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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 
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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 



75ADIPOSE TISSUE AND CERAMIDE BIOSYNTHESIS IN OBESITY

, 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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