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Abstract

Glycosphingolipids (GSLs) are a family of bioactive lipids that in addition to their role in the 

regulation of structural properties of membrane bilayers have emerged as crucial players in many 

biological processes and signal transduction pathways. Rather than being uniformly distributed 

within membrane bilayers, GSLs are localized in selective domains called lipid rafts where many 

signaling platforms operate. One of the most important functions of GSLs, particularly ceramide, 

is their ability to regulate cell death pathways and hence cell fate. This complex role is 

accomplished by the ability of GSLs to act in distinct subcellular strategic centers, such as 

mitochondria, endoplasmic reticulum (ER) or lysosomes to mediate apoptosis, ER stress, 

autophagy, lysosomal membrane permeabilization and necroptosis. Hence better understanding 

the role of GSLs in cell death may be of relevance for a number of pathological processes and 

diseases, including neurodegeneration, metabolic liver diseases and cancer.
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INTRODUCTION

Glycosphingolipids (GSLs) are ubiquitous components of membrane bilayers where they 

play key structural functions. However, in light of recent evidence during the past decade, 

the role of GSLs in biology has transcended from their classical function as regulators of 

biophysical properties of membrane bilayers to being considered key active players in many 

biological processes, signaling pathways and cell death regulation. This family of lipids 

consists of an sphingoid long chain base to which a fatty acid is N-acylated to form an amide 

bond at the C2 position, and various polar or non-polar head groups at the C1 position. Their 

characteristic association with cholesterol defines specific domains of membrane bilayers 
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that exhibit unique physical properties where key signaling platforms operate in the 

regulation of important cell processes, including proliferation, sencescence, differentiation 

and death pathways. Among GSLs ceramide is the best characterized and most studied 

prototype due to its description as a second messenger in response to stress, apoptotic 

triggers, chemotherapy, inflammation and in the regulation of metabolism [1-4]. The 

metabolism to other derivatives with pro or antiapoptotic functions illustrate the complex 

role of GSLs and ceramide, in particular, in the regulation of apoptosis. Remarkably, while 

interaction of GSLs with mitochondria promotes the release of proapoptotic mitochondrial 

proteins to engage caspase activation, which underlies their best-studied role in triggering 

cell death, GSLs use other pathways and intracellular organelles to induce cell death. This 

versatility translates in the ability of GSLs to induce endoplasmic reticulum (ER) stress, 

autophagy, lysosomal membrane permeabilization (LMP) and necroptosis, which amplify 

the potential of GSLs as proapoptotic lipid players mediating the effect of stress, cytokines 

and the action of many antitumoral therapies, including ionizing radiation and chemotherapy 

[5]. In the present review, we summarize the regulation of GSLs metabolism and their 

diverse mechanisms of action in initiating cell death pathways.

GSLs GENERATION, METABOLISM AND ROLE IN CELL DEATH

De novo ceramide synthesis and regulation

Ceramide is the most studied GSLs first characterized as a bioactive second lipid messenger. 

There are several pathways whereby cells can generate ceramide, which differ in kinetics 

and cellular localization [1, 5]. The synthesis of ceramide de novo starts in endoplasmic 

reticulum (ER), where the amino acid serine is conjugated with the fatty acid palmitoyl-CoA 

by serine palmitoyl transferase (SPT), the rate-limiting enzyme in this pathway (Figure 1). 

This reaction yields sphinganine (dihydrosphingosine), which is acylated by 

(dihydro)ceramide synthase (CerS) to dihydroceramide. The dehydrogenation of 

dihydroceramide catalyzed by dihydroceramide desaturase (DES) gives rise to ceramide. 

CerS not only acylate sphinganine but also catalyze the reacylation of sphingosine to 

ceramide in the salvage pathway. So far, six different CerS have been identified, which 

exhibit tissue specific expression and variable substrate selectivity, thereby providing the 

basis for tissue specific synthesis of ceramides with varying acyl chain lengths [1, 6, 7]. For 

instance, ceramide synthase CerC2 is widely expressed in tissues but in liver is the 

predominant isoform, which preferentially incorporates long chain C20–C24 acyl residues in 

ceramide, whereas CerS3 is predominantly expressed in skin and incorporates very long acyl 

chains up to C34:0 in the resulting ceramides. CerS5 is preferentially involved in the 

formation of C16 ceramide, while CerC6 shows a wider substrate selectivity yielding C14, 

C16, and C18 ceramide synthesis [8]. This diversity in synthesis implies that ceramides with 

different acyl chain lengths are generated in specific tissues and pathophysiological 

contexts. Despite this defined specific profile of ceramide synthesized by the different CerS, 

there are adaptive mechanisms that compensate the absence of specific ceramide species. 

Furthermore, an increase in a particular CerS may regulate a specific ceramide pool that may 

affect the integrity and function of individual cell compartments, such as lysosomes, ER or 

mitochondria. In this regard, deletion of CerS2 in mice results in a compensatory increase in 

the levels of C16 and sphinganine in the liver [9]. These changes in ceramide impact in 
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increased hepatocyte apoptosis, mitochondrial dyfunction and mitochondrial generation of 

ROS, as well as proliferation that progresses to widespread formation of nodules of 

regenerative hepatocellular hyperplasia in aged mice. Moreover, progressive hepatomegaly 

and hepatocellular carcinoma (HCC) are observed in 10-months old CerS2 null mice [9]. 

Increased ceramide C16 generation by CerS6 or CerS2 haploinsufficiency impaired β-

oxidation and sensitized to diet-induced steatosis and insulin resistance [10, 11].

Ceramide synthesis can be regulated by substrate availability and membrane lipid 

composition [12, 13]. The availability of the precursor palmitoyl-CoA enhances the de novo 

synthesis of ceramide in the ER. Consistent with this notion, free palmitate levels increase in 

obesity and metabolic syndrome and related disorders (i.e. nonalcoholic fatty liver disease, 

NAFLD) and parallels enhanced sphingolipid flux through the de novo pathway [14, 15]. Of 

relevance to NAFLD, the lipotoxicity of the saturated fatty acid palmitate is due, in part, to 

increased de novo ceramide synthesis because of the selectivity of SPT for this fatty acid, 

consistent with the correlation between concentrations of plasma levels of free fatty acids 

and ceramides as well as the increased ceramide content in the muscle and liver of 

volunteers subjected to intravenous infusion of saturated fatty acids [16-18].

Besides the regulation of de novo ceramide synthesis by availability of precursors, this 

process is controlled by the ORM family of proteins, first described in yeasts, via SPT 

inhibition [19]. Ceramide depletion signals the phosphorylation of ORM proteins by the 

protein kinase YPK1, which prevents ORM proteins from inhibiting the SPT enzyme 

complex in the ER, thus stimulating de novo ceramide synthesis [20]. YPK1 kinase 

activation is triggered by TORC-2, which becomes activated when membrane GSLs levels 

become low [21, 22]. As GSLs reduce membrane stress, this mechanism represents a 

homeostatic regulatory system for cellular membranes [23]. Although this fine-tune 

mechanism of GSLs regulation has been shown to operate only in yeasts, recent findings 

have described a similar process in mammalian cells, where three ORM proteins have also 

been implicated in the regulation of GSL biosynthesis [24]. Moreover, induction of SPT in 

HEK293 cells resulted in a striking increase in the levels of ORM proteins without change at 

the mRNA level [25]. Increased ORM protein expression required SPT activity since 

overexpression of a catalytically inactive SPT form had little effect. Significantly, increased 

ORM expression was prevented by myriocin as well as fumonisin inhibition of the CerS.

Ceramide generation by sphingomyelinases

In addition to ceramide generation by de novo synthesis, cells can generate ceramide by 

sphingomyelin (SM) hydrolysis due to the activation of sphingomyelinases (SMases). In 

response to many deleterious stimuli causing stress, apoptosis, chemotherapy and cell death, 

cells activate SMases leading to a rapid and transient release of ceramide in specific sites 

that engage particular signaling pathways [1, 5, 26, 27]. Several mammalian SMases have 

been characterized, which are classified according to their optimal pH (alkaline, neutral or 

acid). Neutral sphingomyelinase (NSMase) and acid sphingomyelinase (ASMase) are the 

most studied enzymes in ceramide generation, which have been involved in 

pathophysiological processes and disease. In this regard, NSMase-induced ceramide 

generation has been described as a critical lipid mediator in inflammatory diseases and X. 
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laevis oocyte maturation [28, 29]. Moreover, ASMase has been characterized as a signaling 

intermediate in extrinsic cell death pathways and liver diseases [30-36]. The primary role of 

ASMase is to catalyze the formation of ceramide from SM primarily within the endo-

lysosomal compartment. However, ASMase is secreted extracellularly through Golgi 

trafficking as a secretory ASMase (S-SMase) form [26, 27]. An important feature of the 

secreted ASMase and the endo-lysosomal form is their differential dependence on Zn2+ for 

proper function, with the former being Zn2+ dependent. Both isoforms derive from a 

proinactive form whose proteolytic processing within the C terminal leads to the maturation 

of the endosomal/lysosomal ASMase and the secretory form [37]. Another important feature 

is that the mature ASMase counterpart (65kDa) but not the pro-ASMase form is sensitive to 

tricyclic antidepressants such as desipramine/imipramine. The evidence supporting a role for 

ASMase as an important mediator of stress and apoptosis stimuli has derived from mice 

with genetic deletion of ASMase. In this regard, it has been shown that ASMase knockout 

mice are resistant to Fas or TNF-mediated liver failure, ischemia/reperfusion, hepatocyte 

apoptosis due to Cu2+ accumulation, characteristic of Wilson disease and diet-induced 

steatohepatitis [31, 33, 34, 35, 36, 38, 39], indicating that the ASMase/ceramide pathway is 

critical in liver pathophysiology.

Moreover, ASMase-induced ceramide generation occurs also at the plasma membrane in 

specific microdomains where it functions as a signaling platform that promotes death 

receptor clustering, resulting in the initiation of apoptosis. For instance, in Jurkat T 

lymphocytes and in primary hepatocytes CD95 capping and killing required ceramide 

generated from ASMase and hence CD95-triggered translocation of ASMase to the plasma 

membrane outer surface, enabled clustering of CD95 in sphingolipid-rich membrane rafts 

and apoptosis induction [40, 41]. Furthermore, ASMase functions upstream of the death-

inducing signaling complex (DISC) to mediate CD95 clustering in ceramide-enriched 

membrane platforms, an event that is required for DISC formation [42]. Recent findings 

indicated that upon CD95 stimulation, ASMase activation and translocation to the plasma 

membrane required the t-SNARE protein syntaxin 4, as syntaxin 4 down regulation blocked 

ASMase translocation and activation triggered by CD95 preventing caspase activation and 

apoptosis [43].

Besides this function in apoptosis induction, a novel role for ASMase in neuroinflammatory 

diseases has been recently described involving vesicle shedding and microparticle release 

from glial cells and astrocytes [44]. Following activation of the ATP receptor P2X7 in glial 

cells, microparticle shedding is associated with rapid activation of ASMase, which moves to 

plasma membrane outer leaflet. ATP-induced shedding and IL-1β release are abolished in 

glial cultures from ASMase−/− mice.

Consistent with the physiological role of ASMase in hydrolyzing lysosomal SM, the 

deficiency of ASMase results in a lysosomal storage disorder (Niemann-Pick disease) 

characterized by accumulation of lysosomal SM in affected organs, primarily brain and 

liver. This effect is accompanied by a secondary increase in lysosomal cholesterol, which 

likely reflects the high affinity of SM to bind cholesterol resulting in decreased efflux/

trafficking of cholesterol out of lysosomes [45, 46]. The impaired cholesterol trafficking out 

of lysosomes due to its sequestration by SM decreases cholesterol sterification by acyl-
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CoA:cholesterol acyltransferase (ACAT) and increases SREBP-2 proteolytic processing, 

contributing to the secondary hypercholesterolemia in ASMase knockout mice. Based upon 

these findings, it appears that cells use the SREBP pathway to achieve an optimal ratio of 

SM to cholesterol in membrane bilayers. As discussed below, the accumulation of lysosomal 

cholesterol due to ASMase deficiency impairs autophagy in hepatocytes and in mouse 

coronary arterial smooth muscle cells (CASMCs) [35, 47].

In addition to ASMase, acid ceramide (ACDase) also regulates lysosomal ceramide 

homeostasis. ACDase deficiency results in lysosomal ceramide accumulation and causes 

Farber disease, a rare autosomal recessive lysosomal storage disorder manifested early after 

birth characterized by arthritis, subcutaneous nodules, psychomotor retardation and 

hepatosplenomegaly. Although loss of function of ACDase is causally linked to Farber 

disease, the mechanism whereby lysosomal ceramide accumulation contributes to Farber 

phenotype remains essentially unknown. Complete knockout of Asah1, the gene encoding 

for ACDase, is embryonic lethal and ACDase reduction in mouse ovaries results in oocyte 

apoptosis, which precluded the generation of a viable model to study the pathogenesis of the 

disease. Introducing a single-nucleotide mutation identified in human Farber disease patients 

into the murine Asah1 gene allowed the generation of the first viable model of systemic 

ACDase deficiency [48]. ACDase deficiency in mice increased lysosomal ceramide, MCP-1 

levels and infiltration of lipid-laden macrophages in several tissues. Importantly, a single 

injection of human ACDase-encoding lentivector in this model diminished the severity of 

the disease and increased life span, offering hope for this approach in Farber patients.

NSMase activation has also been shown to play a key role in apoptosis. Recent evidence has 

shown that NSMase cooperates with Bak and Bax to promote the mitochondrial pathway of 

apoptosis [49]. In addition, bacterial NSMase has been identified as a key component of the 

therapeutic effects of the probiotic formulation VSL#3 in inflammatory bowel disease due to 

the selective induction of apoptosis of activated mucosal immune cells, as the beneficial 

effects of VSL#3 were prevented by NSMase inhibition with GW48469 [28].

Ceramide metabolism and GSLs generation

Once generated ceramide can be transformed in other derivatives and complex GSLs by 

different pathways (Figure 1). The de novo synthesized ceramide in the ER can be 

transported to the Golgi by a non-vesicular mechanism involving the protein CERT, where it 

serves as the precursor for SM synthesis by SM synthases (SMS). SM synthesis involves the 

transfer of a phosphocholine head group from phosphatidylcholine (PC) to ceramide with 

concomitant production of diacylglycerol (DAG). SM is then distributed to different 

membrane bilayers and concentrate in specific domains in association with cholesterol in the 

so-called membrane rafts. There are two SMS, SMS1 and SMS2, which are localized in 

distinct cellular locations such as Golgi and plasma membrane, respectively [50, 51]. 

Besides SMS1 and SMS2, a SMS related protein (SMSr) has been described as an ER-

resident transmembrane protein, which does not sythesize SM but exhibits a ceramide 

ethanolamine phosphatransferase activity involved in the synthesis of ceramide 

phosphoethanolamine. SMSr antagonizes cell death by regulating ceramide localization. For 

instance, SMSr silencing has been shown to induce the trafficking of ceramide to 
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mitocondria leading to cell death [52]. Ceramide is the precursor of complex GSLs and 

gangliosides, a process that first requires the trafficking of ceramide to the Golgi, where 

ceramide in the presence of glucose is converted into glucosylceramide (GlcCer) in a 

reaction catalyzed by glucosylceramide synthase (GCS) (Figure 1). The addition of 

subsequent sialic acid residues to GlcCer generates complex GSLs and gangliosides. Non-

vesicular transport of GlcCer from its site of synthesis (early Golgi) to distal Golgi is carried 

out by FAPP2 [53]. Ganglioside GM3 is one of the simplest GSLs and has a dual fate: its 

conversion into complex gangliosides or a substrate of ceramide generation upon 

detachment of its sugar unit by Neu3 [53]. Interestingly, fibroblasts overexpressing Neu3 

exhibit reduced proliferation rate and higher basal number of apoptotic cells in comparison 

with wild-type cells, consistent with the increase ceramide content. The subsequent addition 

of sialic acids to GM3 generates ganglioside GD3 in a step catalyzed by GD3 synthase 

(Figure 1). Ganglioside GD3 is a bioactive lipid with a prominent role in cell death 

pathways primarily by targeting mitochondria. As discussed below, recent findings have 

clearly indicated a novel role for ganglioside GD3 in autophagy and in the regulation of lipid 

rafts microdomains essential for its role in cell death.

The predominant pathway of ceramide catabolism is its deacylation to sphingosine catalyzed 

by ceramidases, which is followed by the phosphorylation of sphingosine to sphingosine-1-

phosphate (S1P) by sphingosine kinases (SKs) (Figure 1). Three ceramidase (CDase) 

isoforms with distinctive pH optimum, acid, alkaline and neutral have been described [54, 

55]. Their relative contribution to cell death is dependent on the stimuli and the cell type 

studied. The role of neutral CDase in cell death regulation has been well characterized in the 

protection against cytokine-induced cell death in messangial cells [56]. On the other hand, 

the acidic isoform, ACDase, has been best explored in cancer biology and in the protection 

of cancer cells against chemotherapy due to formation of S1P from ceramide deacylation 

and subsequent phosphorylation of sphingosine [5, 57]. S1P plays an antiapoptotic role and 

is therefore viewed a prosurvival lipid due to a combined mechanism of action including the 

antagonism of ceramide-mediated cell death pathways from inside cells, and by activating 

proliferative pathways from outside the cell via uptake through specific G protein-coupled 

S1P receptors (S1PR1-5) [58-60]. Two SK isoforms (SK1 and SK2) are known, whose 

selective increase in different tumor cell types has been associated with cancer progression. 

For instance, increased levels of the SK1 has been reported in stomach, brain, lung, colon or 

breast cancers and a correlation between SK1 expression and tumor grade or decreased 

patient survival has been reported, suggesting S1P as potential target to control tumor 

growth and angiogenesis [59, 61]. SKI-II has been reported as a dual inhibitor of SK1 and 

SK2 and has been widely used to uncover the role of SKs and S1P in cell death. However, 

recent findings have shown that SKI-II is a non-competitive inhibitor of DES activity 

without changes in the expression of DES protein levels [62]. Moreover, unlike the SK1 

specific inhibitor PF-543, SKI-II induced the accumulation of dihydroceramide and other 

metabolites, while both SKI-II and PF-543 reduced S1P levels. Consistent with this 

outcome, SKI-II, but not PF543, reduced cell proliferation with accumulation of cells in the 

G0/G1 phase. These findings imply that many of the effects of SKI-II are not due to the 

reduction of S1P but rather to the increase in dihydroceramides. Furthermore, S1P can then 

be irreversibly cleaved by the S1P-lyase to phosphoethanolamine and hexadecenal [63] or 
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alternatively it can be dephosphorylated by sphingosine phosphatases (SPP) back to 

sphingosine and thereby recycled for ceramide formation in the salvage pathway [64]. Thus, 

the concerted actions of S1P-lyase, SPP and SK2, which are localized at the ER, can 

regulate intracelular levels of S1P and hence cell death, indicating that the regulation of 

these enzymes are critical determinants of cell fate and death pathways and that they may be 

interesting targets in a number of pathologies and cancer [65, 66].

VERSATILITY AND MECHANISMS OF GSLs IN CELL DEATH

Besides their recognized role as structural components of membrane bilayers, cumulative 

evidence from the last decade has changed our view of GSLs as mere regulators of 

membrane’s physical properties to emerge as bioactive lipids regulating multiple cell 

functions and, particularly, apoptosis. Apoptosis is a specific form of cell death 

characterized by biochemical events that ultimately lead to cell fragmentation into compact 

membrane-enclosed structures, called “apoptotic bodies” that are taken up by neighboring 

cells and phagocytes, that normally prevent inflammation and tissue damage [67]. The role 

of GSLs in inducing cell death is versatile involving the recruitment of major pathways such 

as mitochondrial targeting, ER stress, autophagy and necroptosis as well as the inactivation 

of survival processes.

Mitochondrial apoptosis

In addition to the cardinal role of mitochondria in energy generation, they also play a 

strategic function in the regulation of cell death, including apoptosis (caspase-dependent and 

independent) or necrosis. Apoptosis is induced via two main routes involving either the 

mitochondria (the intrinsic pathway) or the activation of death receptors (the extrinsic 

pathway). While ceramide has been shown to mediate death receptor-mediated apoptosis as 

outlined above, ceramide also regulates the intrinsic pathway, and hence modulates the 

essential core of apoptosis pathways. Pioneering work established the ability of ceramide to 

interact with components of the mitochondrial electron transport chain accounting for the 

stimulation of ROS, mitochondrial depolarization and mitochondrial dysfunction [68-69]. 

These effects contributed to the mitochondrial membrane permeabilization and release of 

cytochrome c into the cytosol leading to the apoptosome assembly and activation. In cell-

free assays using purified rat liver mitochondria it was first shown that the addition of 

ceramide C2 induced ROS generation predominantly from the complex III of the 

mitochondrial electron carriers, thus contributing to the mitochondrial depolarization and 

dysfunction observed during cell death [68]. This outcome paralleled the findings of purified 

mitochondria from cells exposed to stress and apoptosis triggers, such as TNF, Fas, or UV 

irradiation [70]. These results imply that the stimulated ceramide levels induced by TNF/Fas 

traffic to mitochondria. Recent findings have provided alternative possibilities, including the 

in situ generation of ceramide in mitochondria. In line with this possibility, it has been 

reported that the enforced mitochondrial targeting of NSMase in MCF7 cells resulted in 

mitochondrial ceramide increase that caused cytochrome c release and apoptotic cell death 

[71]. The pathways of ceramide generation in these organelles involved a reverse 

ceramidase activity or a ceramide synthase, implying that mitochondria have the ability to 

generate ceramide de novo [72, 73]. These observations suggest the existence of an 
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independent and highly regulated sphingolipid metabolism in mitochondria that contribute 

to the accumulation of ceramide in these organelles modulating cell death pathways. In 

addition to ceramide other GSLs, including ganglioside GD3, have been described to traffic 

to mitochondria to interact with electron chain components, causing ROS overgeneration 

and potentiation of calcium-mediated mitochondrial permeability transition (MPT) [74-77]. 

Although in resting hepatocytes most of the endogenous GD3 is present at the plasma 

membrane, in response to apoptotic stimuli (TNF, ionizing radiatio or exogenous ASMase) 

GD3 undergoes a redistribution that involved first its disappearance from the plasma 

membrane followed by its trafficking to mitochondria [78]. The colocalization of GD3 with 

mitochondria was preceded by its location in early/late endosomes via coordinated 

secretory/endocytic vesicular trafficking targeting mitochondria. Quite interestingly, GD3-7-

aldehyde (GD3-7), a GD3 derivative, has been shown to induce mitochondrial swelling and 

depolarization that was blocked by cyclosporin A (CsA), supporting a critical role of the 

MPT during GD3-7-mediated apoptosis [79]. In contrast to GD3, GD3-7 induces channel 

formation in proteoliposomes containing adenosine nucleotide translocator (ANT), 

suggesting that ANT is a molecular target of GD3-7. As suggested and best described in T 

cell apoptosis, the trafficking of GSLs to mitochondria to promote mitochondrial outer 

membrane permeabilization (MOMP) and apoptosis may occur in specific raft-like 

microdomains where they interact with critical components and proapoptotic members of 

the Bcl-2 family to orchestrate MOMP leading to cytochrome release and apoptosome 

assembly [74].

Mitochondria are functionally and physically associated with heterotypic membranes, and 

the mitochondrial apoptosis pathway is regulated by members of the Bcl-2 family proteins, 

particularly Bax and Bak that control MOMP, cytochrome c release and apoptosis. The 

dissociation of heterotypic membranes from mitochondria inhibited Bak/Bax-dependent 

cytochrome c release. Recent evidence has shown that sphingolipid metabolism plays a key 

role in mitochondrial apoptosis by regulating Bax/Bak activation [48]. Furthermore, S1P and 

hexadecenal cooperated specifically with Bak and Bax, respectively, to induce MOMP and 

apoptosis. These findings suggest that sphingolipids cooperates with Bak and Bax to 

promote the mitochondrial pathway of apoptosis. Moreover, it has been demonstrate that 

ceramide generation in the mitochondrial outer membrane of mammalian cells upon 

irradiation forms a platform into which Bax inserts, oligomerizes and functionalizes as a 

pore, causing mitochondrial membrane permeabilization and apoptosis [80].

Besides the regulation of mitochondrial apoptosis, a novel function of ceramide in cell death 

has described the targeting of mitochondria to autophagosomes leading to massive 

mitophagy [81]. Treatment of human cancer cells with C(18)-pyridinium ceramide treatment 

or endogenous C(18)-ceramide generation by CerS1 expression caused autophagic cell 

death, independent of apoptosis. C(18)-ceramide-induced lethal autophagy by targeting of 

mitochondria to LC3B-II-containing autophagolysosomes (mitophagy) through direct 

interaction between ceramide and LC3B-II, resulting in Drp1-dependent mitochondrial 

fission, leading to inhibition of mitochondrial function and oxygen consumption. Quite 

interestingly, there has been evidence suggesting that fission proteins associate with 

mitochondrial raft-like domains in response to CD95-induced apoptosis in T cells [82]. 
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Overall, the targeting of sphingolipids to specific microdomains of mitochondrial membrane 

emerges as an important factor regulating MOMP and apoptosis.

Endoplasmic Reticulum stress

Besides the central role of mitochondria in apoptosis, cell death is controlled by a complex 

molecular interplay of organelles [83]. The ER plays a critical homeostatic function in cells, 

mainly in the control of protein and lipid synthesis and traffic. Disruption in this 

physiological function leads to a specific stress response called the unfolded protein 

response (UPR) whose primary aim is to recover homeostasis. The molecular machinery 

involved in UPR includes three conserved pathways regulated by Ca2+ and the master 

chaperone GRP78/Bip. Early during UPR unfolded proteins causes dissociation of 

chaperone Grp78/Bip from ER resident kinases such as type-I ER transmembrane protein 

kinase (IRE1), the PKR like ER kinase (PERK) and the activating transcription factor6 

(ATF6). The translational arm of the UPR reflects a short-term adaptation that reduces the 

load of newly synthesized polypeptides entering the ER lumen, while the transcriptional arm 

constitutes a long-term adaptation that increases the capacity of the organelle to handle 

unfolded proteins. Secondary adaptation signals include the activation of transcription 

factors ATF4 that regulate genes involved in aminoacid transport, glutathione (GSH) 

synthesis and resistance to oxidative stress [84]. However, excessive and prolonged ER 

stress triggers apoptosis due to the activation of specific intermediates, including 

transcription factor CHOP and caspase 12 [85]. ER membranes are rich in gangliosides and 

de novo ceramide synthesis occurs in the ER, implying that GSLs regulate UPR and ER 

stress. In this regard, accumulation of GluCer, which is the main storage product in Gaucher 

disease, increases Ca2+ mobilization from intracellular stores in cultured neurons via 

ryanodine receptor-mediated Ca2+ release from the ER [86]. Moreover, microsomes from 

the brain in murine Sandhoff disease model accumulate GM2 and show reduced rates of 

Ca2+ uptake due to reduced Ca2+-ATPase SERCA activity [87]. In addition to alterations in 

Ca2+ homeostasis, GM1 accumulation due to deficiency of lysosomal beta-galactosidase 

leads to upregulation of GRP78 and CHOP and activation of JNK2 and caspase-12 that 

contribute to neuronal cell death in a mouse model of GM1 gangliosidosis [88]. Increased de 

novo synthesized ceramide elicits an ER stress-dependent death mechanism in glioma cells 

in response to tetra-dydrocannabinol that is inhibited upon inhibition of SPT [89]. In this 

process, ceramide synthesized de novo upregulated the levels of p8 (also known as candidate 

of metastasis 1), leading to the activation of ATF-4 and stress-regulated protein tribble 

homolog 3 (TRB-3), and these events are prevented by SPT inhibition. Importantly, these 

effects were reproduced by ceramide C2 and blocked by pharmacological inhibition of the 

mitochondrial respiratory chain, supporting an ER-mitochondria cross-talk in ceramide-

induced cell death. Interestingly, this ceramide-ER stress axis mediated cell death seems to 

be specific for transformed or malignant cancer cells but not normal cells. As with the 

putative role of mitochondrial raft-like domains in cell death, recent findings have shown 

that alterations of ER lipid rafts contributes to palmitate-induced lipotoxicity in pancreatic β 

cells [90]. Palmitate induced ER GSLs remodeling characterized by a loss of SM and 

disruption of ER lipid rafts led to ATF4 and CHOP induction and β cell death and these 

effects were prevented by GluCer synthase overexpression. Thus, these results suggest that 
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loss of SM in the ER is a key event in initiating β cell lipotoxicity, which leads to disruption 

of ER lipid rafts, perturbation of protein trafficking, and initiation of ER stress.

Autophagy

Autophagy, a term derived from the Greek auto meaning “self” and phagein meaning “to 

eat”, is a complex cellular process conserved from yeasts to mammals that ensures the 

degradation and recycling of cellular components. Three modes of autophagy have been 

identified: macroautophagy, microautophagy, and chaperone-mediated autophagy. During 

the autophagic process, nonspecific or targeted cytoplasmic constituents are delivered to and 

degraded in the lysosome via the formation of double membrane structures that lengthen to 

form an autophagosome, which then fuses with lysosomes to form an autolysosome where 

cargo contents are degraded. Activated during nutrient starvation, autophagy is generally 

considered a protective mechanism by channelling celular components for degradation to 

supply energy. However, depending on the context, degree and/or duration autophagy can 

also culminate with death is the so-called autophagic cell death. Autophagic cell death is a 

distintive form of cell death known as type II programmed cell death, in which autophagy 

triggers cell death pathways [91]. The characteristics of autophagic cell death include its 

independence from apoptosis, and prevention by agents that suppress autophagy. Sustained 

autophagy-mediated cell death is caused by irreversible cellular atrophy and dysfunction due 

to the loss of cytosolic components and organelles. Moreover, autophagy can selectively 

destroy proteins involved in cellular defense and survival. For instance, autophagy has been 

shown to degrade catalase, which plays an important role in cellular antioxidant defense 

[92]. As critical components of bilayers, GSLs have been shown to regulate autophagy at 

various levels [93]. Ceramide has been implicated in the induction of autophagy by several 

mechanisms: stimulation of the phosphatase PP2A, which in turn blocks Akt activation and 

hence stimulate autophagy [94]. Moreover, nutrient deprivation induces an increase in 

ceramide, which then suppresses mTOR activity in a PP1/PP2A dependent manner [95]. In 

addition, ceramide suppresses amino acid transporters leading to AMPK-dependent 

autophagy induction [96] and enhances Beclin1 expression leading to autophagy induction, 

an effect that is prevented by SPT inhibition with myriocin [97]. Futhermore, ceramide-

induced ER stress also contributes to autophagy induction [98]. Ablation of CerS2, which 

synthesizes long-chain ceramide species, results in increased compensatory ceramide forms 

of intermediate acyl lenght resulting in autophagy secondary to ER stress induction [99]. 

Interestingly, myristic acid oversupply led to increased ceramide levels via CerS5 resulting 

in autophagy and cardiomyocyte hypertrophy [100]. This finding is consistent with the 

emerging role of myristic acid in the stimulation of the de novo ceramide synthesis by 

stimulation of DES [101]. The final outcome of ceramide-mediated autophagy (protective or 

lethal) is cell type specific and stimuli dependent [102]. For example, treatment of renal 

carcinoma cells with low dose of anti-cancer drugs vorinostat and sorafenib has been shown 

to activate CD95 via ASMase stimulation and subsequent ceramide generation, which in 

turn, induced autophagy via increased ATG5 and consequently suppression of ATG5 

increased sorafenib and vorinostat lethality [103]. Moreover, in the HCC cell line Hep3B 

treatment with ceramide C2 induced lethal autophagy by a mechanism involving JNK 

activation, which upregulated Beclin1 expression [104]. Consistent with the role of JNK, the 
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JNK inhibitor SP600125 as well as Beclin1 silencing rescued Hep3B cells from ceramide-

induced autophagic cell death.

Recent findings have provided evidence that ASMase promotes autophagy in different cell 

types at the level of fusion of lysosomes with autophagosomes. For instance, mouse 

CASMCs from ASMase null mice exhibit increased autophagsomes due to the defective 

autolysosome formation and enhanced CASMCs proliferation and atherosclerosis plaque 

formation [47]. In line with these findings, hepatocytes deficient in ASMase have also been 

shown to exhibit defects in autophagy characterized by increased LC3BII expression and 

p62 levels and decreased Atg7 expression [36]. As in CASMCs, hepatocytes from ASMase 

display increased lysosomal cholesterol accumulation secondary to the increased lysosomal 

SM content, which impairs the fusion of lysosomes with autophagosomes. ASMase can 

regulate autophagy via several mechanisms, including the regulation of the TRPLM1/

lysosomal Ca2+/dynein axis by modulating microtubules and the trafficking of 

autophagosomes with lysosomes. Moreover, ceramide regulates lysosome fusion to cell 

plasma membranes, endosomes, phagogomes and other organelles while modulating 

cytoskeleton and microtubule assembly [105].

Besides ceramide, recent findings have revealed a previously unrecognized role for GD3 in 

autophagy by regulating autophagosome formation [106]. Following amino acid deprivation, 

ganglioside GD3 contributed to the biogenesis and maturation of autophagic vacuoles. 

Furthermore, ganglioside GD3 interacts with phosphatidylinositol 3-phosphate in inmature 

autophagosomes in association with LC3-II and in autolysosomes associated with LAMP1. 

Consistent with these findings knocking down ganglioside GD3 synthase impairs autophagy 

while exogenous ganglioside GD3 administration resumes autophagy. In addition to these 

effects, gangliosides have been shown to induce autophagic cell death in astrocytes by a 

mechanism dependent on ROS generation, inhibition of Akt/mTOR and activation of EK 

and formation of specific raft-like domains [107]. Ganglioside-induced cell death was 

abolished by knowdown of beclin-1/Atg-6 or Atg-7 gene expression of by 3-methyladenine, 

an autophagy inhibitor. These novel results suggest that gangliosides induce autophagy by 

multiple mechanisms, emerging as versatile lipids in the regulation of autophagy and 

autophagic cell death.

Lysosomal membrane permeabilization

Lysosomal membrane permeabilization (LMP) has been described as a pathway leading to 

apoptotic and non-apoptotic cell death, in part through the release of lysosomal proteases 

and recruitment of mitochondria. For instance, LMP has been described a key mechanism 

involved in saturated fatty acid-induced lipotoxicity of relevance in fatty liver disease [108]. 

Palmitic acid-induced LMP and release of lysosomal cathepsins preceded mitochondrial 

dysfunction, MOMP and apoptosis, effects that were prevented by blocking lysosomal 

cathepsin B. Accumulation of SM and cholesterol in lysosomes, characteristic of ASMase 

deficiency, impairs LMP and hence palmitic acid-induced apoptosis in primary hepatocytes 

[35]. Thus, these findings indicate that ASMase is essential for lysosomal stability by 

regulating lysosomal SM and cholesterol homeostasis. In line with these findings, there is 

increasing evidence indicating that tumor cell lysosomes are more fragile than normal 
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lysosomes and are more susceptible to LMP and hence tumor demise. Recent studies 

described that ASMase inhibition emerges as a novel mechanism to destabilize cancer cell 

lysosomes to induce cell death [109]. Cationic amphiphilic drugs (CAD), including tricyclic 

antidepressants, antihistamines or calcium channel blockers, inhibit ASMase by interfering 

the binding of ASMase to its essential lysosomal cofactor, bis(monoacylglycerol)phosphate 

and induce LMP, tumor cell death, reduced tumor growth in vivo and revert multidrug 

resistance. Quite intriguingly, tumor cell death induction due to LMP by CAD occurred 

despite increase lysosomal SM, which unexpectedly was not accompanied by increased 

cholesterol accumulation in lysosomes of cancer cells. The mechanisms for the selective 

accumulation of SM without cholesterol increase in lysosomes of cancer cells is not 

currently known and do not appear to reflect the high affinity of SM for cholesterol normally 

seen in primary cells [45, 46]. While the direct effect of lysosomal SM in regulating LMP in 

cancer cells has not been addressed, there is emerging evidence showing that lysosomal 

cholesterol accumulation impairs LMP and that its extraction reverses this effect [35, 110]. 

Further understanding of the mechanisms involved in the fragility of tumor lysosomes and 

LMP is required. Interestingly, database search demonstrated a highly significant cancer-

associated reduction in ASMase expression in several microarray studies comparing mRNA 

levels in tumors originating from gastrointestinal tract, liver, head and neck, kidney, 

pancreas, cervix, lung and brain, indicating that inhibiting ASMase may be a novel approach 

in cancer by promoting LMP. Although the role of lysosomal ceramide in LMP is 

controversial, recent findings have shown that increased lysosomal ceramide in response to 

TNF/cycloheximide is converted into sphingosine, which directly mediates LMP leading to 

lysosomal cathepsins release and these effects were abrogated upon ASMase and acid 

CDase silencing [111]. Futhermore, incubation of rat hepatoma cell line HTC with ceramide 

C2 failed to cause LMP and cathepsin release, further confirming that sphingosine derived 

from ceramide mediates TNF/cycloheximide cell death via LMP [111], in line with the 

known lysosomotropic ability of sphingosine to elicit LMP [112]. Thus, these findings show 

that unlike ceramide the accumulation of sphingosine in lysosomal is instrumental in LMP 

and cell death.

Ganglioside GD3 and the inactivation of survival pathways

The transcription factor NF-κB is a master regulator of innate immunity and inflammation. 

In addition, NF-κB activation is known to induce crucial antipapoptotic genes and survival 

pathways. In line with this indispensable role, mice deficient in the NF-κB transactivating 

subunit, RelA (p65) is embryonic lethal and mice die during mid-gestation from massive 

hepatocyte apoptosis [113, 114]. This essential role of NF-κB in cell protection is 

multifactorial and involves the induction of genes that antagonize apoptosis by preventing 

caspase activation and ROS generation, among others. The role of ceramide in NF-κB 

regulation is controversial, with some studies indicating that SM hydrolysis and ceramide 

generation were important events in NF-κB signaling, while others reported that increasing 

basal levels of ceramide or N-acetylsphingosine did not affect NF-κB activation [115-117]. 

In contrast to ceramide, ganglioside GD3 has been shown to block the activation of NF-κB 

by preventing the nuclear translocation of active DNA-binding competent κB members to 

the nuclei in response to TNF or ionizing radiation, hence disabling the induction of 

antiapoptotic genes [118, 119]. Moreover, the use of different GSLs derivatives indicated 
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that the presence of N-fatty acyl sphingosine, a common features of both ceramide and GD3, 

is necessary for the ROS stimulating effect, while the presence of sugar residues in the 

backbone of ceramide is required for the prevention of the translocation of NF-κB to the 

nuclei, most likely by a mechanism that interferes with the nuclear localization signal of the 

κB complex members. The potential of this dual function of GD3 in apoptosis by 

stimulating mitochondrial ROS and blocking NF-κB transactivation has been shown in 

human hepatoma cells, which are resistant to cancer therapy [119]. However, the role of 

GD3 to inactivate survival pathways is modulated by the acetylation status of GD3, as 

acetylated GD3 has antiapoptotic properties [120]. Indeed, O-acetylation of GD3 has been 

shown to prevent its apoptotic effect, promoting the survival of lymphoblasts in childhood 

acute lymphoblastic leukaemia and glioblastoma cells [121, 122]. Consistent with this 

function, GD3 and 9-O-acetyl-GD3 are overexpressed in about 50% of invasive ductal 

breast carcinoma [123], although no relationship between GD3 expression vs 9-O-acetyl-

GD3 expression and breast cancer progression has been established. To exploit the 

versatility of GD3 ganglioside in cell death, it has been shown that overexpression of GD3 

synthase which increases the levels of GD3 from endogenous GM3, rendered hepatocellular 

carcinoma Hep3B cells susceptible to hypoxia-induced ROS generation by suppressing the 

hypoxia-mediated NF-κB activation via tyrosine kinase Src, and reduces tumor growth in 

vivo in Hep3B-GD3 xenografts [124]. Although these findings support a potential relevance 

of exploiting the dual role of GD3 in cell death as an anticancer strategy, the enforced 

expression of GD3 synthase in tumor cells signals its own 9-O-acetylation machinery, which 

may limit efficacy in induced tumor cell death [125].

GSLs and necroptosis

While apoptosis is one of the most intensively researched forms of programmed cell death, 

certain GSLs have been recently shown to elicit necroptosis, a programmed cell death 

independent of caspases. This programmed form of necrosis is dependent on protein serine-

threonine kinases RIPK1 and RIPK3, which can be activated in response to various stimuli, 

including TNF receptors, Toll-like receptors, genotoxic stress and during virus infection 

[126]. While cleavage of RIPK1 and RIPK3 by caspase-8 prevents necroptosis and elicits 

apoptosis, caspase-8 inactivation promotes the engagement of RIPK1 and RIPK3 to the 

effector mechanisms of necroptosis [127]. Besides caspase-8, c-FLIP, a catalytically inactive 

homolog of caspase-8, which exits in two isoforms (c-FLIP long and short forms, c-FLIPL 

and c-FLIPS, respectively), plays also an essential role in necroptosis. The association of 

caspase-8 with c-FLIPS but not c-FLIPL allows the assembly of RIPK1 and RIPK3 thus 

promoting necroptosis. This form of cell death has been recently described in specific 

models of sphingolipid LSD such as Gaucher and Krabbe disease. Gaucher disease is an 

inherited metabolic disorder caused by mutations in the glucocerebrosidase gene GBA 

characterized by neurological symptons due to neuronal loss caused by the accumulation of 

monohexosylceramides, GluCer and glucosylsphingosine in the brain [128]. Using a mouse 

model of Gaucher disease due to the deficiency of GBA, it has been recently shown the 

absence of apoptotic cell death and caspase activation despite of the onset of overt 

neurodegeneration [129]. However, levels of RIPK1 and RIPK3 were elevated in brain of 

GBA null mice both in microglia and neurons correlating with neuroinflammation and 

neuronal cell death. Similar findings were observed upon administration of conduritol B 
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epoxide (CBE), an irreversible inhibitor of glucocerebrosidase, resulting in increased levels 

of GluCer. While CBE caused neurodegeneration and shortened life span in Ripk3 

heterozygous mice, the deficiency of Ripk3 caused sustained life extension. These findings 

indicating necroptosis in association with monohexosylceramides contrast with those found 

in another LSD, Niemann Pick type C disease (NPC), characterized by mutation in the 

endolysosomal NPC1 protein causing accumulation of cholesterol, and GSLs like GluCer 

predominantly in lysosomes. In Gaucher disease the accumulation of GluCer occurs in the 

ER contributing to the dysregulation of ER Ca2+ homeostasis and increased cytosolic Ca2+ 

levels. These findings indicate that in addition to the biochemical nature of the stored 

material in LSD the intracellular site of accumulation is an important determinant of whether 

GSLs induce apoptosis or necroptosis.

CONCLUDING REMARKS

The interest on GSLs in the scientific community has resurrected following their emergence 

as second messengers in signaling pathways and as crucial players in cell death regulation. 

A particular important scenario of this renewed attention involved the mitochondrial 

apoptosis pathway and its central stage of MOMP, which is controlled by the actions of 

members of the Bcl-2 family of proteins Bax and Bak. However, recent evidence identified 

two sphingolipids, especifically S1P and hexedecenal, as specific cofactors for Bax/Bak 

activation that lower the threshold for apoptosis-associated cytochrome c release [48]. The 

exposure of Bak and Bax to these sphingolipids requires the association of mitochondria 

with ER. These new data complement existing evidence of the interaction of ceramide and 

ganglioside GD3 with mitochondrial respiratory chain components as an important step in 

the committment of cell death. As an intrincate process regulated by complex molecular 

machinery cell death can be initiated by interactions of GSLs with different organelles, 

including mitochondria, ER or lysosomes. Therefore, by regulating the core of cell death 

GSLs play an important role in pathophysiology and disease. For instance, GSLs participate 

in cancer cell biology and metastasis, with involvement of predominant pathways regulating 

GSLs such as SMases, acid ceramidase, and ganglioside GD3. Given the function of 

ceramide as an effective cell death trigger recruiting diverse pathways and mechanisms, 

strategies that result in its accumulation may stand as an interesting approach to enhance the 

efficacy of current cancer therapy. Recent advances in nanotechnology have illustrated the 

feasibility of generating nanoliposomes that encapsulate hydrophobic compounds, like 

ceramide. In this regard, recent observations have shown that nanoliposomes containing 

ceramide C6 induced apoptosis and antagonize the Warburg effect in chronic lymphocytic 

leukemia and hepatocellular carcinoma cells [130, 131]. On the other hand, SMases are 

involved in a number of pathological processes and diseases. For instance, targeting 

ASMase may be of potential relevance in liver diseases due to its role in promoting 

hepatocellular apoptosis, liver fibrosis and steatohepatitis, [132] as well as Alzheimer’s 

disease [133]. In this regard, it has been recently described a novel mechanism of ASMase 

in Alzheimer’s disease involving impaired autophagy due to defective lysosomal biogenesis, 

indicating that partial ASMase inhibition may be of potential relevance in this devastating 

disease [134]. Thus, a further understanding of the cell biology of GSLs and their role in cell 
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death may increase the opportunities of the impact of modulating GSLs metabolism in 

human diseases.
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Figure 1. Regulation and metabolism of GSLs
Predominant mechanisms of ceramide generation include de novo synthesis in the ER or 

from SM hydrolysis by SMases. In particular, ASMase in endolysosomal compartment is 

produced from a pro inactive form by a proteolytic processing sensitive to TCA. Once 

generated, ceramide traffics to the Golgi where is transformed into GSLs and gangliosides 

or to SM. Ceramide can be deacylated into sphingosine by CDases, which is then 

phosphorylated to S1P and hydrolyzed to hexedecenal by S1P lyases.
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Figure 2. GSLs and mechanisms of cell death
Schematic summary of predominant pathways of cell death caused by GSLs. GSLs induce 

apoptosis or necroptosis via interaction with mitochondria and activation of RIPK3, 

respectively. In addition, ceramide can induce ER stress and autophagy, further contributing 

to cell death. Besides the activation of these cell death pathways, some GSLs such as 

ganglioside GD3 inactivate survival pathways dependent on NF-κB activation.
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