183,188-190 suggesting a 

metabolic syndrome.

CONCLUSION

kidney diseases, including Fabry’s kidney disease, polycystic disease, kidney cancers, 

disease in humans, but also the other kidney diseases mentioned above.

glycosphingolipids will help with this challenging and essential endeavor. Inhibitors 

metabolic pathway is essential. In addition, deciphering the mechanism by which the 
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Abstract:
element binding protein (SREBP) dependent lipid synthesis and ATP-binding cassette 

sphingolipid synthesis occurs through recycling or de novo pathways. SREBPs are 

D. 
melanogaster

Ceramide decreases SREBP by inhibiting sphingolipid synthesis. Molecular mechanisms 

plasma high-density lipoprotein (HDL) concentration, an important anti-atherogenic 
lipoprotein. Data indicate an inverse relationship between sphingolipid de novo synthesis 

increases anti-atherogenic lipoproteins and decreases atherosclerosis in mouse models. 
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INTRODUCTION

1,2 

element binding protein (SREBP) dependent lipid synthesis and ATP-binding cassette 

SREBPs ARE KEY TRANSCRIPTION FACTORS OF PROTEIN THAT 
SYNTHESIZE CHOLESTEROL, FATTY ACIDS AND PHOSPHOLIPIDS

3,4 SREBPs 

5

5-7

8 The 

reticulum where it is bound to a sterol-sensing protein, SCAP. Cholesterol promotes the 

SREBP in the endoplasmic reticulum and inhibits SRE-mediated gene transcription. 

to the Golgi apparatus. SCAP is recycled to the endoplasmic reticulum. In the Golgi, 
pSREBP undergoes proteolysis by two distinct enzymes. These steps generate mature 

9 

well as 

acids into triglycerides, phospholipids and ceramides. mSREBP-2 activates the LDL 
6 Sphingolipid 

synthetic enzymes are not regulated by SREBPs.

SPHINGOLIPIDS SYNTHESIS IS REQUIRED TO INCREASE SREBP 
IN LIPID DEPLETION

SREBPs are activated by lipid depletion. This observation had led to the discovery 
3,4 Consecutive studies in mammalian cells and 

SREBP.7,10-12

The de-novo pathway is increased when the recycling pathway cannot supply enough 

glucosylceramides. Sphingolipid de-novo synthesis is increased in rapidly dividing cells 
and in the epidermis. The initial step in de-novo sphingolipid synthesis is the condensation 
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subunits, SPTLC2 or SPTLC3.13,14

15 The SPTLC3 unit generates short chain sphingoid bases.16 The 
SPT reaction generates 3-ketodihydrosphingosine. 3-Ketodihydrosphingosine is reduced 
to sphinganine.17

ceramides or dihydroceramide. This reaction is mediated by ceramide synthases. There 

drosophila melanogaster.11,18,19

metabolized to lipids including sphingosine, ceramide-1-phosphate, glucosylceramides 

membrane to the Golgi. This reaction is mediated by the CERT protein and requires 
active oxysterol binding protein proteins.20-22 Sphingomyelin is synthesized by two 

Golgi apparatus or at the plasma membrane.23,24

Figure 1.

SREBP (pSREBP) resides in the endoplasmic reticulum. When cells are lipid depleted pSREBP 
translocates to the Golgi apparatus. In the Golgi, two distinct proteases cleave pSREBP and release 

by inhibiting sphingolipid synthesis.
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We showed that sphingolipid synthesis is necessary to activate SREBP.10 These 
studies were carried out in Chinese-hamster ovary (CHO) cells and in LY-B cells. LY-B 
cells are CHO cells in which the SPTLC1 subunit is mutated. LY-B cells are unable to 

When LY-B cells are incubated in lipid depleted medium, SREBP is not increased and 
cells die. Cells increase SREBP and SRE-mediated gene expression when sphingosine 

smaller degree in wild type CHO cells. Sphingosine or sphinganine increase SREBP and 
SRE-mediated gene transcription in CHO cells. Similar mechanisms that demonstrated a 

D. melanogaster.11 

7,25,26

11 A compensatory increase 

12 Animal 

metabolism. Two independent groups demonstrated decreased atherosclerotic lesions 
in apolipoprotein E knock-out mice treated with the SPT inhibitor myriocin.27-31 One 

29,31

messenger. It was shown that sphingosine-1-phosphate increases Cyp-17, an important 

by which sphingosine-1-phosphate increases SREBP are currently not known.32

CHOLESTEROL, UNSATURATED FATTY ACIDS AND CERAMIDES 
INHIBIT SREBP

SREBP-dependent lipid synthesis and ceramide.3,4,33 Mechanisms by which cholesterol 

in sterol depletion.33

between model membranes.34,35
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extracellular acceptors or to translocate to intracellular sites. Increased intracellular 
cholesterol, in turn, inhibits SREBP.34,36,37 Another, cholesterol-independent mechanism 

We showed that ceramides inhibit SREBP, independent whether ceramides are generated 

10 More recent studies indicate 

sphingomyelinase C and sphingomyelinase D on cholesterol synthesis. Both treatments 

ceramides and phosphocholine while sphingomyelinase D generates ceramide phosphate. 
Results demonstrated that sphingomyelinase C decreased HMG-CoA reductase by 90% 
in comparison to sphingomyelinase D, which decreased HMG-CoA reductase by 10%.38 

ceramide decreased SREBP by inhibiting sphingolipid synthesis.10 Together, the data are 
consistent with a model in which sphingolipid synthesis and sphingolipids coordinate the 

ABCA1 AND ABCG1 ARE KEY LIPID EFFLUX RECEPTORS THAT 
DETERMINE ANTI-ATHEROGENIC HIGH-DENSITY LIPOPROTEIN 
(HDL) LEVELS

Extensive epidemiological data have shown an inverse relationship between high 
density lipoprotein (HDL) levels and cardiovascular disease.39,40 Notably, plasma HDL 

with low low-density lipoprotein (LDL) levels.41 Plasma HDL levels are determined by 

to HDL particles.42-45

SPHINGOLIPIDS AFFECT ABCA1 AND ABCG1 BY DIFFERENT 
MECHANISMS



144 SPHINGOLIPIDS AND METABOLIC DISEASE

has been shown to be increased by ceramide and glucosylceramide synthase inhibitor 
1-phenyl-2-decanoylamino-3-morpholino-1-propanol (PDMP).46,47

48 Interestingly 

10,49 It was 
recently demonstrated that the SPT subunit SPTLC1 interacts physically with ABCA1.50 
This interaction blocks ABCA1 in the endoplasmic reticulum, leads to decreased 

Figure 2.

synthesis through recycling and de-novo pathways. The de-novo pathway is activated when cells are 

de-novo synthesis. SPT is a heterodimer. Subunit SPTL1 dimerizes with subunit SPTLC2 or subunit 

membrane. In the above model, all conditions that increase the de-novo pathway reduce cholesterol 
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LY-A cells are low in sphingomyelin due to mutations in the CERT protein. Expression 

51

ABCG1 and ABCA1 is restored.

SPHINGOMYELIN INDUCES LIPOPROTEIN PATTERNS THAT 
CORRELATE WITH INCREASED CARDIOVASCULAR RISK

Epidemiological studies demonstrated that sphingomyelin plasma levels are an 
52,53 Consistent with this observation 

sphingomyelin concentration to the pro-atherogenic nonHDL lipoproteins.54 Potential 

kinetics.55,56 Increased sphingomyelin content in triglyceride rich particles decreases both 
57 

58,59 Together, increased triglyceride 

A and B are consistent with this concept. Niemann Pick disease Type A and B is caused 

severely increased in Niemann Pick disease Type A and B. Sphingomyelin constitutes 

60

61 Coronary 
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CONCLUSION

plasma high-density lipoprotein (HDL) concentration, an important anti-atherogenic 

SREBP is not processed to the transcriptional active mSREBP. Sphingolipid de-novo 

synthesis on cardiovascular disease is that sphingomyelin increases pro-atherogenic 
lipoprotein patterns and susceptibility to particle aggregation. Animal studies support the 

anti-atherogenic lipoproteins and decreases atherosclerosis in mouse models. Together, 
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