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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, 
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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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